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ABSTRACT

Structure-function studies endow with influential insight on biological systems

Proteins are requisite to life as we know it. Proteins are polymers constructed from 20
different amino acids. Proteins execute their functions due to their capability to bind to
diverse macromolecules distinctively and ability to form different strong interactions with
them. They are involved in virtually all cell functions. Along with their many important roles,
they provide structure (e.g. collagen), transport (e.g. haemoglobin) and catalytic power (e.g.
catalase) for biological systems and are fine-tuned to be highly specific for their function. It is
well established that for all proteins, both their structure and dynamics are intimately tied to
their function. Thus protein structure and dynamics are fundamental components for building
our foundation of biochemistry. Thus the field of structural biology is broad to understand the
structure-function relationships of proteins. Two powerful tools to examine structure-function
relationships are the harmonizing biophysical techniques of macromolecular X-ray
crystallography and nuclear magnetic resonance (NMR). X-ray crystallography provides
atomic resolution structures that allow us to see well-defined positions of atoms. These
“pictures” show us what a protein’s structure looks like. While NMR can be used to solve
protein structure, NMR’s strength is in its ability to probe enzyme motions (dynamics) and
changes in local environment with per-residue resolution. These two techniques, along with
many other macromolecular biophysics tools (e.g. fluorescence, circular dichroism, mass
spectrometry, isothermal titration calorimetry, surface Plasmon resonance) provide
complementary information that helps to create a detailed picture of a protein’s structure and

dynamics that can be interpreted to understand its function.

Nearly 2.7 billion years ago, the introduction of molecular oxygen (O,) into our atmosphere,
resulted in the reactive oxygen species (ROS) as unwelcome companions in the ecosystem.
Although they control many different processes in plants, their toxic nature is also capable of
injuring cells. Oxidative stress is an uncompleted battle between highly reactive free radicals
and the systems designed to soften their effects. When free radicals are winning this battle,
oxidative damage occurs. ROS react with cell biomolecules, leading to organelle dysfunction.
Oxidative stress may be seen to start at the molecular level, with a direct interaction between
free radicals and a protein, a lipid, carbohydrates, or nucleic acids. Indeed certain diseases
results because of failure to respond to these damaging consequences, causing damage both

locally or systemically.



Oxidative stress is a foremost problem for whichever organisms that uses oxygen as an
electron acceptor. Because, as incomplete reduction of oxygen to water can yield reactive
oxygen species (ROS) such as the superoxide anion (O;"), hydrogen peroxide (H20,), and the
hydroxyl radical (‘(HO) ions. Build up of these highly reactive species can lead to damage to
proteins, nucleic acids, and membranes. ROS are also produced by the immune system to Kill
invading microbes. Therefore, an ability to combat these compounds is a key to the survival

of bacterial pathogens in the environment and the host exerted via their antioxidant systems.

In the present work, proteins of antioxidant system were cloned purified and characterized
from genomic DNA of Candidatus Liberibacter asiaticus (CLA) which includes
Bacterioferritin comigratory protein; 1-Cys Prxs and thioredoxin. These proteins revealed
multiple functions which may have strong impact in relation to its biotechnology applications.
The CLa-BCP characterized from CLA showed DNA-binding, in-vitro antioxidant and
peroxidase activities against varied peroxide substrates. The cloning of gene revealed a 471bp
bp ORF encoding a polypeptide of 157 amino acid residues which included the N-terminal
his-tagged with a calculated molecular mass of 19.670 kDa. The protein was cloned in pET-
TEV expression vector. The variant form of CLa-BCP after introduction of non-conserved
cysteine at 77" position, CLa-BCPs77c by site directed mutagenesis also purified and
characterized. It also exhibited DNA-binding, in-vitro antioxidant and peroxidase activities

against varied peroxide substrates. The thesis has been divided into three chapters.

Chapter 1 reviews the literature describing about plant defense against microbes’ invasion
which summarizes the reactive oxygen species (ROS), reactive nitrogen species (RNS)
network and counter antioxidant network prevalent in microorganism to combat the oxidative
stress. An array of antioxidant machinery present in microorganism to counteract the
deleterious effect of ROS includes non-enzymatic and enzymatic antioxidants. Enzymatic
antioxidants include superoxide dismutase, catalase, cytochrome c peroxidases, and alkyl
hydroperoxide-reductase (AhpC). BCPs (Bacterioferritin comigartory proteins) are least
characterized subfamily of (AhpC) Prx family which is also played an important role in

detoxifying hydroperoxides.

Chapter 2 describes the cloning, expression, purification of 1-Cys Prxs CLa-BCP and its
biochemical characterization along with the cloning of its reductant partner CLa-TrxA. The
cloning and sequence analysis revealed that CLa-BCP is 1-cys Prx protein having single
peroxidatic key cysteine residue (CpSH) without resolving cysteine (CrSH). The purification

of CLa-BCP and its variant CLa-BCPs7;c was accomplished using two step purification
ii



method employing Ni-NTA affinity and size exclusion chromatography. The purified protein
showed a single band in both and non-reducing condition depicting the predominance of
monomers of 19.6 kDa. The purified CLa-BCP when applied to size exclusion
chromatography column showed a single peak corresponding to dimeric species. Gel filtration
describes its concentration dpendent oligomeric nature; possess dimers with predominant
monomeric species. An introduction of cysteine residue replacing 77" serine residue in o3
helix (CLa-BCPs;7¢) results into intermolecular disulfide bonds revealing its dimeric nature.
The reductant partner Thioredoxin (CLa-TrxA) was successfully cloned, expressed and
purified to its homogeneity. The SDS-PAGE analysis showed that it forms dimer but
predominantly monomeric in nature. The purified protein exhibited peroxiredoxin, DNA-
binding and in-vitro antioxidant activities also. Both showed a strong ROS scavenging
activity towards breast cancer (MCF-7) and mouse mesenchymal stem cells (C3H10t1/2) cell
lines. The cell viability was estimated by MTT assay towards Adenocarcinoma breast cancer
cells (MCF7), Fibroblast-like cell line (COS7) indicated the protective effect of the protein
against hydrogen peroxide mediated cell killing. Both CLa-BCP and CLa-BCPs;7¢ showed

DNA-binding capability resulting in protection from oxidative nicking of supercoiled DNA.

Chapter 3 describes the biophysical characterization of CLa-BCP and CLa-BCPs7rc,
preliminary crystallization of CLa-BCP and in-silico analysis regarding its versatility in
function. Secondary structure analysis by CD showed that both proteins are quite ordered in
its reduced form. CD at different temperature showed that CLa-BCP quite steady even at
higher temperature like 90°C and maintains its  sheet structure. Intrinsic fluorescence studies
at different pH demonstrated the conformational stability of protein. During crystallization,
initially CLa-BCP crystals were poor-quality inter grown sea urchin like crystals. Addition of
low percentage agarose results into well ordered crystals. While mounting crystals, crystals
when kept in low ethylene glycol followed by annealing results into better diffraction. Thus
for better diffraction of BCP crystals perquisite were very low percentage of ethylene glycol
and annealing. The frozen crystal diffracted X-rays to 2.4 A resolution using the Cu rotating-
anode generator. Analysis of crystal symmetry and recorded diffraction patterns specified that
the CLa-BCP crystal belongs to monoclinic space group type C2 having unit-cell parameters
a= 92.226, b= 151.9440, c= 139.4940 A °, a=y=90°, f= 108.7140. The amino acid sequence
comparisons and phylogenetic analysis of CLa-BCP showed significant homology to BCPs
family proteins (both 1-Cys and 2-Cys) from different pathogenic bacterium but higher
similarity with bacterial AhpCs. Model has been built on the basis of amino acid sequence

that substantiates its a/p structure predominantly B structure and sites for catalysis.
i



In summary, our studies confirm that peroxiredoxins; Prxs family proteins are multifaceted
proteins which not only involve in detoxification of peroxides but potent scavenger of ROS
precluding DNA from oxidative damage. Many proteins of this family have been shown to
possess more than one function which includes redox regulation, antioxidant defence and
signalling of different organisms. The proposed work will certainly enhance our
understanding in terms of specificity and mechanism of action of these antioxidant enzymes
from CLA and will lead to the development of effective inhibitor molecules to control citrus
greening as well as contribute towards understanding the significance of free radical

scavenging therapy for several diseases.
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INTRODUCTION

Plants are exposed to an array of biotic and abiotic influences under natural environment.
These external factors can lead to the imbalance of critically important cellular metabolic
activities and therefore can eventually affect plant growth, their development, and
reproduction as well. The fundamental mechanisms of these effects are predominantly based
on disturbances in the redox and osmotic state. The redox effect often results from an
enhancement of electron transfer thereby to the generation of reactive oxygen species (ROS)
[325]. Plant cells are chiefly prone to these systems-especially due to their photosynthetic
capacity, their aerobic existence.

In case of plant system, metabolism under optimal conditions leads to the formation of ROS,
as electron seepage from electron transport chains within the different organelles and in
membranes [12] (for review see Apel and Hirt, 2004). Plants live in constantly changing
environment triggered by altered biotic and abiotic conditions can boost ROS generation
which creates an additional oxidative threat [255]. ROS play a dual role in cell metabolism
since they facilitate oxidative damage and are important in signal transduction processes.
Therefore a tight control of these reactive species in every cellular compartment is of utmost
importance [77]. The metabolic performances in a plant cell are flawlessly regulated to follow
biosynthetic pathways. Besides the tightly regulated mechanism in plant cell, even if the plant
growth continues to deteriorates than what could be the reason behind it? In our case of study,
it surveyed that citrus plants defoliation or drastic decrement in growth because of
unculturable pathogen Candidatus Liberibacter asiaticus (CLA) infection. So we focussed on
that protein machinery which plays role in anti ROS mechanisms, which might makes this
pathogen to combat the ROS generation, a first line of defense mechanism of plants.

Citrus Huanglongbing (HLB) or citrus greening worldwide including India is the most vicious
citrus pathosystem which causes huge economic losses to the citrus industry [35, 36].
Candidatus Liberibacter asiaticus (CLA), an unculturable gram negative phloem-limited
bacterium is the associated causal agent of the disease which is transmitted by the Asian citrus
psyllid, Diaphorina citri [169]. CLA mostly infects the rutaceae family plants includes
Murraya Koenigi, Murraya paniculata but other non- rutaceae family members as well.
Because of its unculturable attributes results into difficulty in characterization experimentally.
Even though through computational analysis of the CLA proteome provided a basis for

establishing the mechanism and designing treatment strategies towards its control. There have
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been reports for designing effective anti-microbial through proteome research through
computational analysis [1, 110, 347]. Thus effective strategies to control CLA could include
the development of inhibitor molecules/antimicrobials against the CLA proteins critical in
bacterial survival through proteome and in-silico analysis. Earlier in our lab we have purified
and characterized a miraculin like protein (MLP) from M. Koenigi which has been shown to
express constitutively in seeds has been characterized [109, 329, 330, 337, 338]. MLPs have
been reported to possess protease inhibitory and antifungal properties [338, 373]. It has been
reported that MLPs get over expressed during CLA infection [95]. We have purified a
globulin protein from Murraya paniculata [342] one of the host for CLA. An important
component of the evolved complex antioxidant system of CLA, Bacterioferritin comigratory
protein (BCP), a Prx protein being in focus of the present work which could be an important
target for developing antimicrobial by obstructing the antioxidant system of bacterium. There
can be many proteins/protein systems critical for survival of organisms which can be targeted
for development of inhibitors/antimicrobials. The experiments conducted and data presented
in this thesis provide an analysis of peroxidase mechanisms, biochemical properties of protein
deciphering its DNA binding properties and antioxidant activity in-vitro in order to better
understand the physiological role of CLa-BCP in-vitro. The biophysical aspect of CLa-BCP
and CLa-BCPs77c in order to understand the conformational changes that protein undergoes.
The crystallization of CLa-BCP in the presence of agarose improves the crystal quality. Gene
analysis shed light on binding of substrate and reductant partner and over all conformation
primarily present in CLa-BCP. In summary derived from these data, focusing on the overall
role of CLa-BCP in CLA oxidative stress defense and how it compares to other

peroxiredoxins in its subfamily.



LITERATURE REVIEW

1.1 CITRUS GREENING DISEASE

Citrus greening is one of the most destructive diseases of citrus, debilitating the productive
capacity of citrus trees all over the world. In China, it is called huanglongbing (HLB) or the
yellow dragon disease because of the blotchy yellow leaf mottle that it causes. Leaves of
infected plants also become hardened and curl outward. After infection the fruit retains its
green color at the navel end when mature, therefore termed as "citrus greening disease". HLB
caused by a phloem-limited fastidious prokaryotic gram negative a-proteobacterium
Candidatus Liberibacter asiaticus that is yet to be cultured. Citrus Huanglongbing (HLB) or
citrus greening, associated with ‘Candidatus Liberibacter spp., based on its 16S rRNA gene
sequence [169]. The genus “Candidatus” is for “non-culturable” bacteria proposed by Murray
and Schleifer [267]. Afterwards the trivial name “Liberobacter” means (“liber” for bark and
bacter for bacterium), given to this new subgroup of a proteobacterium organisms. This
disease is transmitted by Diaphorina citri kuwayama as a carrier (Hemiptera: Psyllidae).
Diaphorina citri acquires the greening bacterium while feeding on infected phloem [159].
Host Range

As bacterium resides onto phloem cells of the plant and transmitted by vector psyllidae who is
also flourished in plants. Thus two types of plants are of significance in referring to probable
hosts for HLB. First class of plant that nurtures the psyllid vectors and second class includes
plant in which the bacterial pathogen can replicate. HLB has a broad host range along with
the diverse species of citrus. It is largely destructive to sweet orange (Citrus sinensis) and
Mandarin orange (C. reticulata), but it furthermore damages sour orange (C. aurantium),
pommelo (C. maxima), lemon (C. limon) and grapefruit (C. X paradisi) [36, 128, 205, 236,
372]. HLB ultimately is fatal to susceptible citrus trees, so early detection and removal of
infected trees is important for disease management. Unluckily, citrus trees often showed no
symptoms for years before the common signs of HLB, including yellowing and mottling of
leaf veins and misshapen green-colored fruit, are noticeable [124]. The most preferred hosts
of psyllidae D. citri are Murraya paniculata (Orange jasmine and mock orange) [21] and
Citrus aurantifolia [128] even though it possibly will be able to feed on numerous citrus
species and closely related species. M. paniculata is most preferable host of psyllids as
confirmed by field observation and laboratory studies but yet not clear that whether it will
serve as substitute host for Liberibacters [160, 386, 409]. From various studies, it has been

showed that plants of non-Rutaceae family could also be host for Ca. L. spp. , and showed
3



that transmission of all species to periwinkle plants is possible by dodder (Cuscutaceae
family) [112]. Another example [94] such as yellow shoots on Pithecellobium lucidum, a non-

member of Rutaceae family reported the presence of HLB symptoms.

Figure 1.1 adopted from book entitled “Asian Citrus”

Prevalence of HLB disease Worldwide and in INDIA

The disease is widespread in most areas of citrus-growing Asian countries, Africa, Brazil and
Florida. HLB was foremost observed in China [412]. This disease is widely spread in Africa
due to ‘Candidatus Liberibacter africanus’ infection vectored through African citrus psyllid
Trioza erytreae. In March 2004, symptoms of citrus HLB, were recognized on sweet orange
trees near the city of Araraquara in Sa“o Paulo State (SPS), Brazil [66, 85]. HLB caused by
the gram-negative bacterium Candidatus Liberibacter asiaticus (Ca. L. asiaticus) [113] was
confirmed in southern Florida in 2005 [34, 127]. Along with Liberibacter sp. affecting citrus
industry worldwide, a new Liberibacter species was discovered. It was named as ‘Candidatus
Liberibacter solanacearum’, associated with the emerging ‘zebra chip’ disease of potatoes in

the U.S. and tomatoes in New Zealand [230]. Though strongly related to ‘Ca. L. asiaticus’,
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even though ‘Ca. L. solanacearum’ it was associated with HLB disease and not found in
Asian citrus psyllids as well [228]. Worldwide, HLB is spread throughout in China, eastern
and southern Africa, the Indian subcontinent, Madagascar, Mauritius, Reunion, the Saudi

Arabian peninsula and Southeast Asia.

Figure 1.2 showing the prevalnace of HL disease world wide

1 Both the psyllid and HLB disease
[] Asian citrus psyllid, but not the disease Figure Illustration by G.H.Montez

Among Asian countries India occupies 6™ rank in the fabrication of citrus fruits thus citrus
industry turns out to be the 3™ chief fruit industry in India. As a result citrus engross a central
place in the horticultural wealth and to Indian economy as well. The inhabitant place of major
citrus species is the North East region of India. In India, orange (santra or mandarin), sweet
orange (mosambi, or satgudi) and lime/lemon are of industrial magnitude among the range of
citrus fruits grown. The most cultivable location for citrus fruits prevalent in India, are mainly
Maharashtra, Andhra Pradesh, Punjab, Karnataka, Uttaranchal, Bihar, Orissa, Assam and
Gujarat. Before knowing about HLB disease, in the 18th Century the citrus disease was
discovered termed as “citrus dieback” by Roghoji Bhonsale. Later detected by Bonavia in
1988 in Assam [63]. In 1963, Capoor stated that citrus plants were acutely suffered from
assured disorders ensuing in “low production, slow death, twig dieback, and sudden wilting”
[45] along with observation of Asana (1958). Both stated that, “dieback in citrus is not a
specific disease” [19] and “dieback was merely a symptom picture”, and numerous issues
were suggested to describe this dieback [45]. The major cause was Citrus Tristeza Virus
(CTV) as undoubtedly proved by the Virus Research Center at Poona [45, 380]. While in the



Coorg region, north of Mysore, where the most pronounced symptom of the disease is the
characteristic mottling of leaves according to Asana (1958) they have speculated that HLB
might have been involved which was later confirmed in mottled Coorg mandarin leaves by
positive dot blot hybridisation [379]. The same feature was observed for “greening” in South
Africa (1965), and for “Huanglongbing” [156] in China and indicated that dieback was
“caused by the virus responsible for greening disease of citrus in South Africa” [156, 247,
248]. In due course, Capoor and co-workers verified the presence of HLB following in Asian
psylla, D. citri responsible for transmitting the HLB pathogen at the virus Research Center at
Poona [46]. At last, Bové and co-workers, in 1971, the HLB bacterium was detected in a
sweet orange seedling, when was infected with D. citri nymphs experimentally with the
“Poona” strain of HLB [37, 221].

Distribution of CLA in an infected plant

With the help of two techniques the distribution and movement of the HLB pathogen in the
infected citrus tree has been done which includes conventional polymerase chain reaction
(PCR) and real-time PCR targeting the putative DNA polymerase and 16S rDNA sequence of
‘Ca. Liberibacter asiaticus respectively. From this approach it was seen that CLA was
distributed mainly in bark tissue, leaf midrib, roots and different floral and fruit parts, leaving
the endosperm and embryo of infected citrus trees. The disease causes extensive economic
losses to the citrus industry throughout the world by shortening the life span of infected trees.
Along with trees, fruit from HLB-infected trees are “small, lopsided, poorly colored, and
contain aborted seeds”. The juice from affected fruit is also having high level of acids with
pungent smell due to which fruits became of no commercial value. Although cultivation of
this bacterium on complex media have been reported [328], the fact still remains that CLA are
at present largely unculturable in the majority of laboratories worldwide. Current chemical
and biological controls reduce D. Citri populations [155, 252, 307, 317], but may not be
sufficient to eliminate all HLB transmission. Current strategies and followed methods still

lagging behind in stopping the HLB spread and its control.

At present no control strategies developed to control HLB obstructing it to spread to new
citrus-fabrication areas. The most probable reason behind is late appearance of symptoms
after its infection. Thus the direct strategy is to avoid trees from becoming infected by
removing the infected tree and diminishing the psyllid population. A blend of penicillin and
streptomycin is being researched to be effective in eliminating or restraining the CLAS

bacterium providing an effective therapeutic control [410]. Along with that a range of
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antibiotics like  Ampicillin, Carbenicillin, Penicillin, Cefalexin, Rifampicin and
Sulfadimethoxine are found to be highly effective in eradicating or to hold back of CLAS
infection and might be prospective candidates for controlling citrus HLB [409].
“CaliforniaCitrusThreat.Org” has well documented the affected region and their effective
measures towards eradication of HLB disease. It was found that for pysllid infection one of
the protective measures to be taken includes application of foliar and systemic insecticides.
But yet again these treatments will negatively affect the many of the natural enemies which
are much needed for other pest control. As a result of which bioremediation is becomes of
utmost importance which uses naturally occurring organisms utilize to break down hazardous
substances into less toxic or non toxic substances. There are many research groups focussing
on bioremediation to some extent relieve the deleterious effect of these chemicals treatments
by mending microorganism’s pathways [26, 27, 256]. Some reports have mentioned the effect
of these treatments on antioxidant system of microorganisms and their adaptability towards
these treatments. Because of which controlling the bacterium infection will become more
challenging. Thus may be some other approaches that can be holding true for controlling
HLB. It involves targeting essential proteins for survival by designing the potential inhibitor
leads against these proteins to weaken the protein function. There are quite a lot of vital
proteins from many pathogenic bacteria are potential targets for developing anti-bacterial
drugs [165, 214, 215]. Beside that there are several reports from other pathogenic bacteria
which are come up with plausible solution to combat disease [216, 217, 269].

Distribution of genes in CLA genome

Genome of CLA has been sequenced successfully in 2009 [86], verified and computational
analyses of the whole proteome has been done to a large extent shed light onto the
mechanisms of the disease which could lead to the development of treatment strategies. The
major metabolic pathways and enzyme reactions envisaged from the CLA genome sequence

were mapped onto established metabolic pathways thus summarized here in table:



*Candidatus Liberibacter
asiaticus’ genome
Functional class and categories No.of genes % oftotal  Correlation® % in Wolbachia AE017321 “ in a-proteobacteria®
Information storage and processing
J Translaton, nbosomal structure & 123 10.83 - 1391 4.31
biogenesis
K Transcnption 29 2.55 - 207 5.69
L. DNA replication, recombination, 75 6.60 - 6.21 4.36
repair
Cellular processes
D Cell division and chromosome 13 114 - 1.03 0.71
l‘.'lnl“('nlﬂ'i’
IV___Defense mechanisms 3 044 No 023 007 ]
O Postranslational modification 47 4.14 No 5.86 3.24
M Cell envelope biogenesis, outer 57 502 No 379 434
membrane
P Inorganic ion transport and 25 220 No 4.02 479
metabolism
U Intracellular trafficking and secretion 7 0.62 No 333 1.78
N Cell motlity 51 449 + 0.11 1.I8
T  Signal transduction I8 1.59 + 115 3.70
Metabolism
F  Nucleotide transport and metabolism RS 3187 - 425 161
G Carbohydrate transport and 23 202 No 2.76 4.90
metabolism
E  Amino acid transport and metabolism 48 423 No 437 8.18
H  Coenzyme metabolism 53 4.67 No 3.79 297
I Lipid metabolism 33 2.90 No 299 3.54
C  Energy production and conversion 62 546 - 7.82 5.15
Q  Secondary metabolite transport and 8 0.71 - 1.26 2.80
metabolism
Poorly charactenzed
R~ General function prediction only 69 6.07 No 7.24 10.62
S Function unknown 46 405 No 156 6.06
Not in COG 300 264 20.23 19.03
1.136 100.00 100.00 100.00
* The expected positive (+), negative (=), or no correlation (No) of genome size with the number of genes in each COG assignment category (Konstantinidis
and Tiedje 2004).

" Representative small (940 genes encoded by 1.08 Mb) a-Proteobactenia genome.

Figure 1.3 Summary of COG (Clusters of Orthologous Groups) database assignments by
functional category. Genes responsible in defence mechanism, involved in detoxification
of by product of aerobic respiration highlighted in rectangular box.

This has enabled researchers to study CLA proteins in-vitro via a heterologous expression of
the recombinant proteins. From such experiments, the function of a hypothetical ADP/ ATP
translocase has been verified [375] and a moderate inhibitor of the predicted secA gene
product has been identified [3, 4]. Besides this 137 ‘CLA’ proteins classified as transporter
proteins. Briefly, ‘CLA’ contains all 14 genes that typically encode NADH dehydrogenase
subunits [A-N], a major component of the respiratory electron transport chain. The ‘CLA’
genome does not have homologs for the cytochrome bcl complex (EC 1.10.2.2), cytochrome
c oxidase, the cbb3-type (EC 1.9.3.1), or the cytochrome bd complex even though all 4
cytochrome O ubiquinol oxidase subunits [I to 1V] have been identified. This is interesting
because a-Proteobacteria (the class containing ‘CLA’) typically employ cytochrome c
oxidases as terminal oxidases, whereas y-Proteobacteria (the class containing E. coli and
Xylella fastidiosa) employ quinol oxidases [103]. In contrast to E. coli, which has two
terminal oxidases [10], the respiratory complex of ‘CLA’ resembles that of the citrus
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pathogen Xylella fastidiosa [30], with one active terminal oxidase. Through microarray
analysis it was suggested that there was no notable expression of defense-related genes in the
early stages after CLAs infection in citrus [5, 192]. Besides that CLAs could inhibit the host
defense. It was validated by reporting a gene encoding a salicylate hydroxylase constitutively
expressed in planta in comparison to psyllid. It converts salicylic acid (SA) into catechol
[377] in CLAs infection responsible for resistance suppression. Thus a role impart by SA is in
plant defenses against pathogens for basal defense and acquired systemic resistance [350].
While because of highly expressed Salicylate hydroxylase in plants, destroys plant defenses
by degrading SA [378] which could be used by CLAs as one of the strategy against plant
defense responses [368, 369] which ultimately leads to the down-regulation of defense-
related genes in CLAs infected citrus [5, 192]. As there are other plant defenses do exist in
plants like production of reactive oxygen species (ROS/RNS) produced as by products of
their respiratory mechanism. Some reports have reported the control of plant defense
mechanism and regulation of pathogenesis caused by microorganisms [72, 181, 201]. The
CLA genome shown to have genes involved in detoxification of respiratory by products
induced by these plants defence mechanism. It includes putative oxidoreductase, quinone
oxidoreductase, oxidoreductase, DSBA, putative FAD-dependent oxidoreductase, super oxide
dismutase (SOD) and BCP/PRXQ having gene identifiers (CLIBASIA_00285,
CLIBASIA_00875, CLIBASIA_ 01110, CLIBASIA_01810, CLIBASIA_03240,
CLIBASIA 01910 and CLIBASIA_00485) (Fig. 1.4).

s s P - 2 CLIBASIA_00300
KEGG Genome map - Candidatus Liberibacter asiaticus psy62 CLIBASIA_tOS695
CLIBASIA_00295
CLIBASIA_B0290
CLIBASIA_tO5693
CLIBASIA_00270
CLIBASIA_00265 CLIBASIA_00285 FiL
CLIBASIA_00205 CLIBASIA_00260 CLIBASIA_tOS691 Putative
CLIBASIA_00200 CLIBASIA_00255 CLIBASIA_00280

CLIBASIA_00185  CLIBASIA_00215 CLIBASIA_80250 CLIBASIA_0027% oxidoreductase
3000: J:F:I“z:::l{__:r___‘__..rlﬂ‘_‘..__l!lll QlllLD[::2[:::1:::}(:2111..ﬂ};l[:l<::] 60000
25 q o c— < |
480001 2 £ | D> 2 < - s FAD-
CLIBASIA_03365 CLIBASIA_03280 [ciTBasTA_o3240tisAsIA.  (dependent
CLIBASIA_03360 CLIBASIA_03275 CLIBASIA_03235 o
CLIBASIA_03355 cuasnsia_eszse  oxidoreductase
CLIBASIA_t
CLIBAS
CLIBASIA_B1075 &3
CLIBASIA_01670 CLIBASIA_0110% oxidoreductase

CLIBASIA_91035 CLIBASIA_B1065 CLIBASIA_01090 CLIBASIA_B1120
CLIBASIA_01030 CLIBASIA_01060 CLIBASIA_0108% CLIBASIA_01110 CLIBASIA_O1140
> 3 > >

240000

210001 F77
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Figure 1.4 Graphical representations of genes involved in detoxification of
respiratory burst and their genome location.
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1.2 REACTIVE OXYGEN SPECIES (ROS) AND REACTIVE NITROGEN SPECIES
(RNS) - THEIR MECHANISM AND SITES OF GENERATION

All aerobic organisms are uncovered to the risk of partially reduced oxygen species which is
mostly described as Reactive Oxygen Species (ROS). ROS are highly reactive and participate
in free radical reactions that cause damage to DNA, proteins and lipids (reviewed in Finkel
and Holbrook 2000) [98]. The most dreadful damage caused by ROS for biological orchestra
makes them to be a foundation of the free radical theory of aging. As proposed by Denham
Harman in the 1950s, this theory states that organisms age because cells accumulate free
radical damage over time [136, 265]. The build up of oxidative damages is held to be
responsible for many general age-related conditions including cancer, diabetes, arthritis,

degenerative diseases such as Parkinson’s, Alzheimer’s disease and atherosclerosis [341].

Reactive Oxygen Species (ROS)

Oxygen in the atmosphere and water is required for sustaining aerobic life on Earth. However,
aerobic organism must cope with adverse effects of oxygen. ROS are a consequence of
oxygen metabolism. Most ROS are generated as by-products during mitochondrial electron
transport and are formed as necessary intermediates of metal catalyzed oxidation reactions.
The sequential reduction of oxygen through the addition of electrons leads to the formation of
a number of ROS including: superoxide; hydrogen peroxide; hydroxyl radical; hydroxyl ion;
and nitric oxide.

ROS generation from molecular oxygen occurs via two distinct mechanisms. On the one hand
physical activation can take place by the transfer of energy. This is mediated by
photosensitizers like e.g. chlorophyll, which are able to harvest light energy and subsequently
energise O to the considerably more reactive form singlet oxygen (* Oy [364]. On the other
hand, chemical activation occurs via the transfer of electrons to dioxygen, leading in
dependence on the number of transferred electrons to the successive generation of superoxide
anion radical (O2"), hydrogen peroxide (H;O), and hydroxyl radical («OH) [82]. The
hydroxyl radical can be generated in the presence of catalytic redox active metal ions by an
interaction of O, with H,O, or stochiometric metal oxidation [210].
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Figure 1.5 Generation of different types of reactive oxygen species from ground
state dioxygen.

The partially reduced oxygen derivatives exhibit a advanced reactivity towards various
cellular composites than molecular oxygen itself thereby causing oxidative damage when
generated in excess [18].

Superoxide is the first reduction product of ground state oxygen and could be subjected to
both oxidation and reduction reactions. It is able to react with some molecules to produce
other reactive species or may be dismutated to H,O, spontaneously or enzymatically [17].
Chemical and physiochemical studies suggest that superoxide anion radical are relatively inert
for a molecule with an unpaired electron, because its chief reaction is its own dismutation.
The generation of hydroxyl radical (*OH) in the presence of H,0O, through metal-catalysed
generation is the most deleterious effects of the superoxide anion radical [104].

Hydrogen peroxide is the product of superoxide (02--) dismutation reaction, could not be

considered as a free radical though can acts as oxidant or reductant in many reactions. Its
toxicity is mostly exerted via oxidation of thiol groups. H,O; is very diffusible as compared to
superoxide ions and it can directly inactivate susceptible enzymes with their lower
concentration. Because of these properties, it has been considered as a common signalling
molecule regulating many biological developments and triggering plants responses to a
variety of environmental stresses. Nevertheless, at higher concentrations, i.e. 10uM and
higher, H,O, is capable of can oxidizing the cysteine and methionine residues of the enzymes
such as Cu/Zn-SOD and Fe-SOD and can inactivate them [335]. The main risk enforced by
both Oz" , H20O; is their ability to generate highly reactive hydroxyl radicals [257].

Hydroxyl radical (*OH) is the most reactive molecule among the different reactive oxygen

intermediates. It in a highly indiscriminate way attacks the first available substrate at its site
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of generation and therefore has the potential to inflict extensive damage [325]. Hydrogen

peroxide and O,+- can produce *OH, a highly damaging ROS. The oxidizing potential of

hydrogen peroxide with ferrous salts is the foundation of Fenton reaction responsible for
generation of *OH as the oxidizing species.

Fe?* + H,0, —»Fe*" + OH + «OH (Fenton reaction)

The hydroxyl radical is the most effective ROS species in the cells for oxidation of various
molecules. It is remarkably destructive, acts as near diffusion limit rates and capable of
damaging known biological molecules including protein, DNA/RNA, carbohydrates and
lipids. There is no enzymatic mechanism to scavenge *OH, accordingly, its excessive
generation usually leads to cell death [257].

Organic hydroperoxide (ROOH), basically formed by radical reactions with cellular
components such as lipids and nucleobases.

O, singlet oxygen and ONOOQ", peroxynitrite, formed in a rapid reaction between O, and

NOe. It is lipid soluble and similar in reactivity to hypochlorous acid. Protonation forms
peroxynitrous acid, which can undergo homolytic cleavage to form hydroxyl radical and
nitrogen dioxide.

Reactive Nitrogen Species (RNS)

To complete the depiction of reactive intermediates within the network of oxidative stress and
signal transduction pathways, another kind of reactive species need to be mentioned: the
reactive nitrogen species (RNS) [295]. Their major compound nitic oxide (NO) exists in three
interchangeable forms according to the gain or loss of electrons, namely the gaseous free
radical (NO), the nitrosonium cation (NO") and the nitroxyl radical (NO") [396]. Due to its
characteristics as a free radical, NO has a short half life of just a few seconds and typically
reacts with O, upon formation of nitrogen dioxide (NO;), which rapidly degrades to nitrite
and nitrate within an aqueous environment [273, 274]. Alternatively, NO may be rapidly
converted to peroxynitrite (ONOO") by reacting with O, if both generation sites are in very
close proximity [404]. ONOQO itself is an extremely short lived RNS with a half life of less
than 10ms in-vivo and a high potential to damage cellular compounds [78, 408]. In contrast to
the just described rapid conversions in an oxygen-rich environment, NO could also be shown
to remain considerably more stable upon hypoxic conditions, allowing for long-distance

transport of this molecule [404].
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1.2.1 CONSEQUENCES OF ROS AND RNS FORMATION

The long-term presence of even a small amount of the peroxides is a risk to cells because of
their conversion into the toxic radicals thereby damaging cellular components. As briefly
mentioned before, ROS are assigned a dual function not only in damage development upon
oxidative stress but also as signalling molecules [77]. If produced in high concentrations,
ROS oxidise different macromolecules within the cell in an uncontrolled manner. Detrimental
ROS effects on DNA are many; they include deletions, mutations or translocations, single
strand breakage and cross-linking also. Also within proteins, there are different sites
particularly prone to damage via ROS; oxidation of different amino acids such as tyrosine,
cysteine, methionine and histidine results in cross-linking events [348] which consequently
cause degradation of the affected proteins [105]. Furthermore, ROS can oxidize unsaturated
fatty acids in membranes. Such generation of lipid peroxides impairs membrane functions
with the concomitant loss of membrane integrity [38]. Thus, the modification of DNA,
proteins and lipids may cause cellular dysfunction and ultimately induce cell death [29, 325,
363]. ROS were traditionally considered as harmful, although in recent years, it could be
shown that they have an important role in a variety of signal transduction pathways. ROS
exhibiting differential regulatory mechanisms on the level of transcription, translation or post
translational processes and are able to adapt biotic and abiotic stress response, growth and
hormone signalling, as well as development and programme cell death (PCD) [12, 211, 296,
367].

Production of <OH radical close to DNA could lead to reacting with DNA bases or the
deoxyribosyl backbone of DNA to produce damaged bases or strand breaks. It has been
proposed that the extent of DNA strand breaking by *OH is governed by the accessible
surface areas of the hydrogen atoms of the DNA backbone. The hydroxyl radical is known to
react with all components of the DNA molecule damaging both the purine and pyrimidine
bases and also the deoxyribose backbone. It has been estimated that one human cell is
exposed to approximately 1.5x10° oxidative hits a day from hydroxyl radicals and other such
reactive species. High concentrations of ROS cause cell death or even necrosis, the effects of
ROS on cell proliferation occurred exclusively at low or transient concentrations of radicals.
Low concentrations of superoxide radical and hydrogen peroxide in fact stimulate
proliferation and enhanced survival in a wide variety of cell types. Apoptosis and cancer are
opposed phenomena, but ROS have been widely reported to play a key role in both. Although

the mechanism involved is still controversial redox status and/or hydrogen peroxide have both
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been proposed as critical factors [318, 358]. In addition, induction of carcinogenesis has been
clearly linked to oxidative DNA damage [254].

The removal of H,O, in cells is mediated predominantly by a collection of antioxidant
enzymes like catalase, glutathione peroxidase (GPX) and Prxs. Glutathione peroxidase (EC
1.11.1.19) catalyses the reduction of a variety of hydro peroxides (ROOH and H,0,) using
GSH, thereby protecting mammalian cells against oxidative damage and also by reducing
cellular lipid hydro peroxides [183]. As a protective mechanism, cells express antioxidant
enzymes such as Mn-SOD, Cu, Zn-SOD and GPX. Antioxidant enzymes can antagonize
initiation and promotion phases of carcinogenesis and they are reduced in many malignancies.
Observations of various types of cancer, present a possible link between decreased activities
of antioxidant enzymes and increased levels of hydroxylated DNA base, due to oxidative
damage. Mn-SOD is reduced in a variety of tumour cells and has been proposed to be a new
type of tumour suppressor gene. Biochemical and clinical studies indicate that antioxidant

therapy may be useful in the treatment of several diseases [331].

1.3 AN ANTIOXIDATIVE DEFENSE SYSTEM

Under nonstress conditions, there is a harmony between generation rate and scavenging ROS.
Under various stress conditions, however, this harmony is perturbed and results into a rise in
cellular ROS levels. To lessen oxidative damage to tissues, biological systems have equipped
with many protective systems to get rid of ROS which includes range of biological catalyst
commonly defined as enzymes i.e. superoxide dismutase (SODs), catalase (CAT), glutathione
peroxidase (GPX, GSH), glutathione reductase (GR), ascorbate peroxidase (APX) and
peroxiredoxins (Prxs) (Figure 1.6). A number of oxidoreducatses which participates in
chlorophyll metabolism, a part of antioxidant defense in plant were also being characterized
structurally [91, 204, 351]. Despite their dominant role, Prxs are less well known than the
other components of this system. All these enzymes in general convert hydrogen peroxide to
water, for protection against damaging ROS. These enzymes job is to sustain a balanced

redox state in the cell to keep it hale and hearty.
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Figure 1.6 An overview of ROS their potential effects and detoxification system

1.3.1 DETOXIFICATION OF ROS-THE ANTIOXIDATIVE SYSTEM OF
MICROORGANISM

Bacterial pathogens survive under two exclusively diverse conditions, to be exact, their
natural environment and in their hosts. Microorganisms have advanced to perform optimally
in their normal habitat by virtue of which they can attain very high growth rates under ideal
conditions. Growth of most known microorganisms is however, restricted to more restrained
circumstances and a shift to unfavourable surroundings imposes a cellular stress depending on
their severity, can Kill the microorganism. Bacterial pathogens have evolved extremely
sophisticated mechanisms for sensing external conditions. For an enhanced perceptive of the
host-parasite interaction it is advantageous to outline the bacterial functions that are
specifically expressed under in-vivo conditions and to assign their role in the pathogenesis.
Pathogenic bacteria do secrete many virulence factors including proteins as well to invade
host immune system imparting the pathogenicity with some toxins responsible for disease
development [33, 135, 333, 334].

Generally microorganisms cannot grow if they are exposed to oxygen levels that significantly
exceed from their local habitats. The basis of this phenomenon is not straight away, in fact the
molecular oxygen does not damage amino acids, carbohydrates, lipids, or nucleic acids
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directly- in short, the basic molecules from which organism are made. So, why oxygen is
toxic? In 1954, Gershman et al. proposed that the problem was not oxygen per se, but rather
the partially reduced forms into which it might be converted within cells [118, 119].
Hydrogen peroxide (H20,) is continuously formed by the autoxidation of redox enzymes in
aerobic cells and it also enters from the environment, where it can be generated both by
chemical processes and by the on purpose actions of competing organisms. It is very
astonishing and puzzling to discover that organisms encode so countless enzymes that can
degrade H,0,. In eukaryotes and higher organisms especially the presence of multiple
scavengers might be endorsed to isoform-dependent compartmentalization within organelles
or to tissue-specific expression patterns. This statement obviously does not hold true for
bacteria, thus forcing researchers to look more narrowly. In considering each of the proposed
scavenging enzymes, we will need to weigh up two things: whether its physiological job is
undeniably to degrade H,O,; and, if so, what special role the enzyme plays that the other
scavengers do not accomplish. Indeed, organisms universally contain enzymes that are
devoted to the scavenging of superoxide, hydrogen peroxide. Defenses in opposition to

oxidative damage comprise peroxide detoxifying enzyme as an essential constituents.

; Phagocytes
Photochemistry \ / -
H:O: \
RS+ 0O, / lactic-acid bacteria

Oxic-anoxic interface

F Redox-cycling
O, — FADH, — antibiotics

Catalase, Ahp
and Prxs

Figure 1.7 Bacteria can be exposed to extracellular H,O, by photochemical reduction
of O,, respiratory burst of phagocytes, lactic acid bacteria, redox reactions and
thiol/metal oxidations that occur at oxic-anoxic interface. Endogenously H,O; is
steadily formed through oxidation of flavoenzymes or by redox-cycling antibiotics. The
H,0, damages DNA employing the Fenton reaction and disables dehydratases that
contain iron-sulfur cluster and non-redox mononuclear enzymes that contain iron.
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To defend against the lethality of ROS, nature has armed microorganisms with a range of
antioxidant proteins. Antioxidant defense system, which prevents oxidative damage by
scavenging ROS, could be an important target for development of antimicrobials. For to
understand how bacteria deal with with oxidative stress, it is imperative to recognize the
enzymes involved in H,O, degradation. To avoid redox imbalance and oxidative DNA
damage, a wide array of enzymatic and non-enzymatic antioxidant defenses exists includes
both non-enzymatic and enzymatic proteins. Molecules are non-enzymatic antioxidants such
as NADPH and NADH pools, B-carotene, ascorbic acid, a-tocopherol and glutathione (GSH).
In 1900, Oscar Loew reported a protein in higher organisms that degrades hydrogen peroxide
(H20,) to oxygen and water:

H,0, + H,0, —0, + 2H,0
During this time only few proteins were known he defined this enzyme as ‘‘catalase”,
afterwards discovered in lower organisms as well like bacteria. Catalase (CAT) protein family
are involved in H,O, detoxification. These heme-containing enzymes are ubiquitous among
aerobic eukaryotes and as well microorganisms. Catalase are localised in peroxisomes but
exhibit different tissue specific distribution. As part of the first line of defence, catalase is a
powerful enzyme which dismutates H,O, to H,O and molecular oxygen [326],[401]. The
nature of their cofactor distinguishes catalases into heme and non-heme (or manganese)
catalases. Catalases further defined as monofunctional catalases with catalytic activity only
and bifunctional catalases with both catalytic and peroxidatic activities thus also termed as
catalase—peroxidases. Monofunctional catalases are the earliest known bacterial catalases [65,
139] and are almost found among both aerobic and anaerobic bacteria. Bifunctional catalases
are scarce; until November 2011, 435 catalase—peroxidase sequences were deposited in the
peroxibase data set [294].
Besides catalase there was other H,O, degrading proteins defined as peroxidases. They are
defined due to their ability to reduce rather than disproportionate H,0,.

RH; + H,0, —R + 2H,0
Peroxidases are just as efficient as catalase, falls into two categories: thiol-based peroxidases
and non-thiol peroxidases. The thiol-based peroxidases are also termed as peroxiredoxins.
The selenium containing peroxidases discovered in 1957 defined as glutathione peroxidases
(GPx) but did not get a lot notice until the 1970s [101]. Glutathione peroxidase also catalyzes
the degradation of hydrogen peroxide along with organic peroxides to alcohols. Five variants

of glutathione peroxidases (GPx-1 - GPx-5) are known in mammals to date. GPx-5 is the only
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known non selenium containing peroxidase. They have all in common, that they detoxify
hydroperoxides at the expense of NADPH via glutathione (GSH) and glutathione reductase,
with the exception of GPx-3, which additionally uses glutaredoxin and thioredoxin (Trx).
Superoxide dismutases (SOD) are also one of the enzymes that catalyze the reaction along
with catalases in higher organisms. The enzyme is responsible for conversion of two
superoxide anions into a molecule of hydrogen peroxide (H20,) and oxygen (O2) (Eg. 1). In
the peroxisomes of eukaryotic cells, the enzyme catalase converts H,O, to water and oxygen,
and thus completes the detoxification initiated by SOD (Eq. 2).

Eq.1 20,+2H" —» H,0, + O,

Eqg.2 2H,0, —» 2H,0+0;

The family of SODs is subdivided according to the kind of metal co-factor utilised by the
enzyme, which may be Cu/Zn, Fe or Mn as well as based on sub cellular localisation [6].
There is extensive range of additional enzymes are also being proposed to fulfil the similar
roles. It includes thiol peroxidase (Tpx), Bacterioferritin Comigratory Protein (BCP),
Glutathione Peroxidase (GPx), Cytochrome C Peroxidase, Thioredoxin Reductase (TrxR) and
Rubrerythrins. These enzymes are capable of degrading H,O- in vitro, but their role in in-vivo
still unclear. These antioxidant enzymes could be responsible for reducing apoptosis by
scavenging free radical ions generated during oxidative stress.

Escherichia coli have served as a model system for studies of oxidative stress, formerly
because of its genetic tractability. A more definite advantage is that if this facultative
anaerobe is maintained in an anaerobic environment, workers can engineer mutations that
adequately interrupt oxidative defences that are lethal all through aerobic growth. During
bacterial defense responses studies on treatment with hydrogen peroxide and cumene
hydroperoxide, Bruce Ames’s group identified mutant bacteria (0xyR1l and oxyR2 from
Salmonella typhimurium and Escherichia coli, respectively) against peroxide stress [62]. The
OxyR protein is a transcription factor found in many bacteria, including the model bacterium
E. coli. Other bacteria use the PerR repressor as an alternative H,O; sensor in place of OxyR
[140, 224]. The PerR regulon detailed in Bacillus subtilis; showed to include a peroxidase
(Ahp), catalase (KatA) and iron-sequestering protein (MrgA). These findings results into the
identification of 2 chief proteins, AhpF and AhpC, as a novel NAD(P)H-dependent peroxide
reductase system with activity toward such bulky alkyl and aromatic hydroperoxides such as
t-butyl hydroperoxide and cumene hydroperoxide [62, 167, 355, 361]. As sequence
information for AhpC, the “protector protein” (subsequently designated thiol-specific

antioxidant, or TSA) and a number of other homologues of diverse or unknown functions
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became available, the recognition of these proteins as a family of cysteine-based peroxidases
expressed in a wide range of organisms led to their designation as “peroxiredoxins” or Prxs.
AhpC belongs to a large family of enzymes known as the peroxiredoxins, which are present in
both eukaryotes and prokaryotes with AhpC being the most widely studied. The identification
of Prxs family members has greatly expanded over the last decade and includes not only
representatives from every branch of the phylogenetic tree, but also multiple homologues
(Prxs | through VI) in mammals with apparently diverse roles not only in oxidant stress

protection, but also in differentiation, apoptosis and proliferation.

1.4 PEROXIREDOXINS

Peroxiredoxin (Prxs or PRDX) proteins (EC 1.11.1.15) are ubiquitous families of highly
expressed, thioredoxin scaffold enzymes. Prxs, one of the principal non-heme peroxidases,
exhibits catalytic activity toward hydrogen peroxide, peroxynitrite, and various organic
hydroperoxides substrates that is endowed by reactive “Cysteine” residues for reduction of
peroxides. Peroxiredoxin is more appropriate to symbolize the super family of peroxidases
that utilize cysteine as the primary site of oxidation during the reduction of peroxides. While
peroxi- indicates the nature of the substrate reduced, -redoxin rhymes with thioredoxin and
glutaredoxin, which also contain redox-sensitive cysteine that undergo oxidation-reduction
cycles during protein function (Fig. 1.8). These Prxs family members are located in the
cytosol, mitochondria, peroxisomes or plasma, which are all sites of ROS production [106].
Prxs have received considerable attention in recent years as a new expanding family of thiol-
specific antioxidant proteins [49, 51]. Prxs are evolutionary old proteins present in
prokaryotes, archaea and eukaryotes and thus comprise members throughout all kingdoms
[146, 401] and emerged out as dominant antioxidant enzymes that reduce and detoxified
hydrogen peroxide, organic hydroperoxides and peroxinitrite [40, 146, 186, 303] having
reaction rate can range upto10'—10® M -* s -* [71, 244, 287].
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Figure 1.8 An overview of thiol-mediated hydroperoxide detoxification carried out by
peroxiredoxin in different organisms including mammals. Homologous proteins are
shown in circles. TrxR, Thioredoxin-reductase; GR, glutathione reductase; TRX,
Thioredoxin; Grx, glutaredoxin; DTT, Dithioltriol PRX, peroxiredoxin; GPX,
glutathione peroxidase; BCPS, Bacterioferritin Co- migratory Proteins.

The over oxidized forms of Prxs, which are catalytically inactive against peroxides [407],
have an additional role in hydrogen peroxide signaling in eukaryotes, however the mechanism
is unclear. Given their dominance and their involvement in both antioxidant defense and
signalling pathways, it is not surprising that Prxs have been associated with cell proliferation,
differentiation and apoptotic pathways and linked with several different types of cancer [52,
199, 283, 405, 406]. Due to the widespread connection of Prxs to multiple cancers, it has been
proposed that profiling and manipulation of Prxs levels in cancer patients may be a promising
new approach towards improving cancer treatments [166]. Since the first characterisation of a
member of this protein family is yeast Saccharomyces cerevisiae [50], a constantly rising
number of Prxs were identified and a broad spectrum of functions could be assigned to these

proteins.

1.4.1 Universal features of the Peroxiredoxin catalytic cycle

A general scheme and the components involved in the Prx-catalyzed reduction of peroxides
are shown in Figure 6. The reducing equivalents for the peroxide reduction come from
20



NAD(P)H (step 1). Two other enzymes are needed to complete the electron transfer to the
peroxide substrate: a thioredoxin reductase (TrxR) or TrxR-like protein and a thioredoxin
(Trx) or Trx-like protein [278, 303]. A disulfide exchange reaction is involved in the transfer
of electrons between TrxR and Trx and then between Trx and the Prx (steps 2 and 3). The
Prx, which is reduced in step 3, uses two catalytic cysteines for peroxide detoxification: the

peroxidatic cysteine (SP in Figure 6) directly reduces the peroxide substrate (step 4) and the

resolving cysteine (SRin Figure 6) forms a disulfide with the peroxidatic cysteine [186] step 5.
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Figure 1.9 General Reaction mechanism employed by PRX system for the reduction
of peroxides. NAD(P)H, a TrxR-like protein and a TRX-like protein are required for
the reduction of peroxide substrates. In many bacteria, the TrxR and TRX activities
are combined in one protein called AhpF. S, and Sk represent the sulphur atoms of the
peroxidatic and resolving Cysteines, respectively. Over oxidation to Sp,O.H in
eukaryotic Prxs is associated with hydrogen peroxide signalling events and this form
of the enzyme can be “resurrected” by sulfiredoxin (SRX) in ATP-dependent

In Salmonella typhimurium and many other bacteria, the TrxR-like and Trx-like proteins are
combined in one protein called AhpF [303]. AhpF is a three domain protein; the FAD binding
domain and NADH/SS domain work together to accomplish the TrxR-like activity while the
N-terminal domain (NTD) has Trx-like activity and interacts directly with the Prx. In AhpF,
an intramolecular disulfide exchange occurs in step 2 to reduce the NTD. Studies on the NTD
showed that it is made up of two fused Trx-folds, with only one of the folds retaining an
active site CXXC motif [303, 313, 400].
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1.4.2 Scope and purposes

Peroxiredoxin are now distinguished as the super family of peroxidases to be precise
significant in cellular signalling pathways and antioxidant defences equally [394]. Through in
progress work to reveal the Prxs’s functions along with various tremendous reviews [100]
brief our present perceptive of different facets of Prxs. It includes covalent variations [13],
signalling [129]. Besides that Prxs significance in organisms for instance yeast [75], plants
[84], mitochondria [70] and Caenorhabditis elegans [288]. In totality enzymes functionality
streams straight from structure thus structural data formulates decisive inputs in elucidating
the Prxs role in respect to its antioxidant and cellular signalling roles. Prxs emerge from a
common antecedent along with range of redox proteins, which are known to have a
characteristics thioredoxin (Trx) fold [69, 203].

1.4.3 Classification of Peroxiredoxins

The nomenclature associated with Prxs family protein with time becoming quite confusing.
For example, within Prx1 subfamily, protein naming as follows Prx1, Prx2, Prx3, Prx4,
TXNPx, TryP, AhpC and 2-Cys. Second example, like thiol peroxidase which is not just
represents Prxs but also used to assign Tpx subfamily. Furthermore the categorisation of Prxs
on the basis of presence of key Cysteine residues into 1-Cys and 2-Cys [401] adds to more
ambiguity since different types of Prxs are known to belongs to more than one subfamily,
reflecting divergent self-governing evolutionary sources. Prxs have been classified into two
groups, 2-Cys Prx and 1-Cys Prx, based on the mechanism of catalysis. The 2-Cys Prx group
can be further divided into “typical 2-Cys Prx” and “atypical 2-Cys Prx”, according to the
localization of the additional Cysteine involved in catalysis. The “typical and atypical 2-Cys”
naming refers to the Prxs having resolving Cys residue (Cg) in the C-terminal helix and
atypical referring to all other 2-Cys Prxs which known to have different location of Cg. All
groups share a common initial step of catalysis; the oxidation of a conserved reactive cysteine
(the so-called peroxidatic cysteine) to a sulfenic acid intermediate (Cys-SOH) with the
reduction of the hydroperoxide substrate to the correspondent alcohol. The fate of the sulfenic
acid intermediate is distinct among the Prx groups. In typical 2-Cys Prx enzymes, the sulfenic
acid reacts with a second cysteine residue located in the C terminus of the other subunit (the
so-called resolving cysteine), resulting in the formation of an intermolecular disulfide bond.
In contrast, the resolution reaction in atypical 2-Cys Prx enzymes occurs inside the same
subunit, resulting in an intramolecular disulfide bond formation. The 1-Cys Prx enzymes do

not contain a resolving cysteine, and their sulfenic acid cysteine is stabilized by polypeptide
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backbone present at the active site micro-environment. The catalytic cycle is completed when
disulfide or sulfenic acid is reduced. Bioinformatically it has been observed that all Prx
enzymes contain a conserved cysteine residue in the N-terminal region that is the primary site
of oxidation by H,0O, termed as peroxidatic Cys (Cp). In case of Trx, the second Cys in the
CXXC motif is the one which reacts directly with the peroxides [102].

Cysteine (Cys, C) is an amino acid that contains a side chain thiol (SH) group. Cysteine
residue is known to play a central role in peroxiredoxin activity through formation of different
structure on reaction with hydrogen peroxide as shown below. It has been seen that cysteine
plays an important role in the folding (and hence structure) and stability of some proteins
through the formation of disulfide bonds.

SH S-OH | l

OH OH

H-.N
H, 2 H.N

A O B O C O

The chemical structure of the amino acid Cysteine in the thiol (A) sulfenic acid (B) and
sulfinic acid form (C).

The thiol group is important in the detection of hydrogen peroxide. The rate of reaction
between the protein thiol group and hydrogen peroxide is very important in redox signalling.
The two most important factors in the reactivity of the thiol group is the ability of the cysteine
residue to be deprotonated to the thiolate anion (eq. 1.3) and how accessible this thiol group
is.

Protein-SH &= Protein-S + H* (1.3)

As mentioned before, peroxiredoxins (Prxs) constitute a superfamily of non-heme containing
peroxidases [84]. During catalysis, the active site cysteine is over oxidized to cysteine sulfinic
acid. In contrast the general belief that oxidation to the sulfinic state is an irreversible process
in cells, studies on over oxidized Prxs species proposed a mechanism by which the
catalytically active thiol form can be recovered. This reaction mechanism termed as sulfinic
reduction but, ATP-dependent a slow process specific to 2-Cys Prx isoforms. This reversible
over oxidation may represent an adaptation unique to eukaryotic cells that accommodates the
intracellular messenger function of H,O,, but experimental validation of such speculation is

yet to come.
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1.4.4 Conformational agility of Peroxiredoxins

Approximately more than 60% Prxs structures solved so far from different organisms wrap up
the assortment between members of this super family. In most cases Prxs shown to posses
packed in, globular protein structure with Trx fold [69] with possible variations of loop size

and length of N- and C-terminal region.

N-Motif C-Motif

Figure 1.10 The arrangement of secondary structure elements (a helices and B sheets)
mostly present in proteins with a thioredoxin like fold. The region corresponding to the
thioredoxin fold is indicated with a dashed line; the active site of proteins with a
Thioredoxin like fold is shown with a bar.

The structurally conserved, probable-core structure of Prxs comprises 7 beta-sheets (B1-$7)
with 5 alpha-helices (al-a5). The central B-sheet twist structured by 5 B-sheets along with 1
alpha helix and 2 B-sheets with the backbone of 3 a-helices; look alike cradle which holds a2
helix like a baby. The al is universally is a 3;o-helix in ~50 % of the known Prx structures.
The commonly conserved active peroxidatic cysteine Cp residue found to be in helix a2 which
is necessarily engaged in the locally unfolding of helix requisite for catalysis. Although a2
also known to have conformational changes during unfolding for each one of the members of
the subfamily. It has been shown that the cradle around o2 is extremely vital in stabilization
of “fully Folded” and” local Unfolded” conformations, and also assisting the toggle involving
both the conformations. In case of Tpx subfamily, a bend in a2 is pursued by an extra one or

two turns of the helix. Although the positioning of a5 is also begins in the approximate same

24



position in all structures, but varies in length from two to five turns. The numbering of
secondary structure elements is not universal in all cases. The numbering of secondary
structure elements is different cited in some publications, because of the presence of extra
elements which is not conserved throughout the entire family. For instance, al is a 319-helix
(the helix containing the Cp referred as al), while in Tpx subfamily, an insertion of two [3-
strands at the N-terminal end changes the remaining strands numbering. The residues like Pro,
Thr, and Cp are strictly conserved within universally conserved PXXXTXXCp sequence
motif among subfamilies without gaps remarks the catalytic effectiveness is very much
sensitive due to the inevitability of these key residues. The loop having conserved residues
along with catalytic Cys residue termed as the Cp-loop. This is the region that go through
structural transformation in catalysis of the Prx1 proteins [399]. The importance of Thr
residues in the Cp loop have an evolutionary standpoint, instead of contributing only ~3%
replacing first Cys in CXXC motif of a Trx-like ancestral protein [102], indicating that the
positioning of Thr residue is essential for both the Prx and Trx catalysis, nevertheless with an
altered function [69].
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Figure 1.11 (A) The 1-Cys AhpE monomer (pdb id:1XVW) showed as a ribbon
diagram. Secondary structural elements are labelled, with the N and C termini.
(B)The 2-Cys Prx from Xanthomonas campestris AhpC (pdb id 3GKK) shown as a
ribbon diagram, intramolecular disulfide bond formation between Cp and Cg
present on same chain encircled and the N and C termini are indicated.
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Figure 1.11 (C) Structure of AhpC, a bacterial 2-Cysteine peroxiredoxin from Salmonella
typhimurium PDB id: 1YEX intermolecular redox-active disulfide center. (D) Mammalian
2-Cys peroxiredoxin, HBP23 (PDB code 1QQ2) intermolecular disulfide formation
between the chains A and B by Cp (52) and Cg (173).

Theoretically as four key Prx catalytic residues appear on a single chain, thus Prxs could be
monomeric. On the other hand, BCP subfamily is one of the Prxs subfamily known to be
active as monomer for example monomeric Prx of the C-type bacterioferritin comigratory
protein and PrxQ. Though Tpxs were designate preferentially as monomers [59], but now
functions as dimers [24, 129]. In principle 2-Cys Prxs including all other Prxs are obligate
dimers, tends to form high molecular weight oligomer structures holding solitary two types of
dimer edges. The two distinctive dimer interfaces that explained so far in Prxs are classified
as the A and B-type dimers [323]. A-type dimers refers to alternate dimers formed by union
of corresponding parts of the two B with the loops former a-helices. B-type dimers refer to -
type dimers formed by interfaces at the B-sheets in a head-to-tail manner. It displays

intermolecular disulfide bonds formation or stays reduced.
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A-type dimer: Tpx, PrxV Decamer:
Prxl/AhpC

"
B interface

Fig 1.12 Oligomeric interfaces and quanternary structures of Prxs. Dimerization of Prx
subunits can take place through two different types of interfaces. The A-type interface (as
detected in Tpx and Prx5 subfamily members), or the B-type interface forms by P sheets
to form an extended sheet (as observed for PrxI/AhpC and Prx6 subfamilies). Some
members of the PrxI/AhpC and Prx6 subfamilies also form decameric, or less commonly
dodecameric or octameric, structures built from B-type dimers through interaction at their
A-type interfaces. Figure adopted from Hall et al. ANTIOXIDANTS & REDOX
SIGNALING Volume 15, Number 3, 2011 [130].

With a large number of experimental designs which slowly emerging out to address the
functionality of Prxs oligomerization for knowing the various in-vivo roles of redox-
dependent attribute of Prxs. Increasing evidence indicates that atypical 2-Cys Prxs also
undergo protein—protein interactions with functional implications possibly with the lower
polymerization degree (dimers, tetramers and hexamers) in comparison with typical 2-Cys
Prxs (decamers and HMW species). In atypical Prxs dimerization is of A-type interfaces [87,
186]. 1-Cys Prx is less characterized subfamily with the information gathered from literature
not sufficient to propose the substantial function of their oligomerization. Although it has
been cited that diversified group of 1-Cys Prx constitutes an array of proteins having one or
more Cys with distinct reaction mechanisms. Series of crystal structures come up with the

proposed oligomeric state of 1-Cys Prxs in spite of being predominantly monomeric in nature.
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It includes for ex. human recombinant 1-Cys Prx (hORF6) structure which was resolved as a
dimer [58] whereas monomeric and dimeric species seen in solution via gel filtration [402].
The 1-Cys Prx dimerization is solely endorsed to non-covalent interactions. Another from
Toxoplasma gondii (Tg-Prx2) which is unique along with the 1-Cys Prx group both in
reference to oligomerization behaviour and enzymatic reaction mechanism [79].
Oligomerisation property of 1-Cys Prxs from mycobacterium (AhpE-1XVW) has also been
deciphered [227]. A recent 1-Cys Prx oligomerization study of PrxQ-Al from S. elongatus
which separated as monomer during SEC [352]. Even though oligomerization is broadly
acknowledged feature of Prxs, still its in-vivo and physiological significance is to a certain
extent understood but not fully.

Peroxiredoxins (Prxs) undergoes major redox-dependent conformational changes. The
components of Prxs system have been already discussed. In brief, all Prxs employ common
catalytic mechanism which uses a conserved peroxidatic Cys (Cp), to reduce peroxides
directly. Catalysis carried out with three main steps includes: first peroxidation, second
resolution and third recycling which requires local conformational changes. Thus, the
conformational changes occur during catalytic cycle is being discussed further. The reaction
commences by means of the substrate binding in the active site (FF conformation) in which
the enzyme has a fully formed peroxide-binding active site. When attacked by substrates like
peroxides, either sulfur or oxygen atom of Cp is being attacked and reacts, this step known as
peroxidation. This step results into release of the corresponding alcohol (or water), commonly
when sulphur atom being used it forms sulfenic acid (SpOH) an oxidized Cp reaction
intermediate. Prxs known to react with range of substrates like H,O,, alkyl hydroperoxides
and peroxynitrite [146, 203, 371, 401]. Resolution involves the resolving thiol (SgH). This
SgH can be present either on the Prx itself (as most prevalent in 2-Cys mechanism) or on
some other protein molecule (as in case of 1-Cys mechanism). The resolving thiol then reacts
with SpOH and forms disulfide (-Sp —Sg-) which results into release of a water molecule. The
SpOH moiety needs to be free in order to attack thus necessitates the fully folded
conformation change which involves the local unfolding of the active site from FF to LU
transition (Fig 1.13). Protein locks in LU conformation and preventing the FF conformation to
be reform. Thus where recycling step occurs, which involves the disulfide reduction by means
of another small molecule for the regeneration of free thiols SpH and SgH. These small
molecules include Trx or Trx-like protein or single domain like AhpF in case of bacterial
enzymes [302, 400] intended for many Prxs. After the disulfide bond reduction the FF active
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site refolds because of which Prx is undergoes catalatyic cycle from LU to FF transition (Fig.
1.13).

ROOH ROH
Prx-Sg Prx-SpOH (5)
local local
refolding c%‘;é’,'gc unfolding
LU*FF FF+*LU

R"S=-SR"
+
R'SgH

Figure adopted from Hall et
al.  ANTIOXIDANTS &
REDOX SIGNALING
Volume 15, Number 3, 2011

Figure 1.13 “Two distinct protein conformations are involved in the cycle: FF (fully folded
active-site intact) and LU (locally unfolded, disulfide between the Cp and the Cg)”. The “Sp”
denotes the sulfur atom of the Cp. Proteins, like Trx and AhpF, have been denoted as R"" in
step 3. Oxidative regulation (gray, steps 4 and 5) is seen in sensitive, eukaryotic floodgate-
type 2-Cys Prxs. Inactivation of the Prx by over oxidation of the Cp (step 4) is peroxide
dependent. The inactivated form can be rescued through an ATP-dependent reaction
catalyzed by sulfiredoxin (Srx) (step 5).

1.4.5 Human peroxiredoxins

The relevance of Prxs enzymes is accentuated by their abundance and involvement in
multiple cellular processes [84, 297, 357]. Their importance becomes particularly noticeable
in context of the causative participation of ROS in various diseases described for the
mammalian/human system, ranging from neurodegenerative disease like Parkinson’s or
Alzheimer’s and neuroinflammatory disorders e.g. Multiple sclerosis to cancer [376]. In

addition to their effective role in antioxidative defence during various diseases [191, 270, 298,
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411], Prxs are also involved in different signal transduction processes, as for a case in
apoptosis and cell viability [53, 397]. These research findings nicely demonstrate the relevant
importance of this protein family in vertebrates. Many organisms produce more than one
isoform, including at least six Prxs identified in mammalian cells (PrxI - PrxV1) [146, 401].
Mammalian six isoforms of Prxs are further divided into three subgroups (2-Cys, atypical 2-
Cys, and 1-Cys) based on the number and position of Cys residues involved in catalysis. In
turn, the classes are divided into six subclasses: Prxl, PrxlIl, Prxlll, PrxIV (2-Cys), PrxV
(atypical 2-Cys) and PrxVI (1-Cys). Prxl is 22 kDa, is abundant in human tissues [52, 180],
and is localized in both the nucleus and cytosol in the cell. Prxl is involved in antioxidant
protection of erythrocytes. For instance, mice with a Prxl knockout develop hemolytic anemia
[164] and display a 15% decrease in lifespan [275]. Likewise, a decreased PrxIl expression
makes cells sensitive to apoptosis. Knockout mice displayed signs of hemolytic anemia and
are more prone to develop hematopoietic tumors. Prxlll, localized in mitochondria is also
involved in antioxidant protection of cells. A decrease in Prxlll levels leads to morphological
alterations in mitochondria, a mitochondrial mass reduction and changes in membrane
potential [398]. PrxIV occurs not only within cells, but also in the intercellular space and
protects endothelial cells from extracellular ROS. The reduced form is capable of binding to
the cell surface, while the oxidized form loses this capability. PrxV is an atypical 2-Cys
peroxiredoxin and differs in catalytic mechanism, structure and intracellular localization from
other enzymes of the family. PrxV is a monomeric protein and has one conserved Cys
(Cys48) and two additional Cys residues in positions 73 and 152. Cys48 and Cys152 form an
intramolecular disulfide bond as the peroxidative Cys is oxidized. An increase in PrxV
expression was observed in pathology [202]. PrxV1 belongs to 1-Cys peroxiredoxins and has
one Cys at 47" position. PrxV1 is found in all tissues, but its content is the highest in the
olfactory epithelium, tracheal and bronchial epithelium, gastrointestinal tract, oral cavity, liver
and pancreatic cells. Water soluble secreted PrxVI was first isolated to purity from rat
olfactory epithelium [299, 300]. Through biochemical studies it was shown that PrxVI is
capable of neutralizing both organic and inorganic peroxides in the presence of certain thiols,
and its protective role exerted due to its peroxidase activity [286]. The enzyme reduces alkyl
hydroperoxides and phospholipid peroxides in addition to hydrogen peroxide. PrxVI utilises
its active site Cys residue for catalytic reactions; moreover, does not use thioredoxin as a
reducer in disparity to PrxI-PrxV. There were other reductant known to act as redox partner
for PrxV1 like glutathione, dehydrolipoic acid and cyclophilin. [56], while there is still no data

on the physiological reducers of the protein. PrxVI exerts a therapeutic effect in treating burns
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of the upper respiratory tract and healing of incised wounds [285]. Knockout mice devoid of
PrxV1 are viable, but have a higher sensibility to oxidative stress, in particular, hyperoxia
[265]. The importance of human Prxs enzymes comes from the fact that they are capable of
protecting cellular components by eliminating low levels of peroxides which are the outcome
of normal cellular metabolism. Other oxidoreducatse proteins from mammals are also

characterized; a part of redox signalling implicated their role in apoptosis [8, 108, 172, 356].

1.4.6 Plant Peroxiredoxins

The prevalence of H,O, implicating their role in ABA-signalling protein, role of redox in
regulating immunophilin is well being studied [121, 122, 346]. The prevalence of
Peroxiredoxins (Prx) in higher eukaryotic organism is also well extensively studied. Prxs are
known to be the essential elements of antioxidant defense system for dithiol-disulfide redox
regulatory network of the plant and cyanobacterial cell. Plant peroxiredoxins broadly
classified into 4 subgroups: 2-Cys Prx, 1-Cys Prx, type Il Prx and PrxQ. Based on sequence,
structure similarities and positions of conserved cysteinyl residues the Prx family can be
divided in six groups, named A, B, C, D, E and F [146, 281, 282]. According to the more
commonly used nomenclature, the A-type corresponds to the (typical) 2-CysPrx, the B-type to
the (typical) 1-Cys Prx, the C-type to PrxQ, and the D-type to type Il peroxiredoxins (PrxIl)
[281]. PrxQ and PrxIl also are termed atypical 2-Cys Prx [146]. Group E includes
homologous bacterial peroxidases and group F encodes archaesa homologs. Among six
groups, group A to D are the most common and conserved one in higher plants for example,
the genome of A. Thaliana encodes genes for each of the four types of Prx [152, 153]. The
localisation of Prxs in higher plants summarizes typically contain at least one plastid 2-Cys
Prx, one nucleo-cytoplasmic 1- Cys Prx, one chloroplast PrxQ and one each of cytosolic,
mitochondrial, and plastidic type Il Prx. It exhibited a high sequence similarity to bacterial
AhpC and the human and yeast thioredoxin-dependent peroxidase TPx [22]. Type Il Prxs
were simultaneously identified in yeast [175] and Chinese cabbage (Brassica campestris)
[60], in the latter during a random sequencing project on flower bud-specific cDNA clones.
Prx Q constitutes the fourth group of Prx that was most recently cloned from plants [206].
The N-terminal sequence of the 17-kDa protein from Sedum lineare showed similarity to the

bacterioferritin comigrating protein (BCP) from E. coli and was named SI-Prx Q.
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1.4.7 Bacterial Peroxiredoxins

In bacteria also, the Prxs are indispensable; some pathogenic bacteria rely wholly on a Prx-
based antioxidant defense response against oxidative stress. Prxs are universally dispersed and
are found in the majority of the pathogenic bacteria. Mechanistic and structural studies of
these bacterial proteins have delineated the linkage between redox state, oligomeric state,
conformational changes and peroxidase activity for the peroxiredoxins. Through the available
genomic sequence information majority of bacterial Prxs have been identified recently and
functional studies have been conducted for enlightening the importance of this class of
antioxidant enzymes. Prxs proteins are among the 10 most abundant cellular proteins
prevalent in Escherichia coli [235], and in other bacteria, Prxs were characterized as species-
specific antigens. In 1988 a thiol-specific antioxidant, TSA, was first identified in yeast as an
enzyme that could protect glutamine synthetase from metal-catalyzed oxidation during
dithiothreitol/ Fe®+/O, exposure [193]. A thiol peroxidase, AhpC, was isolated from
Salmonella typhimurium in 1989, was characterized as a member of the OxyR H,O,-stress
regulon [362]. Identifications of other peroxiredoxins have followed; these enzymes appear to
be more prevalent than catalase, being expressed in almost all bacteria. The few exceptions
include Streptococcus pneumoniae, Rhodobacter capsulatus, Rhodobacter sphaeroides,

Borrelia spp., and Bartonella spp.

1.4.7.1 Alkyl hydroperoxide reductase (Ahp)

The alkyl hydroperoxide reductase system consists of two cytoplasmic proteins AhpC (thiol
peroxidase) and AhpF (flavoreductase) were first discovered in Salmonella typhimurium
[167]. The homologues of Ahps are found throughout the aerobic and anaerobic biota. AhpC
contains two conserved cysteines, Cys46 and Cys165. Cys46 is present in the N-terminal
region and lies in a conserved VCP motif present ubiquitously in AhpC and other proposed
thiol-based peroxidases. The Mycobacterium tuberculosis AhpC differs from other well
characterized AhpC proteins in having three cysteine residues rather than one or two. An
assortment of bacteria expresses a flavoprotein, AhpF NADH:disulfide oxidoreductase
activity that acts as a disulfide reductase to recover the bacterial peroxiredoxin, AhpC, during
catalysis by restoring the disulfide in AhpC to its reduced form [167, 303]. It includes three
domains: an FAD-binding domain, an NADH-binding domain with a thiol/disulfide redox
active center, and a thioredoxin-like domain [31]. The reducing partner for AhpC from
Helicobacter pylori and Mycobacterium tuberculosis is Trx/Trx reductase system [25], and

AhpD in mycobacterial species [40] as reducing partner, AhpF is absent [25, 81]. The number
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of bacterial AhpC members which are characterized biochemically comparatively less
Streptococcus mutans [143, 304] Amphibacillus xylanus [200, 277, 278] Thermus aquaticus
[237, 366] Clostridium pasteurianum [308], Chromatium gracile [382], and Mycobacterium
tuberculosis [40, 41, 54, 55, 144]. Kinetically it has been shown that AhpC were most active
enzyme and able to quickly degrade low doses of H,O;, (<20 uM) as compare to known
catalases. Substantial information pertaining to the biological importance of Prxs has also
been achieved by genetic approaches, including disruption of the chromosomally-encoded
structural genes from different pathogenic microorganisms Escherichia coli, Salmonella
typhimurium [97, 126, 327, 353, 355], Bacillus subtilis [11, 42, 137], Helicobacter pylori
[242, 289], Staphylococcus aureus [15], Xanthomonas campestris [238, 258, 259],
Streptococcus mutans, Streptococcus pyogenes [198], Bacteriodes fragilis [314, 315] and
Mycobacterium including M. tuberculosis, M. leprae, M. bovis, M. smegmatis, M. aurum and
M. Bovis [81, 83, 141, 339, 345, 391, 392]. A recent study of NADH-dependent t-butyl
hydroperoxide reductase activity in a number of diverse bacterial strains come up with the
conclusion that, different levels of the two (or more) proteins involved in the peroxidase
system expressed by the various organisms, possessed the ability to catalyze the reaction
[280]. Other peroxidases are also being identified, characterized widely expressed in bacteria,
but our understanding is much less complete. These include bacterioferritin comigratory
protein (BCP) and thiol peroxidase (Tpx).

1.5 BACTERIOFERRITIN COMIGRATORY PROTEINS (BCP)

Bacterioferritin comigratory proteins (BCPs) were originally named for their propensity to
comigrate with bacterioferritin proteins and was first discovered in Escherichia coli [9, 272].
E.coli BCP, a putative bacterial member of the TSA/AhpC family, was characterized as a
thiol peroxidase. Biochemically it has been observed that recombinant E. coli BCP reacts
with t-butyl hydroperoxide and linoleic hydroperoxide along with H,O,, depicting its actual
role might be in reduction of an organic hydroperoxide [176]. Lipid peroxidation is well-
established in eukaryotic organisms, but biological sources of organic hydroperoxides are not
known in bacteria. The primary sequence suggested a resemblance to AhpC, and biochemical
assays confirmed its ability to react with H,O,. The similarity of primary structure between
bacterioferritin comigratory protein (BCP) and the TSA/AhpC family suggested that BCP
could be another new member of the family. Still, the function of BCP has not been yet

elucidated despite of the wide distribution of BCP in most pathogenic bacteria including
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Haemophilus influenzae, Helicobactor pylori, and Mycobacterium tuberculosis. The
biological importance of this protein, from the studies from different pathogenic bacteria H.
pylori, Campylobacter jejuni, and Porphyromonas gingivalis showed that bcp mutant cells
become hypersensitive towards varied peroxide substrates and eventually leads to cell
impairment upon aeration [20, 41, 176, 182, 387, 388]. Recent studies in Helicobacter pylori
have linked BCP with bacterial pathogenicity, and shown to contribute significantly to the
ability of the bacteria to colonize the host’s stomach. So is BCP an authentic scavenger of
peroxides? BCP homologues are present in both gram-positive and gram-negative bacteria.
BCP is a model for a set of proteins that exhibit thiol-dependent peroxidase activities in-vitro
but whose in-vivo functions is ambiguous. BCPs constitute a group of antioxidant enzymes
that exhibit thiol-dependent peroxidase activities in vitro widely distributed. Beside majority
of the BCP subfamily members are of bacterial origin, BCPs known to belong to archaea and
eukaryotes as well. The plant homologues of BCPs are defined as PrxQ. PrxQ from
phytopathogenic bacterium Xylella fastidiosa (XfPrxQ) which is the etiological agent of
various plant diseases has also been characterized [154, 290]. In-silico analysis of Prxs have
been facilitated recently with upcoming structures of BCPs, sequence variations and
biochemical studies define the extensive diversification among the subfamily members yet
resembles to ancestral protein from which Prxs are diverged out. BCPs has been defined as
the most diverse subfamily of Prxs and designated as ‘C’ group by Hoffmann et.al, 2002
[146]. The BCP subfamily was further reclassified for clarification in nomenclature wise into

an alpha-group and Beta-group. The a-group known to possess the canonical CXXXXC,
motif and follows the 2-Cys Prxs mechanism while B-group without C, functions as 1-Cys

Prxs by Wakita et al. [384]. With the new more sequences, this nomenclature is unsatisfactory
for relating the whole subfamily. The predicted amino acid sequence of BCP possesses the
conserved catalytic triad common to the BCP subfamily of Prx’s. From known biophysical
facts it has been seen that BCPs differ in their oligomerisation pattern based due to the

occurrence or position of the CR. A-type dimerisation mostly seen for BCPs following both
the 1-Cys or 2-Cys mechanisms, but depends upon the two distinctive locations of the CR. For

members that exhibit 2-Cys mechanism, the Cr generally resides in a2, towards C-terminal to
Cp (CpXXXXCR) motif in most of the members. The probability of Cr in a3 position with the
typical CXXXC motif is very less (~7%) for example in thiol peroxidase Tpx subfamily.
There are many protein structure known for the BCP subfamily, representing five different

Prxs. Current research established the role of the first cysteine being the catalytic peroxidatic
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cysteine in all the members of this protein family. The functionality of the second cysteine is
still controversial and necessitates further exploration. Being so much common to several
bacterial pathogens the role of BCPs regarding their role in conferring ROS resistance during
pathogenesis is less defined or little information present so far. Some of the examples make
an attempt to define its role in pathogenesis taking an example of Coxiella burnetii gram-
negative, obligate intracellular bacterial pathogen resides within the acidified lysosome-like
compartment of the host cell termed a parasitophorous vacuole. It was shown that Coxiella
BCP binds DNA and likely serves to detoxify endogenous hydroperoxide by products of
Coxiella’s metabolism during intracellular replication [142]. Another example of
Camylobacter jejuni in which BCPs showed to play an essential function in protection against
oxygen-induced oxidative stress [20]. Biochemically it was observed that H. Pylori BCP
plays a compelling role in capable of host colonization [388]. Interestingly, BCP expression
was induced in the bacterium Frankia sp. during the formation of symbiosis with the plant,
Alnus glutinosa [134].

Tpx, Thiol peroxidase was denoted thiol-specific antioxidant (TSA) in early literature [193].
It was discovered as a factor in Saccharomyces cerevisiae cell lysates that could protect
glutamine synthetase from H,O, [194]. Subsequently, Cha et al. isolated and characterized a
homologous protein from periplasmic fractions of E. coli [47], was initially designated as p20
and later defined as thiol peroxidase. Tpx also contains a conserved Cysteine residue in its N-
terminal region like Ahp, thiol peroxidase; on the other hand, they are not homologs at the
sequence level. Thiol peroxidases from various bacteria showed conservation of peroxidatic
cysteine residue at Cys61 position (numbering based on E. coli thiol peroxidase), and upon
exposure to H,O, these residues form an intramolecular disulfide bond [24]. Mutations
studies indicated that mutant of Cys61 eliminate its peroxidatic activity [24, 415]. Crystal
structures have been solved in both reduced and oxidized state [59, 132]. The physiological
reductant electron donor for Tpx is unknown. On the other hand biochemically in vitro
peroxidase activity of Tpx with H,O,, t-butyl hydroperoxide, cumene hydoperoxide and
linoleic acid hydroperoxide has been achieved using dithiothreitol as an electron donor [48].
The localization of thiol peroxidases has been doubtful, as it was first isolated from E. coli
after osmotic shock; it seemed likely to be a periplasmic protein. It may emerge to have a
function that was distinct from that of the cytoplasmic Ahp system. However, it has been
observed that thiol peroxidases from E. coli and other bacteria do not exhibit N-terminal
signal sequences when analyzed by SignalP 4.0 software, while on the other hand researchers

subsequently identified E. coli thiol peroxidase in cytoplasmic fractions [359]. The presence
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of tpx homologs in Gram-positive bacteria further supports its cytoplasmic localization. The
effective concentration of thiol peroxidase quietly (2- to 3-fold) induced by aeration in E. coli
[190, 196]. Overall, the state of knowledge of Tpx function is similar to that of BCP. The
enzyme activity can be demonstrated in-vitro under non-physiological stressful conditions,

but neither the expression pattern nor genomic context suggests its physiological role.

1.5.1 Functional cysteine in BCPs/Prxs proteins

Encompassed by the four Prxs classes, class 1 is the primitive form of Prxs from which other
three classes derived. Beside the absence of resolving Cysteine the peroxidatic Cysteine
undergoes in catalytic cycle by reacting with hydroperoxides substrates by forming
intermediate sulfenic acid (Cp-SOH). However, the resulting Cp-SOH does not form a
disulphide because of absence of another Cys-SH close by. Research information regarding
the resolution of the sulfenic acid in 1-Cys Prxs is very limited and stills an open question to
decipher. There are though various non physiological small molecule electron donors been
drawn in the role which includes glutathione, lipoic acid, cyclophilin, ascorbate and DTT
[225, 243, 260, 266]. The 1-Cys Prx members ubiquitous in a variety of species including
archaea, yeast, nematode, plant and mammals [49, 185]. GSH has been suggested to be the
physiological donor for 1-Cys Prx [99, 107]. The physiological electron donor is not well
characterized till date for this subclass of Prxs.

1-Cys Prxs are antioxidant enzymes uses strictly conserved cysteine for catalyzing the
reduction of hydroperoxides into alcohols. The sequence identity among these 1-Cys Prxs
subgroup members is more than 60 percent, while among human 1-Cys Prx and the four
human 2-Cys Prx (Prx I to 1VV) enzymes is less than 30%.

Second class includes both typical and atypical 2-Cys Prxs. In the typical 2-Cys
peroxiredoxins, a second cysteinyl residue, termed as the resolving Cysteine, involved in
intersubunit disulfide bond formation during the course of catalysis. In 2-Cys Prxs, the Cp.
SOH reacts with a second cysteine residue, the so-called resolving cysteine (CkSH), forming
a stable disulfide bond (Cp-S-S-Cgr), which is then reduced by one of the cell-specific
disulfide oxidoreductases, completing the catalytic cycle. These oxidoreductases include
physiological electron donors like thioredoxin- thioredoxin reductase, glutaredoxin-
glutaredoxin reductase and several others like glutathione-glutathione reductase. Based on the
positioning of resolving cysteine the 2-Cys Prxs were further subdivided into either typical or
atypical classes. In typical 2-Cys-Prxs, the CpSH reacts with a CrSH residue located in the C-
terminal domain of another subunit within a homodimer. The typical 2-Cys Prxs are obligate
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dimers, which contain two identical active sites. The atypical 2-Cys Prxs enzymes are
functionally monomeric but shown to have the same basic mechanism as typical 2-Cys Prxs,
except positioning of the resolving cysteine is, in most cases, located on the same polypeptide
chain as the peroxidatic cysteine. Thus, resolution of the intermediate sulfenic acid (Cys-
SpOH) results in an intramolecular disulfide bond. All atypical 2-Cys peroxidases use
thioredoxin as an electron donor to reduce the disulfide and complete the catalytic cycle. In
addition, it has been verified that 2-Cys Prxs can be converted into 1-Cys Prxs by mutation of
the resolving cysteine, suggesting some intrinsic mechanistic compliance within the super
family. In Kinetoplastida, comprising the medically important parasites Trypanosoma brucei,
T. cruzi and Leishmania species, 2-Cys peroxiredoxins described shown to catalyze reduction
of peroxides by the specific thiol trypanothione using tryparedoxin, a thioredoxin-related

protein, as an immediate electron donor [43].

1.5.2 Thioredoxin and Thioredoxin reductase system

Thioredoxin (Trx), together with thioredoxin reductase (TrxR) and NADPH constitutes the
thioredoxin system, an effective antioxidant system was discovered by Peter Reichard and co-
workers in 1964 as a hydrogen donor for enzymatic synthesis of cytidine deoxyribonucleoside
diphosphate by ribonucleotide reductase from Escherichia coli [223]. The amino acid
sequence of E. coli Trx1 with 108 residues was determined in 1968 [147] demonstrating the
universally conserved active site —Cys-Gly-Pro-Cys-. Initially role of Trx imparted as
reducing substrate of ribonucleotide reductase(RNR) [148], in catalyzing de novo synthesis
of 2'-deoxyribonucleotides from corresponding ribonucleotides as a result of which
implicated be involved in DNA replication and repair (reviewed in recent times [151]).
Additionally, Trx systems play vital roles in virus infection, the immune response, and cell
death via interaction with thioredoxin-interacting protein as per say like Prxs. Trxs ordinarily
designated as family of small reductases (~12 kDa) proteins, whose main role in redox
reactions by means of dithiol-disulfide switch using two redox active Cys residues separated
by two other amino acid residues (a CXXC active site motif). Trxs are universally distributed
from prokaryotes to eukaryotes including humans with comprehensive functions. Trx is
ubiquitously present in bacteria, where as other antioxidant proteins like the glutathione
(GSH) antioxidant system or catalase (CAT) are absent in some specific gram-negative, -
positive bacteria such as H.pylori, M.tuberculosis, B. subtilis, Bacteroides fragilis and
Lactobacillus casei [93, 276, 316, 332, 365, 374]. Because of its ubiquitous presence makes
the Trx system indispensable for cellular thiol/disulfide equilibrium and endurance under
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oxidative stress in several bacteria. Taking an example, the absence of a GSH-Grx system in
some pathogenic bacteria such as Helicobacter pylori, Mycobacterium tuberculosis, and
Staphylococcus aureus makes the bacterial Trx system vital for endurance under oxidative
stress. This presents a prospect to eradicate these bacteria by targeting the TrxR-Trx system.
A recent review article on thioredoxin system very nicely points out the importance of
thioredoxin system and their relevance [240]. The mechanism of action employ by Trx system
includes transfer of electrons to thiol-dependent peroxidases (peroxiredoxins) to eliminate
ROS and RNS with a rapid reaction rate. In general, the enzyme works by taking electrons
from NADPH and via TrxRs these are transferred to the active site of Trx, which is the
common disulfide reductase. TrxRs are high molecular weight selenoenzymes, together with
the glutathione- glutaredoxin (Grx) system (NADPH, glutathione reductase, GSH, and Grx) in
conjuction with Trxs monitors the cellular redox environment. In difference, bacterial TrxRs
are LMW enzymes refer to their structure and catalytic mechanisms distinctively from
mammalian TrxR. The foremost function of Trxs is to reduce the disulfide bonds in proteins
[149]. The detailed general reaction mechanism employ by Trx antioxidant system in: the
reaction proceeds through two steps. In first step, the thiol group of N-terminal Cys residue of
a Trx attacks the disulfide bond of the target protein to release free thiol to form a disulfide
bond. In second step, the thiol group of the C- terminal Cys residue of the thioredoxin disrupts
the disulfide bond in the thioredoxin—protein complex to reduce the target protein. The
thioredoxin is then oxidized which is enzymatically reduced in a NADPH-dependent reaction
by thioredoxin reductase (TrxR), a flavoprotein in Trx antioxidant system. In plants, 20
thioredoxin isoforms were identified [251] and classified according to the differences in
primary structure into Trxf, Trxh, Trxm, Trxo, Trxx and Trxy groups. By sequence
comparison with other known thioredoxin sequences showed that thioredoxins m, x and y are
of a prokaryotic origin [226, 322], whereas thioredoxins f, h and o are of a eukaryotic origin
[222]. In case of E. coli, the genome codes two thioredoxins, Trx-1 and Trx-2, and one
thioredoxin reductase. Where it has been identified that Trx-1 efficiently reduces
phosphoadenosine phosphosulfate reductases [212] and methionine sulfoxide reductase [340].
The human genome encodes two Trx genes; one is cytosolic thioredoxin (Trx-1) and a
mitochondrial thioredoxin precursor (Trx-2) and occurs in single copies and has two genes for
thioredoxin reductases, cytosolic TrxR1 [116] and mitochondrial TrxR [115]. The vertebrate
genome codes for several thioredoxin homologs: SpTrx1 [179]; SpTrx2 [321]; and Picot,
which consists of two thioredoxin-like domains, two glutaredoxin-like domains, and one

Trpl4 domain [177, 395]. From Knockout experiments it has been established that devoid of
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Trx-1mice die in early embryo development [245], signifying that mammalian Trx-1 and Trx-
2 are vital and cannot be replaced by other reductases[67, 284] . One of the significant
endogenous molecules to interact with Trx is thioredoxin interacting protein (TXNIP, TBP2,
VDUP1), which is a negative regulator of Trx function [279]. The basic structure of Trx
forms from 5 B-strands forming the internal core and 4 a-helices along with a short stretch of
helix surround the central B-sheets outlines a reactive fold commonly termed as Thioredoxin
fold. The active site disulfide is located after the 32-sheet and forms the N-terminal portion of
a2 [88]. A lot of crucial enzymes in the thiol-dependent antioxidant system have this
thioredoxin fold structure, such as glutaredoxin [96], peroxiredoxin [401] and glutathione
peroxidase [219]. The thioredoxin fold of the proteins determines the positioning of the N-
terminal Cys of the catalytic site in the immediate vicinity of the other Cys residue. Besides
Thioredoxin system, some other indispensible systems present which function like
Thioredoxin systems and serves as a backup for each other. It includes glutathione a system
comprises of glutaredoxin-glutaredoxin reductase and glutathione reductase for example the
presence of the GSH-Grx system in E. coli provides a strong backup for the Trx system.
Infact, Grx was discovered by investigation of the substitutes to reduce RNR in a Trx-
deficient mutant [148, 151]. In mammalian cells the GSH system is a major thiol-dependent
antioxidant system which participates in the defense against oxidative stress via the efficient
removal of various ROS by glutathione peroxidase [39, 292]. It has been described that GSH
system together with Grxs can also regulate protein function by reversible protein S-
glutathionylation under oxidative stress [231, 253]. In spite of the fact that the Trx and GSH
systems have various extending functions, they do work in parallel in most cases. Of late
compiled evidences showed that there is to a great extent cross-talk between the two systems.
The glutaredoxin system was first discovered in Escherichia coli in 1976 as a dithiol
hydrogen donor system for ribonucleotide reductase in the absence of thioredoxin 1 (Trx-1)
[161] . Glutaredoxins are also thiol oxidoreductases which functions in catalyzing various
SH-dependent thiol-disulfide exchange reactions. These thiol exchange reactions, includes
glutathionylation and deglutathionylation of proteins; transformations of ribonucleotide
reductases; and reduction of dehydroascorbates and arsenates. Glutaredoxins known to play a
role in FeS homeostasis [231, 241]. This system also follows the same reaction mechanism as
that of Thioredoxin system in which electrons are transferred consecutively from NADPH to
glutathione reductase, glutathione, and then to one of the known glutaredoxins (Grx-1, Grx-2,
and Grx-3). In brief, till date there is plentiful information regarding the functions of Trx and

TrxR have been experimentally deciphered in quite lots of biological systems. Besides
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detoxification of peroxides utilizing several enzymes involved it is pretty evident that it
involves in maintaining DNA integrity as a “genetic material”. These systems involved in the
improvement of oxygen metabolism and defense against oxidative stress with the emergent
concealed physiological functions together with the use of redox signalling oxidants like
hydrogen peroxide and nitric oxide. Thus involved in redox signalling also by supervising the
activities of many transcription factors[150, 232].

Thioredoxin reductases (TR, TrxR) (EC 1.8.1.9) are the dimeric enzyme known to
reduce Thioredoxin (Trx)[268], functions as a homodimers. Each monomer contains
a FAD prosthetic group, a NADPH binding domain and an active site containing a redox-
active disulfide bond [145]. In general TrxR belongs to flavoproteins family of pyridine
nucleotide-disulfide oxidoreductases which possess the  N-terminal active site motif
CVNVGC includes glutathione reductase(GR), trypanothione reductase (TryR), mercuric
reductase and lipoamide dehydrogenase [14, 145]. The catalytic reaction carried out by TrxR
via catalyzing the NADPH-dependent reduction of the substrate by transferring electrons
from NADPH via FAD active site disulfide to “oxidized thioredoxin (Trx-S2) to give a dithiol
in reduced thioredoxin (Trx-(SH) 2)”.

NADPH NADP*
4
- Ascorbate (ox.)
Thioredoxin reductase
< Y  Ascorbate (red.)
'y
Trx Trx
fox.) (red.)
)._,./"/{ X > Cell growth
> \ N

z % o -
/ \ Inhibited

> / \ apoptosis

~ » L |

Trx Ribonucleotide
peroxidase reductase

Antioxidant DNA synthesis Gene transcription

Transcription
factors

Figure 1.14 “Reactions and functions of TrxR in the cell”: TrxR utilizes NADPH to
catalyse the conversion of oxidized Trx (ox.) into reduced Trx (red.), and to reduce the
oxidized forms of ascorbate into reduced ascorbate. Reduced Trx provides reducing
equivalents to (i) Trx peroxidase, which breaks down H,O, to water, (ii) ribonucleotide
reductase, which reduces ribonucleotides to deoxyribonucleotides for DNA synthesis,
and (iii) transcription factors, which leads to their increased binding to DNA and altered
gene transcription. In addition, Trx increases cell growth and inhibits apoptosis. Fig
taken from review article [268].
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Two classes of thioredoxin reductase have been identified and evolved independently. First
class includes a HMW (MW = ~55,000) type containing a selenocysteine residue in its active
site found in higher eukaryotes including humans [390]. Second class comprises of a LMW
(MW = ~ 35,000) type described in archaea, bacteria and other eukarya [145]. There is ~20%
sequence identity between two classes of TrxR in its primary sequence where they can
consistently aligned [145]. Three TrxR isozymes expressed in mammalian cells, TrxR1
(cytosolic), TrxR2 (mitochondrial), TrxR3 (testis-specific thioredoxin glutathione reductase)
[68, 239]. Both TrxR1 and TrxR2 contain FAD and NADPH binding domains and an
interface domain, whereas TrxR3 contains an extra Grx domain in the N-terminus besides
FAD and NADPH binding domains. On the whole structures of mammalian TrxRs are similar
to those of GR [57, 413]. The structure of low Mr TrxRs is quite distinctive as they possess
only an active site-containing CXXC motif, instead of an N-terminal CVNVGC active site
motif and another C-terminal active site as observed in high Mr TrxRs. Low Mr TrxRs have
FAD and NADPH binding domains, but be deficient in the interface domain. The active site
is located in the NADPH binding domain, not in the FAD binding domain. The two globular
domains are linked by a two-stranded B-sheet. The extensively studied thioredoxin reductase
is from Escherichia coli [262]. The structural features of TrxR from E. coli with a high
specificity for its homologous Trx are also typical for TrxR from prokaryotes, lower
eukaryotes like yeast or plants [76, 218, 264, 385]. Research on Trx and TrxR in the course of
efforts in many laboratories global covers enormous areas of biomedicine. There are more
than ~6100 references in pubmed demonstrating the importance of thioredoxin system in
varied organisms. There several implication and role have been described for Thioredoxin
systems and pertaining their role in many fields like a check in cell growth [23, 114], role in
p53 activity [301],protection against oxidative stress , ascorbate recycling[44, 246], auto
immune diseases [344]. Recently in M. tuberculosis mycoredoxin-1 (MtMrx1) acting in
combination with mycothiol and mycothiol disulfide reductase (MR), as a biologically
significant reducing system for MtAhpE is elucidated [158].

In summary, Peroxiredoxin (Prx) plays an important role in the regulation of peroxide and
protect organisms from peroxide induce oxidative damage. Therefore, they constitute an
important antioxidant defense system of aerobic organisms. Also, they are involved in
hydrogen peroxide signaling pathway. There are two aspects to the proposed study. One is to
develop antimicrobials against CLA to control citrus greening and second is to illuminate the

significance of free radical scavengers in the remedy of numerous diseases. A detailed
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biochemical and structure analysis of these enzymes along with their reductase partner will
enhance our understanding of structure function relationship and will lead to the development
of effective inhibitor molecules against these enzymes and their efficacies will be established
on infected plants under controlled conditions. Another importance outcome of structure-
function analysis of Prx enzymes will be to elucidate their role in multiple cellular processes
and signalling thereby develops strategies like for protection against hydrogen peroxide
induced DNA damages. Structure-function studies of mutant enzymes will establish the role
of catalytic residues and substrate specificities in peroxidase activity against various

peroxides.
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2. CLONING, EXPRESSION, PURIFICATION OF 1-CYS PRXS CLA-BCP AND ITS
BIOCHEMICAL CHARACTERIZATION ALONG WITH THE CLONING OF ITS
REDUCTANT PARTNER CLA-TRXA.

2.1 INTRODUCTION

Citrus Huanglongbing (HLB), a deleterious disease caused by unculturable gram negative a-
proteobacterium Candidatus Liberibacter asiaticus (CLA) that infects citrus plants, causes
extensive economic losses to the citrus industry worldwide [123, 168]. The first line of
defense mechanism against the invasion of microorganisms is the production of reactive
oxygen species (ROS) that includes hydrogen peroxide, peroxynitrite and organic
hydroperoxides by host system constitute oxidative stress. ROS are highly reactive and
participate in free radical reactions that cause damage to DNA, proteins and lipids [133, 354].
In addition, induction of carcinogenesis has been clearly linked to oxidative DNA damage
[254]. Evidences that apoptosis can be induced by ROS are provided by studies in which
mediators of apoptosis, induce intracellular production of ROS or are inhibited by the addition
of antioxidants. Although the mechanism involved is still controversial redox status and/or
hydrogen peroxide have both been proposed as critical factors [318, 358]. Owing to their dual
role in both oxidative stress and signal transduction pathways, the firm control of ROS is of
utmost importance.

To lessen oxidative damage to tissues, biological systems have equipped with many
protective systems that get rid of ROS which includes an array of enzymes i.e. superoxide
dismutase (SODs), catalase (CAT), glutathione peroxidase (GPX, GSH), glutathione
reductase (GR), ascorbate peroxidase (APX), and peroxiredoxins (Prxs). Peroxiredoxins
(Prxs) super family are thiol-specific antioxidant proteins known to play a major role in ROS
detoxification [49, 51]. They exhibit peroxidase activity against varied hydroperoxides using
thioredoxin and other thiol-containing reducing agents as an electron donor [40, 146, 303].
There have been several classifications for Prxs protein on the basis of their reactive cysteine
key residue commonly termed as peroxidatic cysteine (CpSH) and non conserved resolving
cysteine (CrSH) into 1-Cys and 2-Cys Prxs. 2-Cys Prxs further subdivided into two groups,
typical or atypical types based on the location of the resolving cysteine (CrSH) residue.
Typical and atypical 2-Cys Prxs forms intermolecular or intramolecular disulfide bond
respectively. Whereas 1-Cys Prx members with no or inactive CgSH, found in a varied

species but less well characterized [49, 185]. Bacterioferritin comigratory protein (BCPs), a
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member of Prxs super family were originally named for their propensity to comigrate with
bacterioferritin proteins initially discovered in E. coli [272]. BCP has been defined as the
most diverse subfamily of Prxs and designated as ‘C’ group by Hoffmann et.al,2002 [146]. It
has been further reclassified by Wakita et.al, 2007 [384] into a and B-group having
characteristic conserved C.XXXXC_ motif and no Cr respectively. The biological importance

of BCPs, from different pathogenic bacteria, showed that bcp mutant cells become
hypersensitive towards varied peroxide substrates and eventually leads to cell impairment
upon aeration [20, 41, 182, 388]. It has been cited earlier that Prxs have been associated with
cell proliferation, differentiation and apoptotic pathways, and has been implicated as DNA
binding protein as well [52, 142, 199]. Ellman's reagent or 5,5'-dithiobis(2-nitrobenzoate)
(DTNB) is a symmetrical aryl disulfide which readily undergoes the thiol-disulfide

interchange reaction in the presence of a free thiol:
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The TNB dianion has a relatively intense absorbance at 412nm compared to both disulfides
thus can be used to assess the number of thiols present [90]. There are fluorogenic substrates
known to detect H,O,, the most important ROS in regards to mitogenic stimulation or cell
cycle regulation. They have been used in conjunction with horseradish peroxidase (HRP)
enzyme to produce intensely fluorescent products [360]. Despite the fact that the list is quite
extensive, the commonly used substrates include diacetyldichloro-fluorescein [306],
“homovanillic acid” [320], and “Amplex® Red” [414]. The DCF-DA dye is quite explored

one in determining the levels of H,O, The diacetate form, H,DCFDA and its acetomethyl
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ester H,DCFDA-AM are taken up by cells which then cleaved by non-specific cellular
esterase resulting in a charged compound considered to be shut in inside the cell. Oxidation of
non-flourogenic form H,DCF by ROS converts the molecule into highly fluorescent form 2’,
7’ dichloro dihydrofluorescein (DCF), which can be easily monitored by their fluorescent

intensity.
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Figure adopted from application guide “an introduction to ROS” by Paul Held [138].

The capacity of phytopathogenic bacteria to multiply in host plant tissues may be due, in part,
to the ability of these organisms to detoxify H,O,. The genome analysis of CLA showed that
it possesses many genes for protection against oxidative stress. Development of effective anti
microbial compounds targeting critical proteins of CLA is necessary. In this chapter we have
cloned, expressed, purified, and characterized a 1-Cys peroxiredoxin BCP (CLa-BCP) from
CLA. Further, its variant form, where a resolving cysteine has been introduced (CLa-
BCPs77¢c), was characterized. Peroxidase assays of both wild type and mutant form showed
their ability to act on varied peroxide substrates. To the best of our knowledge this is first
report of 1-Cys Prxs; BCPs to have an intracellular reactive oxygen species scavenging
activity using DCF-DA dye method. Cell line based assays have shown the involvement of
protein in the defense against induced H,O, stress. It has been cited in literature that ROS
involves in DNA lesions, so here we have shown the DNA protection activity against

hydrogen peroxide.
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2.2 MATERIALS AND METHODS

2.2.1. Materials

The Ni-NTA resin, BSA and SDS-PAGE reagents were purchased from Sigma-Aldrich (St
Louis, MO, USA). Amicon ultra concentrator, Millex syringe filters were from Millipore
Corporation, Billerica, MA. Dialysis membrane with 3500 Da cutoff was from Pierce,
Rockford, USA. Hiload Superdex 200 16/60 columns were from GE Healthcare. Tag DNA
polymerase was purchased from Promega (Madison, WI, USA). The expression vector
pPET28-C and rosetta BL21 lacZY derivates E. coli cells were purchased from Novagen Inc.
Madison, WI, USA. The pET-TEV vector variant of pET28-C was provided by Dr. Shailly
Tomar. Restriction enzymes, phusion high-fidelity DNA polymerase, dNTPs mix were
purchased from New England Biolab Inc. Plasmid purification, gel elution; DNA clean and
concentrator Kit were purchased from Zymo Research (USA). All other chemicals used were
of analytical grade. Hydrogen peroxide was purchased from Rankem. 1, 4-dithio-D-threitol
(DTT), Diethylenetriamine pentaacetic acid (DTPA), Cumene hydroperoxide, DMEM low
glucose and antibiotic mix (“100U/ml of penicillin, 200pg/ml streptomycin”) purchased from
(Himedia, India). Tertiary-butyl hydroperoxide (TBHP) were purchased from Sigma-Aldrich.
5, 5'-dithiobis (2-nitrobenzoic acid) (DTNB) was purchased from Cayman chemicals. All cell
culture reagents and fluorescent probe DCF-DA were purchased from GIBCO (Invitrogen,
USA). Adenocarcinoma breast cancer cells (MCF-7), Fibroblast-like cell line (COS7) and
mouse mesenchymal stem cells (C3H10T1/2) were all obtained from National Centre for Cell
Science (NCCS) Pune, India. 96-well plates were from Corning (NY, USA).

2.2.2 Genomic DNA

The CLA genomic DNA was provided by Dr. Dilip Ghosh from National Research Centre for
citrus, Nagpur obtained from HLB infected sweet orange plants (Citrus sinensis) at Nagpur.
The presence of CLA genomic DNA was confirmed by 2 CLA specific primers OI11/0Ol2c
provided corresponding to 450bp and 1160bp amplicon sizes to confirm the presence of the
genomic DNA [170].

2.2.3 Primer designing

The BCP primers were designed for optimal fragment 157 amino acid coded CLa-BCP, a 1-
Cys Prxs Protein. The forward possessing Ndel restriction site and reverse possessing Xhol

restriction site primer sequences are as follows:
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BCP forward-5-AATACATATGACATCTTTATCTGTGGGAGAC-'3 (Ndel)
BCP Reverse-5’-AATACTCGAGTTATTGTTTTAAGGATTTTACC-'3 (Xhol)

2.2.4 PCR conditions

For CLa-BCP gene amplifications PCR reaction was

DNA template /vector 01.0 pg
5X reaction buffer 10.0 pl
Forward primer (20pmol/ul) 01.0 ul
Reverse primer (20pmol/ul) 01.0 ul
25mM dNTPs 02.0 ul
2000U/ ml Phusion 00.5 pl
Total reaction volume 50.0 ul

And the conditions were initial denaturation at 94 °C for 4 min and rest programs includes 94
°C for 1 min/54.5 °C for 1 min / 72 °C for 1 min repeated for 30 cycles, followed by
extension at 72 °C for 10 min.

2.2.5 Elution of DNA from agarose gel

Amplified PCR products were purified from 1% agarose gel using a gel elution kit from
Zymo research. In brief, agarose gel slice containing DNA fragment was cut out with clean
scalpel. Gel Sample was dissolved in gel solubiliser at 50 °C with intermittent mixing for 5
minutes. Complete dissolved gel solution was loaded on to the silica column provided with
the kit and centrifuged. The column was washed with the wash buffer twice and eluted with
the 50ul of elution solution. The concentration measurement of eluted product was done

spectrophotometrically by taking an Abs at 260nm.

2.2.6 Cloning of CLa-BCP in pET-TEV vector system having TEV protease site

Amplified product of CLa-BCP and pET-TEV vector was digested with the Ndel and Xhol

restriction enzymes. The total reaction mixture was as follows:

DNA template /vector 1.0 pug
10x reaction buffer 5.0ul
10 unit/pl Ndel 1.0 ul
10 unit/pl Xhol 1.0 ul
100x BSA 0.5 ul
H,O up to 50.0 ul
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The above mentioned reaction mixture was incubated at 37 °C for 3h. Then the digested DNA
got purified by low melting agarose using gel extraction kit as previously described for
eluting amplified product.

The ligation of digested CLa-BCP gene and pET-TEV vector was done by DNA ligase.
Briefly, the digested CLa-BCP DNA and pET-TEV vector has been ligated in 10ul of reaction
mixture which contains 1 unit of DNA ligase. The reaction mixture contained:

10X Ligation buffer 1.0 ul
Vector 50.0 ng
BCP insert 250 ng
T4 DNA ligase (400CE/pl) 1.0l

Sterile nuclease free H,Oupto  10.0 pul
The ligation reaction was incubated at 22 °C for overnight in Thermocycler. The ligated
product was used to transform XL-Blue host cell to confirm the successful cloning. The
resulting transformed cells were plated onto the agar plates containing 30pg/ml of kanamycin.
The cloning of insert into expression vector was verified by PCR by using gene specific

primers of CLa-BCP followed by restriction digestion of cloned plasmid.

2.2.7 Sequencing of pET-TEV- CLa-BCP

The cloned pET-TEVCLa-BCP sequenced for assessment of the in frame ligation of gene into
vector and mutations of the cloned gene from Eurofin, Banglore, India.

2.2.8. Site directed mutagenesis of CLa-BCP to introduce resolving Cysteine

A mutant of the wild type (CLa-BCPs77c) with resolving cysteine was created by site-directed
mutagenesis. The amplification was carried out using pET-TEV-CLa-BCP vector as template
with forward (5-CAGATTCTATCGCATGCCATAAAAATTTCAC-'3) and reverse (5'-
GTGAAATTTTTTATGGCATGCGATAGAATCTG-'3), primers. The resulting plasmids
(PET-TEV-BCPs77¢) were confirmed by sequencing and used for transforming E. coli

rossetta, a BL-21 strain.

2.2.9 Recombinant CLa-BCP protein over expression in E. coli cells and purification

The recombinant expression vector pET-TEV having CLa-BCP insert, was transformed into
the competent E. coli host cells rosetta. The plates were allowed to grow at 37 °C on Luria-
Bertani (LB) agar plate supplemented with kanamycin (30pug/ml). A single colony of each

generated strain was inoculated in LB medium (10ml) containing 0.1mg of kanamycin/ml and
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grown overnight at 37 °C. The secondary culture was then done by transferring to 1 litre of
fresh LB medium containing kanamycin and cultured further until the A600 (OD) reached to
0.6-0.8. The expression of the recombinant protein was then induced by the addition of
0.2mM isopropyl 1-thio-B-D-galactopyranoside, and growth was maintained at 16 °C for five
hours. The cells were pelleted down by centrifugation, stored at -20 °C. Frozen cells were
suspended in start buffer (20mM Tris-HCI buffer (pH 8.8), containing 0.5M sodium chloride,
5mM imidazole, and 2mM phenylmethyl sulfonyl fluoride) and disrupted by sonication. The
supernatants clarified by centrifugation were loaded onto a nickel affinity column (Ni-NTA
column) from Sigma-Aldrich that had been equilibrated with start buffer. The conditions of
His-tagged protein purification were optimized according instructions specified in manual.
Then the purified protein from affinity column subjected to size exclusion chromatographic
sephadex200 desalting columns (GE Healthcare) for removal of excess imidazole. Purified
proteins were stored in 20mM Tris-HCI buffer (pH 8.8) in its reduced form. Protein
concentrations were determined spectrophotometrically at 280nm. The extinction coefficients
for reduced CLa-BCP protein including His-tag sequence (€28=18,450 M-1 cm-1) were

calculated using the ProtParam tool available on line [117].
2.2.10 SDS-PAGE analysis and molecular mass determination

Purified protein was analysed under both reducing and non-reducing conditions on a 12%
SDS-PAGE gel according to the method of Laemmli [220]. The relative molecular mass of
CLa-BCP was determined by performing SDS-PAGE with molecular weight standards under
reducing condition. The molecular weight standards used were 97.4 kDa, Phosphorylase B;
66 kDa, Bovine serum albumin; 43 kDa, Ovalbumin; 29 kDa, carbonic anhydrase; 20.1 kDa,
soybean trypsin inhibitor and 14.3 kDa, lysozyme. The Protein bands were visualized by
staining with 0.15% Coomassie brilliant blue R-250.

2.2.11 Sequence analysis and multiple sequence alignment

Homologous sequences were identified using the BLAST search tool blastp program (URL-

http://blast.ncbi.nlm.nih.gov) by taking non-redundant (nr) database and protein data base

(PDB) [7] at the NCBI web site (http://www.ncbi.nlm.nih.gov/). All the sequences were

aligned to understand evolutionary relationship between the similar sequences and conserved
amino acid, by using online server using ClustalW  Web  server

(http://www.ebi.ac.uk/Tools/msa/clustalw?2/) taking default parameters.
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2.3. CLONING OF REDUCTANT PARTNER THIOREDOXIN CLA-TRXA

2.3.1 Primer designing

The reductant partner for CLa-BCP, a Prxs protein; Thioredoxin, CLa-TrxA gene
(GenBankTM accession number GenBank: EXU78407.1, originally annotated as TrxA gene)
was also amplified by PCR using genomic DNA of the CLA strain as template. The Trx
primers were designed for optimal fragment 107 amino acid coded CLa-TrxA protein. The
forward possessing Ndel restriction site and reverse possessing Xhol restriction site primer
sequences were as follows:

Forward 5'-AATACATATGATGAGTGCATTAAAAG-'3 (Ndel)

Reverse 5-GGCGCTCGAGTCATTATACTCGGGATAATATC-'3 (Xhol)

2.3.2 PCR conditions

For CLa- TrxA gene amplifications PCR reaction mixture was:

DNA template /vector 01.0 pug
5X reaction buffer 10.0 pl
Forward primer 01.0 pl
Reverse primer 01.0 pl
25mM dNTPs 02.0 pl
2000U/ ml Phusion 0.5 ul
Total reaction volume 50.0 pl

And the conditions were 94°C (4 min), 94°C (1 min)/ 61°C (40 sec ) / 72°C (1 min) for 30
cycles, followed by 72°C (10 min).

2.3.3 Elution of DNA from agarose gel

PCR products were purified from 1% agarose gel using a gel elution kit from Zymo research.
In brief, agarose gel slice containing DNA fragment was cut out with clean scalpel. Sample
was incubated at 50 °C after adding gel solubiliser. Complete solution of tube was loaded on
to the silica column provided with the kit and centrifuged. The column was washed with the
wash buffer twice and eluted with the 50ul of elution solution. The concentration
measurement of eluted product was assessed either by measuring optical density on a

spectrophotometer or by visualizing on an agarose gel.
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2.3.4 Cloning of CLa-TrxA in pET-TEV vector system having TEV protease site

Amplified product of CLa-TrxA and pET-TEV vector was digested with the Ndel and Xhol

restriction enzymes. The total reaction mixture contained:

DNA template /vector 1.0 pug
10x reaction buffer 5.0l
10 unit/ul Ndel 1.0 ul
10 unit/ul Xhol 1.0 ul
100x BSA 0.5 ul
H,O up to 50.0 ul

The above reaction mixture was incubated at 37 °C for three hours. The digested DNA was
purified by low melting agarose using gel extraction kit as previously described in this
chapter. The ligation of digested CLa-TrxA gene and pET-TEV vector was done in 10ul of
reaction mixture. Briefly, the digested CLa-TrxA DNA and pET-TEV vector has been ligated
in 10ul of reaction mixture which contains 1 unit of DNA ligase. The reaction mixture

contained following components:

10X Ligation buffer 1.0l

Vector 50.0 ng
CLa- TrxA insert 250 ng
T4 DNA ligase (400CE/ul) 01.0 pl

Sterile nuclease free H,O up to 10.0 pl
The ligation reaction was incubated at 22 °C for overnight in Thermocycler. The ligated
product was used to transform XL-Blue host cell to confirm the successful cloning. The
transformed cells were plated onto the agar plates containing 30ug/ml of kanamycin. The
presence of insert was verified by PCR by using gene specific primers of CLa-TrxA and

isolated plasmid as a template and also by restriction digestion.

2.3.5 Recombinant CLa-TrxA protein over expression in E. coli cells and purification

The recombinant expression vector pET-TEV having CLa-TrxA insert, was transformed into
the competent E. coli BL-21 (DE3) host cells. The plates were allowed to grow at 37 °C on
Luria-Bertani (LB) agar plate supplemented with kanamycin (30ug/ml). A single colony of
each generated strain was inoculated in LB medium (10 ml) containing 0.lmg of
kanamycin/ml and grown overnight at 37 °C. The secondary culture was then done by
transferring to 1 litre of fresh LB medium containing kanamycin and cultured further until the

A600 reached to 0.6-0.8. The over expression of the recombinant protein was accomplished
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by the addition of 0.2mM isopropyl 1-thio-B-D-galactopyranoside, and growth was
maintained at 16 °C. After overnight incubation, cells were harvested by centrifugation and
stored at -20 °C. Frozen cells were suspended in start buffer (20mM Tris-HCI buffer pH 8.0),
containing 0.3M sodium chloride, 5mM imidazole, and 2mM phenylmethyl sulfonyl fluoride
and disrupted by sonication. The supernatants clarified by centrifugation were loaded onto a
nickel affinity column (Ni-NTA column) from Sigma-Aldrich that had been equilibrated with
start buffer. The conditions of His-tagged protein purification were optimized according to the
manufacturer’s instructions.

Protein concentrations were determined spectrophotometrically at 280 nm. The extinction
coefficients for CLa-TrxA protein (€25=18,115 M-* cm-') and (€,8=17,990 M- cm-!
assuming all Cys residues are reduced) were calculated using the ProtParam tool available on
line[117].

2.3.6 SDS-PAGE analysis and molecular mass determination

Purified protein was analysed under both reducing and non-reducing conditions on a 12%
SDS-PAGE gel according to the method of Laemmli [220]. The relative molecular mass of
CLa-TrxA was determined by performing SDS-PAGE with molecular weight standards under
reducing condition. The molecular weight standards used were 97.4 kDa, Phosphorylase B;
66 kDa, Bovine serum albumin; 43 kDa, Ovalbumin; 29 kDa, carbonic anhydrase; 20.1 kDa,
soybean trypsin inhibitor and 14.3 kDa, lysozyme. The Protein bands were visualized by
staining with 0.15% Coomassie brilliant blue R-250.

2.4 DETERMINATION OF FREE THIOL CONTENT OF BOTH CLA-BCP AND
CLA-BCPs77¢ PROTEIN

Free sulfhydryl concentration in both Cla-BCP and CLa-BCPs7;c in its reduced form was
estimated spectrophotometrically at 412 nm using DTNB [310], Ellman cited values ranging
from 11,400 to 14,150 M cm™ for TNB? depending upon the buffer, chaotropic agent used
in a reaction mixture. DTNB; 5, 5’-dithiobis (2-nitrobenzoate) is a symmetrical aryl disulfide
which readily undergoes the thiol-disulfide interchange reaction in the presence of a free thiol.
The TNB dianion has a relatively intense absorbance at 412 nm compared to both disulfides.
DTT standards were made (0, 5, 10, 15, 20, and 30uM). Both CLa-BCP and CLa-BCPs77c
were pre-reduced with reducing agent 2mM BME followed by dialysis against buffer 20mm
Tris-HCI pH 8.0 and buffer 20mm Tris-HCI pH 8.8 respectively and with 5.0 eq of natural
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reductant partner thioredoxin, TrxA. All thiol assays were done in 1.0 mL volumes containing
adequate protein to give A412 values between 0.5 and 1.0. The stoichiometry of the reaction
was calculated by using the extinction coefficient of 14150 M cm™. The presented values

were representatives of three replicate assays.

2.5 PEROXIREDOXIN ACTIVITY ASSAY WITH XYLENOL ORANGE ASSAY

BCPs, involved in peroxide detoxification thus detoxification ability of CLa-BCP towards
hydrogen peroxide substrate was determined by utilizing the xylenol orange reagent (see table
2.1). This assay is based on the basic principle, which includes complex formation of the dye
xylenol orange with the peroxide substrate that can be measured spectrophotometrically at
560 nm. The procedure adopted for determining the remaining concentration of
hydroperoxide was from [154]. In the first reaction, the activity of CLa-BCP was determined
by following the decrease of A560 in dependence on the amount of protein present in 0.1ml
of reaction mixture. The peroxidase reaction of wild-type CLa-BCP protein was started by the
addition of hydroperoxide (100uM). After incubation of the reaction at 37 °C for about 20
minutes, 0.9 ml of xylenol orange reagent (mentioned in table 2.1) was added and
concentration of remaining peroxide was determined by measuring the absorbance at 560 nm.
The value was corrected for background reduction of the substrate in the absence of the CLa-
BCP. The assay typically contained 2mM DTT, 1mM azide, 0.1mM
diethylenetriaminepentaacetic acid (DTPA) and 100uM of peroxide in 20mM Tris-HCI (pH
8.8). The working reagent was routinely calibrated against solutions of H,O, with known
concentrations.

Remaining hydroperoxide concentration in simple words its consumption due to the
enzymatic reaction was determined by subtracting the non enzymatic reaction that occurs in
the absence of protein from the reaction that occurs in the presence of protein. To identify the
formation of sulfenic acid intermediate of protein S-OH group while reacting with
hydroperoxide. The same reaction was started with 200 uM of hydrogen peroxide, in which
protein was pre-treated with 1000 eq of dimedone, a sulfenic acid modifying agent.

Tab. 2.1 Components of xylenol orange reagent

The components of the working reagent containing the dye xylenol orange were added in the
depicted order.

Component

4mM butylated hydroxytoluene
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250mM H,SO4 (pH -1.6)
2.5mM Fe (NH4)(S04)2
1.25mM Xylenol orange

2.6 DTT-LINKED PEROXIDASE ASSAY

The dithiothreitol (DTT)-linked peroxidise activity of purified CLa-BCP and CLa-BCPs7:c
was performed, with slight modifications, as described by Atack et al. [20]. The first reaction
was carried out with different hydrogen peroxide (H,O;) concentration keeping CLa-BCP
concentration constant i.e. 1uM. The whole reaction volume was of 1ml containing 20l of
0.1M DTT, 5.3ul of 188uM of CLa-BCP, 2 pl of 0.5M EDTA and varying concentration of
the substrate from 100mM stock concentration in 20mM Tris-HCI (pH 8.8) buffer at room
temperature. The blank was done with reaction buffer without H,O, DTT and recombinant
CLa-BCP by taking absorbance spectra at 310 nm. The negative control was done with
reaction buffer in the absence of CLa-BCP. Finally the reaction was commenced by addition
of different H,O, concentration and absorbance spectras were recorded at 310 nm. Second set
of reaction was carried out by taking effective concentration of substrate H,O, (2mM),1mM
EDTA, 2mM DTT and 1uM of CLa-BCP in 20mM Tris-HCI (pH 8.8) buffer.

The similar reactions were carried out with other peroxides like cumene hydroperoxide,
tertiary-butyl hydroperoxide (TBHP). The same procedure was adopted for CLa-BCPs77c
protein reaction volume change according to the stock concentration of purified protein.
Experiments were done in triplicate to avoid ambiguity of the experimental approach and

results as well.

2.7 DNA PROTECTION ASSAYS

The ability of CLa-BCP and CLa-BCPs77c to protect super coiled plasmid DNA against
oxidative damage was assayed by a slightly modified method of Hicks et al [142]. The super
coiled plasmid DNA pBR322 (100ng) was used for carrying out the peroxide mediated DNA
nicking assay. The reaction volume was 20ul, firstly the protein (8uM) was pre incubated
with super coiled DNA and then H,0O, was added (final concentration of 6mM). The reaction
was incubated for 90 min at 37°C. Positive control was 100ng of pBR322, second control
reaction was DNA treated with H,O,. Finally all the reactions were stopped by addition of
DNA loading buffer and visualized by electrophoresis on ethidium bromide-stained 1.0%

(wt/vol) agarose gels. A DNA super coiling assay based on thiol dependent metal catalyzed
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oxidation system was also performed as described by Rho et al [309]. The pBR322 DNA
(100ng) was mixed treated with 1pl of 0.1M DTT ( working 5mM DTT), 3 pl of 0.01M FeCls
(15uM FeCls), and 5 pl of 80uM (20uM working concentration) of protein in 0.02 M
Hepes-NaOH (pH 7.0) buffer, and incubated for 30 min at 37 °C. The reaction was stopped
by adding 2ul of 0.5M EDTA to a final concentration of 50mM. For positive control, EDTA
was added prior to starting the reaction. Reactions were directly analyzed by agarose gels
electrophoresis using ethidium bromide-stained 1.0% (wt/vol) gel. Control experiments were
done in the absence of protein, only DNA, DNA with H,0,,

2.8. PROTECTION AGAINST APOPTOSIS

2.8.1. Cell culture and treatment

The cell lines were grown in DMEM low glucose supplemented with 10% heat inactivated
fetal bovine serum and 1% antibiotic mix (100 U/ml of penicillin and 100 pg/ml
streptomycin) at 37 °C in incubator with a humidified atmosphere of 5% CO,. The cells were
then challenged with different H,O, concentrations ranging from 0.5 to 100uM for 16 hours
and then examined for cell viability using MTT assay. Accordingly, 100uM concentration of
H,O, was selected for this study.

2.8.2. Cell viability assay

The cell viability was assessed by MTT assay, which is a test of normal metabolic status of
cells [263]. In brief, both COS7 and MCF7 cells were plated at seeding density of 5x10° in
96-well plates in 200ul of medium and grown under a humidified atmosphere. When the cells
attained proper confluency, they were treated with various concentrations of recombinant
protein, both wild type and mutant form (20ul of 1mg/ml), and further incubated for 30 min.
Then, 100uM of H,0, was added to the cell culture medium, and incubated for another 24 h
at 37°C. Cultures were then assayed by the addition of 20ul of 20mg/ml MTT followed by,
incubating it for another 4 h at 37 °C. The MTT-containing medium was then aspirated, and
100 ul of DMSO was added to solubilise the water insoluble formazon and the absorbances
were determined on a FLUOstar optima microplate reader (BMG Labtech, Germany) at 570
nm. The optical density of the formazan generated in the control cells was considered to
represent 100% viability. The data are expressed as mean percentages of the viable cells

versus the respective control.
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2.8.3. Determination of intracellular ROS by DCFH-DA

The intercellular ROS scavenging activity of protein was carried out using an oxidant-
sensitive fluorescent probe DCF-DA(2', 7'-dichloro-dihydrofluorescein diacetate) [403].
DCF-DA is hydrolyzed by intracellular esterase and converted to non-fluorescent DCFH
which then oxidized to highly fluorescent DCF. DCFH-DA method was followed for the
detection of intracellular ROS as previously described by Rosenkranz et.al., 1992 [319].
Briefly, the C3H10t1/2 and MCF-7 cells were seeded in 48-well plates at a concentration of 1
x 10° cells/ml. After 16 h, the cells were then treated with effective concentrations of the
recombinant protein (1 uM), and incubated at 37°C under a humidified atmosphere. After 30
min, 100 uM H,0, was added, and the cells were incubated for an additional 30 min. Finally,
(DCFH-DA at a concentration of Sug/ml) was introduced to the cells. Images from control
and treated groups were observed under fluorescent microscope (Axiovert 25, Zeiss,
Germany). Fluorescent intensities of images from three independent experiments were

quantified using image-J software (NIH, USA).

2.9 RESULTS AND DISCUSSION

2.9.1 PCR amplification of BCP gene from genomic DNA

Genomic DNA template has been also used to amplify the CLa-BCP gene, using gene
specific primers with restriction sites. A 471bp fragment of CLa-BCP gene (Fig 2.1) encodes

a 157 amino acid protein.

1.5 kbp

1.0 kbp
471bp > < 500 bp

Figure 2.1: Agarose gel electrophoresis Lanel- PCR amplification of CLa-BCP, Lane2-
100bp marker

57



2.9.2 Cloning confirmation

The inframe cloning of CLa-BCP gene was done by restriction digestion and ligation into
expression pET-TEV vector. The colonies obtained through antibiotic selection plates were
verified for the presence of positive clones by PCR and restriction digestion (Fig 2.2).

471 bp

Figure 2.2: Agarose gel electrophoresis Lanel- restriction digestion of pET TEV - CLa-BCP
plasmid, Lane 2- PCR amplification from pET TEV - CLa-BCP plasmid, Lane 3- DNA
ladder.

2.9.3 Deduced sequence of cloned CLa-BCP and mutant CLa-BCPs7;c

The deduced sequence was having single cysteine in case of wild type CLa-BCP plasmid. A
non-conserved Cys has been introduced at 77" position replacing serine to create a BCP
mutant (Fig 2.3).

1 MTSLSVGDKAPHFVLPSNDEQEISLLALGGSKIVLYFYPKDDTSG&TAEAINFSSLKADF &0
CLa-BCP MTSLSVGDKAPHEFVLPSNDEQEISLLALGGSKIVLYFYPKDDTSGCTAEAINFSSIKADE 60

B i B T b L R R i I Tk Tk b 2 2 TR i S

1 DEESTILIGISPDSIASHKKFHOKHNLS ITLLADESKEVLESYDVWKEKSMFGEKYMGVY 120
CLa-BCP DEESTILIGISPDSIASHKKFHOKHNLSITLLADESKEVLESYDVWKEKSMFGKKYMGYY 120

E R R R R R R R R R R R R R R R R R R

1 RTITFLIDEKGITAQIWKEPVTLENHAQSVILEMVEKSLKY 157
CLa-BCP RTTFLIDEKGIIAQIWKEPVTLENHAQSVLEMVKSLEQ 157

ER I R R A R
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CLa-BCPg MTSLSVGDKAPHFVLPSNDEQEISLLALGGSKIVLYFYPKDDTSGéTAEAINFSSLKADF &0

CLa-BCP MTSLSVGDKAPHFVLPSNDEQEISLLALGGSKIVLYFYPKDDTSGCTAEAINFSSLKADE &0

R R b e b i R T R T

CLa-BCPg DEESTILIGISPDSIAéHKKFHQKHNLSITLLADESKEVLKSYDVWKEKSMFGKKYMGW 120 (77)

CLa-BCP DEESTILIGISPDSIASHKKFHOKHNLS I TLLADESKEVLKS YDVWKERKSME GKKYMGVY 120
R T L T I R R R e

CLa-BCPg. RTTFLIDEKGT TAQTWEPVTLENHAQSVIEMVKSTLKY 157

CLa-BCP ETTFLIDEKGI TAQIWKPVTLENHAQSYVILKMVKSLKD 157

B R kb e e b i i i R

Figure 2.3: Deduced sequence after cloning into expression vector 1 represents the annotated
sequence of BCP in database where CLa-BCP and CLa-BCPs;7c are the cloned sequence and
mutated sequence respectively after site directed mutagenesis. Bold arrow indicates the key
“C” cysteine residue and their position.

2.9.4 Recombinant protein over expression and purification of CLa-BCP and ClLa-
BCPs77¢

The E.coli Rosetta cells with CLa-BCP plasmid were transformed, induced by IPTG and kept
at 18 °C for 5hours at 200 rpm. The purification of both CLa-BCP and CLa-BCPs7;c was
achieved in two steps by affinity Ni-NTA followed by gel filtration chromatography. The
purity was confirmed on a 12% SDS-PAGE gel. A single band corresponding to
approximately 19.6 kDa, under both reducing and non-reducing SDS-PAGE, was observed
for CLa-BCP (Fig. 2.4 A). A single peak around 70-80 ml was seen for CLa-BCP (10mg/ml)
when subjected to gel filtration column Superdex 200. This depicts its oligomeric
conformation when extrapolated on the basis of molecular weight standards (Fig. 2.4 B).
However when run on non-reducing SDS-PAGE showed single band at ~19.6 kDa in both
reducing and oxidizing conditions. Thus oligomeric conformation of CLa-BCP is quite
confusing. Therefore a lower concentration of protein (5mg/ml) when loaded onto gel
filtration column gave a peak around 95-110 ml which correspond to its monomeric nature
(Fig. 2.4 C). Thus one thing is clear that, the protein undergoes oligomerisation in a
concentration dependent manner. At higher concentration it tends to form oligomers, this

phenomenon is observed while carrying out the experiment like ITC (data not shown).
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Figure 2.4: Purification profile of both CLa-BCP and mutant CLa-BCPs77c. (A) SDS-PAGE
gel of protein purification of both CLa-BCP (lane 1-5) and mutant CLa-BCPs77c (lane 7-10).
Purified CLa-BCP in reduced condition (lane 3, 4) and in non-reducing condition (lane 5) was
monomeric. While CLa-BCPs77¢ in non-reducing condition (lane 7) confirms the presence of
disulfide bond and in reduced condition (lane 8) showed single band. (B) Gel filtration profile
of CLa-BCP fractions of major peak in reducing (lane 1-3), molecular weight marker (lane 4)
and in non-reducing condition and oxidizing conditions (lane 5, 6) respectively. (C) Gel
filtration profile of CLa-BCP (5mg/ml).

In initial purification experiments of mutant CLa-BCPs77¢, it has been observed that ClLa-
BCPs77c in its native form tends to aggregates and degrades gradually, while in reduced form
it is quite stable. A single band around 21 kDa was observed under reducing condition while
an increase intensity of 44 kDa band was seen under non-reducing condition suggesting the
fact that intermolecular disulfide bond formation takes place (Fig. 2.4 A). During dimer
formation, an increase intensity of ~44 kDa band and a reduced intensity of 21 kDa band was
observed. It suggests that mutant protein undergoes oligomerisation with predominance of
dimeric species. During purification experiments, it has been observed that CLa-BCPs77¢
protein in its native form tends to aggregates, but when subjected to gel filtration column
showed anomalous peaks merging with each other (Fig 2.5 A). All the monomeric, dimeric
species peaks tends to merge with each other and undergoes aggregation thus showing a
major peak around 45 ml which was close to void volume of the column. In order to avoid the
aggregation of the protein, the purification and gel filtration was carried out in the buffer
containing 10mM BME. The reduced gel filtration profile showed a single peak 90-100 ml
depicting the monomeric species in reduced condition of dimeric protein (Fig 2.5 B).
Introduction of C-terminal cysteine might be acting as resolving cysteine or not and resulting
mutant CLa-BCPs7;c may follows typical or atypical 2-Cys Prxs mechanism need to be

deciphered.
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Figure 2.5: Gel filtration profile of CLa-BCPs77¢ in both normal and reduced condition. (A)
Gel filtration in its native form showed merged peak at (45ml tailing peak till 90ml) depicting
its aggregation behaviour. (B) In reduced condition, a single peak (90ml-100ml) showing the
monomer condition of the protein in its reduced condition.

2.9.5 Amino acids sequence similarity search by NCBI-BLAST

The BLAST similarity search against the nr and pdb database showed the CLa-BCP belongs
to Prx family. The sequence was found to contain putative conserved domain belonging to
Thioredoxin-like super family (AhpC) (Fig 2.6). Since the wild type CLa-BCP contains a
single cysteine residue, it can be referred to as a 1-Cys Prx. Sequence search was carried out

using the BLAST search tool at the NCBI web site (http://www.ncbi.nlm.nih.gov/).
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Putative conserved domains have been detected, click on the image below for detailed results.
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Figure 2.6: Sequence similarity search was done with the NCBI BLAST search program
against Protein Database.

2.9.6 Homology search against PDB and Multiple sequence alignment with related
bacterial Prxs

The BLAST result showed that CLa-BCP is highly similar to bacterial Bacterioferritin
comigratory protein from 3GKK Xanthomonas Campestris Bacterioferritin Comigratory
Protein, 3IXR Xylella Fastidiosa PrxsQ, and 3DRN Bcpl from Sulfolobus Sulfataricus which
are mainly known as plant pathogens against the PDB database. CLa-BCP shared 38%
identity with 3GKK Xanthomonas bcp, 38% with 3IXR PrxsQ and 39% identity with
Sulfolobus bcpl.

Multiple sequence alignments were carried out using ClustalW Web server
(http://www.ebi.ac.uk/Tools/msa/clustalw?2/) taking default parameters. In general, multiple

sequence alignment (MSA) showed maximum sequence identity ranging from (76%-55%)
with Prxs (both 1 and 2-Cys) particularly to alkyl hydroperoxide reductase from variety of
pathogenic bacteria. All of them possess conserved active site residue that in general are
referred as peroxidatic cysteine residue at 46™ position along with conserved catalytic triad
(Y) Tyr, (P) Pro, (K) Lys (Fig 2.7). Beside the conserved catalytic triad, GCT motif more
precisely known to have conserved PXXXTXXC motif is also present in other peroxiredoxins

family of proteins. Phylogenetic analysis showed that it is closely related to BCPs (PRX)
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from different organisms which includes Candidatus Liberibacter solanacearum (CLso)
having 1-Cys while helicobacter, campylobacter and caulobacter known to have more than 2-
Cys residue. CLa-BCP is phylogenetically slightly diverged from alkyl hydroperoxide
reductase (AhpC/TSA) family (Fig. 2.8).

CLUSTAL 2.1 multiple sequence alignment

(A4)
BCP MTS—-LSVGDKAPHFVLP——SNDEQEISLLALGGS—KIVLYE!?3"DT‘E AINFSS 55
CLso MTSILLSSGDKAPDFILP——STAEKEISLSALKGS-KLVIYEY'}WDTI AIDFSN 57
Nitratireductor --MTEPVKGSEAPDFSLP--GDGGSEIRLSDFRGR-TVVLFEYPRDDTJ AIDFTA 55
indicus --MAELVRGSEAPDFSLP--SDGGGEVRLSDLRGR-IVVLFEQ PRDDTS AIDFSA 55
Bartonella -=-MTRPTRGDIAPDFDLP--RDGGGQLRLSDLRGR-QVVLYF¥EPNDDTJ BEAIDFTR 55
Ag:obacterium -—MTDLTIGSPAPDFTLP——RNGEGTVTLSKLQGK—AVILYE" IDDT S AIDFSA 55
Brucella -—MAHPQVGDMAPDFTLP--SNHG-EITLSSLRGH-PVVVY:-'ZMDT‘ AIAFSQ 54
PrxQ -=-MARPQVGDMAPDEFTLP--SDHG-EITLSSLRGH-PVVVY PRIDDTJ REAIAFSQ 54
Sinorhizobium ==MAGLGQGDVAPEFELP--RDGGGSISLAALRGR-PIVLEIXYPRDDTH EAISFSA 55
Caulobacter -=-MLQP--GDRAPDFDLP--TDTG-RVSLSALRGR-NVVLYI¥PRDDT EALQFSS 52
Rhodobacterales =-===MIDIGDRAPDEFTLP--ASRDRTIALSDASG--PVVLETE RDDTH AIAFTG 52
xantho-camp ==MTDAVLELPAATFDLPLALSGGTQTTLRGYAGR-WLVLY PRD3T TEGLDENA 57
Helicobacter ==-MERLEVGQLAPDFRLR--NSDGVEISLRDLLER-RVVLY YDNTH LEARDFSA 55
Campylobacter -=-MRALRIGDEFAPNFELL--NQDGVRIALRDFIGR-RVILYFXPKDNTH GESCDFST 55
Bacillus ===MTIEIGQRAPDLELK--GDHGETVRLSDYRGR-YIVLY qDMTH EACDFRD 54
Sulfolobus ====MVRVGDRAPLFEGI--ADNGERISLSDYIGRHNIVLY 4DDTH REASAFRD 54
- - - ... LI - - - -
BCP LRADFDEESTILIGISPDSIASHKRFHQRENLSITLLADESKREVLKSYDVWREKSMFGRR 115
CLso LRSDFERESTVVIGISPDSIVSHTRFLQRYNLSITLLSDESRRILQAYDVWRERNMEGRR 117
Nitratireductor LRPEFDALDTVLLGMSPDSPRSHDRFRNRHALTIGLVSDQDRETLQAYGVWVERSMYGRK 115
indicus LRGGFEAIGAVVIGLSPDSPRSHDRFRARHELNVQLASDQEREALQAYGVWVERSMYGRK 115
Bartonella LRKIEFDRIGVIIIGISPDNVSKHDRFRARHELDIILVSDEERVTLEAYGVWVERSMYGRK 115
Agrobacte:ium LGGEFEAANAVVIGISPDSVRSHDRFAARRHSLSVMLASDEERKVLEAYGVWRERSMYGRR 115
Brucella LRAEFDRIGVRVIGLSPDSATRHEARFRTRHALTVDLVADEDRLALEAYGVWVERSMYGRRK 114
PIXQ LRAEFDRIGVRVIGLSPDSATRHSRFRTRHALTVDLVADEDRVALEAYGVWVERSMYGRRK 114
Sinorhizobium LAREFQEAGIALVGISPDSAKRSHDRFTQRHGLTVALGADEDRAAANAYGVWVERSMYGRR 115
Caulobacter EVEEFQRLGAVIIGVSRKDSAASHARFRARHDLTIELAADTLGDVVESYGAWVERSMYGRK 112
Rhodobacterales MEADFARLGVTIWGISADSVASHERFATRHGLTMPLLSDEDNAICEAFGVWRERNMYGRR 112
xantho-camp LLPQFKKSGAVVLGVSRDSVKSHDNF@AKQGFTFPLISDSDEALCRAFDVIKEKNMYGKQ 117
Helicobacter LFSEFEKKNAVVVGVSPDNSQSHQKFfSQCSLNVILIQDEDKKVANLYKAIGKRMLYGKE 115
Campylobacter LYEKFHTRNAVILGISPDSIKSHEKFIQK?HLNQTLLSDENKEV&KAYGAWGLKKNYGKE 115
Bacillus SHESFAELDAVIIGVSPDSQERHGRFRERHNLPFLLLVDDEHRLAEAFDVWRLRRNFGRE 114
Sulfolobus NWDLLRDYDVVVIGVSSDDINSHRRFRERYRLPFILVSDPDRRIRELYGARG———=————— 106
- oA - - - - - - - -
BCP YMGVVRTTFLIDERGIIAQIWR-PVTLRNHAQSVLRMVRSLRQ--—~-~ 157
CLso YMGVVRTTFLIDEQGIISKIWR-PVRLRNHARSVLNAVRSLEK~—===~-~~ 158
Nitratireductor YMGVERSTFLIGPDGRIAETWR-KVRVPGHAQAVLDAARALRQRDE--- 160
indicus YMGVERSTFLIDRNGKIAEMWR-RVRVPGHAQAVLTAAQNLSREG---—- 159
Bartonella YMGVERSTFLIDATGRIAEEWR-RVNVSGHAENVLTAARALSH= ==~~~ 157
Agrobactsrium YMGVERTTVLIAPDGRIAEIWN-RVRVAGHAQAVLEARRRL~~=====~ 155
Brucella YMGVERTTFLIGADGRIAQVWN-RVEVDGHAQAVLEAARRL======== 154
PrxQ YMGVERTTFLIGADGRIAQVWN-RVEVDGHAQAVLEAARRL~======~ 154
Sinorhizobium YMGVERTTFLIDRQGVISRVWE~RVRVPGHADEVLAAARTL=======~ 155
Caulobacter YMGIDRSTFLIDREGVIREIWR-RVRVPGHIRAVMNAARAIR-=====~ 153
Rhodobacterales FMGIERATFLIAADGTLAQVWR-RKVRVPGHAENVLEAARALQA====== 154
xantho-camp VLGIERSTFLLSPAGHVVQEWR-RVRVAGHAEAVLAAVRAHARQ====~ 160
Helicobacter HLGIIRSTFIINTQGVLEREFY -NVEARGHAQRVLESL--—-==--=---~ 152
Campylobacter YEGLIRSTFIIDEEGRKIAQIYS-PVRVRDHALRVLEGL=========== 152
Bacillus YMGIERSTFLIDREGRLIREWR-RVRVRDHVAEALQTLRDMSER~==-- 157
Sulfolobus

FILPARITFVIDRRGIIRHIYNSQMNPANHVNEALRALRQIKEEEISLE 155

.- .. . . . -

Figure 2.7: Multiple Sequence alignment of Cla-BCP and bacterial members of the
peroxiredoxin subfamily. Catalytic triad (Tyr Y, Pro P and Lys K) and conserved peroxidatic
cysteine are highlighted in dark grey color and non-conserved cysteine in light grey color.
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Black rectangles point to residues resides at the catalytic site, including the peroxidatic
cysteine at position 46 in CLa-BCP. Encircled serine residue represents the residue which has
been mutated to cysteine in CLa-BCPs77c. Organisms and their sequence accession numbers
used are as follows: Xanthomonas campestris (ZP_06490734.1), Candidatus Liberibacter
solanacearum (YP_004063129.1),  Agrobacterium  tumefaciens  (NP_354814.1),
Nitratireductor aquibiodomus (ZP_10235041.1), Brucella melitensis (NP_539966.1),
Bartonella schoenbuchensis (CBI82261.1|), Brucella sp. NVSL 07-0026 (ZP_06792951.1),
Helicobacter pylori (NP_222845.1), Bacillus subtilis (YP_054574.1), Sinorhizobium meliloti
(NP_385847.1), Caulobacter crescentus CB15 (NP_420678.1), Rhodobacterales bacterium
(ZP_05074732.1), Campylobacter upsaliensis (ZP_07893129.1), Nitratireductor indicus
(ZP_11157137.1), Sulfolobus Sulfataricus (pdb|3DRN).
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Figure 2.8: Phylogenetic tree of CLa-BCP with some closly related Prxs subfamily BCPs
constructed by Phylogeny.fr programme. Tree constructed by the “maximum likelihood
method” dividing them into different groups. The numbers indicate the confidence levels for
the relationship of the paired sequences as determined through bootstrap statistical analysis.

Cloning, expression and purification of reductant partner Thioredoxin, TrxA

2.9.7 PCR amplification of CLa- TrxA gene from genomic DNA

Genomic DNA template was used to amplify the CLa-TrxA gene, using gene specific primers
with restriction sites. A 324bp fragment was obtained for CLa-TrxA gene (Fig 2.9) which

encodes for a small protein of 107 amino acids.
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Figure 2.9: Agarose gel electrophoresis Lanel- PCR amplification of CLa- TrxA, Lane2-
100bp marker

2.9.8 Cloning confirmation

Directional cloning of CLa-TrxA gene was done by restriction digestion and ligation into in
pPET-TEV vector. The colonies obtained through antibiotic selection plates were verified for

the presence of positive clones by PCR and restriction digestion (Fig 2.10).

Figure 2.10: Agarose gel electrophoresis Lanel- PCR amplification of pET TEV - ClLa-
TrxA plasmid, Lane 2- restriction digestion from pET TEV - CLa- TrxA plasmid, Lane 3-
DNA ladder

2.9.9 Recombinant protein over expression and purification of CLa- TrxA

The CLa-TrxA plasmid was transformed into E.coli BL-21(DE-3) expressing host cells. The

protein was induced by 0.2mM IPTG and kept at 16 °C for 5h at 200 rpm. The purification of

CLa-TrxA was achieved in two steps involving affinity Ni-NTA followed by gel filtration
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chromatography. The purity was confirmed on a 15% SDS-PAGE gel. A single band
corresponding to approximately 12.6 kDa in reducing condition was observed. The same
protein showed a dimeric state (SDS band observed at ~25.2 kDa) under non-reducing SDS-
PAGE, was showed to be in dimeric form (Fig. 2.11).

1 2 3 B 5

~178
~130

Figure 2.11: 15% SDS-PAGE reducing gel of recombinant CLa-TrxA (indicated by arrows).
SDS-PAGE gel of protein purification of CLa-TrxA,(lane 4) in non-reducing condition
confirming the presence of disulfide bond.

2.9.10 Determination of free thiol content of both Cla-BCP and CLa-BCPs;7¢ protein

CLa-BCP was pre reduced with reducing agent PME followed by dialysis to ensure the
removal of excess reducing reagent. Thus the estimation of thiol content was done for 1uM
of reduced protein. Molar extinction coefficient (g) of DTNB at 412nm is 14150 M em™, is
defined as follows: e=A/bc where A-absorbance, b-path length in cm and c-concentration in
moles per litre. For calculation of free thiols group the dilution factor and volume used in
reaction should be taken into consideration. Therefore, we have used the formula including all

parameters.

Sulfhydryl concentration in pmole per ml= total reaction volumex 1L/1000ml x ¢ [calculated
from c=A/be] present in the assay solution but original contribution by sample volume

calculated as follows:

Concentration of free sulfhdryl present in sample used = Moles/reaction volume x 1000ml/1L
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From the above formula, 350 X 10®° M free sulfhydryl present in 1uM of reduced protein
while there was no absorbance seen in case of oxidised form of protein. The same protocol
was followed for CLa-BCPs7c and it was 60.2 X 10° M free sulfhydryl present in 1uM of
reduced CLa-BCPs77¢c while there was no absorbance seen in case of oxidised form of protein.
The natural reductant, Thioredoxin (TrxA) was also used to reduce the proteins. Both the
proteins when pre-reduced with 5eq of Thioredoxin (TrxA), a natural reductant for Prxs

proteins, 50 X 10° M free sulfhydryl present in 1uM of protein.

2.9.11 Peroxiredoxin activity assay with xylenol orange assay

The detoxification of peroxides by Prxs has been well established. Here we have used the
easily detectable reagent for estimating the peroxide consumption, the ferrous xylenol
reagent. This reagent gives absorbance at 560 nm when complex with peroxides [178]. The
wild type CLa-BCP showed remarkable peroxiredoxin activity towards hydrogen peroxide
(Fig. 2.12). When Prxs reacts with oxidizing agent like hydrogen peroxide the Cp group forms
an intermediate termed as sulfenic acid (CpSOH). Thus here we have employed the sufenic
acid specific reagent; dimedone to inactivate the key peroxidatic residue CpSOH. To our
surprise, here in our case there was no effect of dimedone inactivation on CLa-BCP in DTT
dependent peroxiredoxin activity (Fig. 2.12). The probable reason could be that DTT is
sufficient to reduce the sulfenic acid into thiols for activity. Thus DTT could be used as an
important reductant system explored for further peroxidase assay.
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Figure 2.12: Peroxiredoxin activity ferrous xylenol assays for CLa-BCP (A) removal of H,0,
in DTT-dependent peroxidase assay by CLa-BCP, the remaining hydroperoxide content was
measured using ferrous xylenol reagent and quantified in triplicate, and results are the mean
+-S.D.U. (B) Dimedone inactivation of CLa-BCP, prior to the DTT-dependent peroxidase
assay CLa-BCP protein treated with 1,000 eq of dimedone (closed squares) at room
temperature for 30 min. The reactions were done in a mixture containing 200uM, 2mM DTT,
and 5uM CLa-BCP at 37 °C. As a negative control, a peroxidase reaction was performed
without CLa-BCP.

2.9.12 Peroxidase activity of purified CLa-BCP and its variant CLa-BCPs77c

The peroxidase assay showed that both CLa-BCP and CLa-BCPs77c were able to catalyze
peroxide-dependent DTT oxidation (Fig. 2.13 G). The effective concentrations for reductant
and substrate were reaction to be carried out obtained after initial experiments with varying
concentrations of both (Fig. 2.13 A-F). In high concentration of DTT, CLa-BCP showed

considerable peroxidase activity towards varied organic hydroperoxides. The final assays
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were performed with 10mM substrate concentration, keeping both protein and reductant DTT
concentration constant (1uM and 2mM) respectively (Fig. 2.13 G). In case of CLa-BCPs7:c
peroxidase activity with higher substrate concentration (mainly H,O, and cumene-H,0;) got
saturated in half time of the CLa-BCP. The endogenous electron donor for catalytic turnover
of BCPs is not known but here in our study it can be turned over with non-physiological
dithiothreitol thiol system.
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Figure 2.13: DTT linked peroxidase activities of purified protein. (A-F) DTT oxidation
monitored with different concentration of substrates for both CLa-BCP and CLa-BCPs77cin a
course of 30 minutes. (G) Comparison panel, an absorbance time course at 310 nm (because
of oxidized DTT) in the absence (closed circle) or the presence (closed triangle) of the protein
shown, using proteins CLa-BCP (left column) and CLa-BCPs77c (right column). The reaction
mixture contained 20mM Tris-HCI (pH 8.8), 1 mM EDTA, 1uM pure CLa-BCP & ClLa-
BCPs77¢c, 2mM DTT, and 10mM peroxide (hydrogen peroxide, cumene hydroperoxide, or
tert-butyl-hydroperoxide) in a total volume of 1 ml at 37°C. The reaction was started by the
addition of the substrate.

2.9.13 DNA protection activity from oxidative damage

The CLa-BCP and CLa-BCPs77c were tested for DNA protection activity from oxidative
damage by reactive oxygen species (ROS) using thiol-dependent metal catalyzed oxidation
(MCO) system [195] and direct H,O,. The assay was carried out using supercoiled DNA.
The supercoiled (SC) form was predominant then nicked circular (NC) when DNA was left
untreated. In presence of H,O,, the linear form of DNA was observed and both SC and NC
forms disappeared as a consequence of oxidative damage. An addition of CLa-BCP to the
reactions increased the NC form along with SC and linear forms of DNA demonstrating the
DNA protection activity (Fig. 2.14 A). In MCO system, the SC form was predominant then
NC form when DNA was left untreated (lane 1, Fig. 2.14 B). The DNA was completely
degraded when treated with thiols (DTT along with FeCls) in negative control (lane 2,
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Fig.2.13 B). The clear DNA protection activity was observed in case of CLa-BCP as both SC
and NC forms were found to be intact against generated hydroxyl radicals (lane 4, Fig. 2.13
B) similar to that of EDTA (positive control) in which both SC and NC form of DNA
remained in intact from thus resisting oxidative nicking (lane 3, Fig.2.14 B). It has already
been reported that Prxs and related proteins [142, 234, 309] shows a DNA-binding ability,
interacts with DNA to protect it thus resulting in protection from oxidative nicking of DNA.
The variant of CLa-BCP did not shown strong DNA protecting activity as NC form of DNA
was predominant with marginal appearance of linear DNA (lane 5, Fig.2.14 B). Instead of
DTT when ascorbate was used as a reducing agent, the wild-type enzyme and mutant were
shown to have negligible effect in protecting the SC DNA (data not shown), confirming that

ascorbate cannot acts as a reducing agent for both wild type and mutant proteins .

0] 2] E104] 2]

Fig 2.14 CLa-BCP and CLa-BCPs77¢c (S77C) protect supercoiled plasmid DNA from nicking
by H,0,. (A) Supercoiled (SC) pBR322 DNA (100 ng) (lane 1) was treated with 6 mM H,0,
for 30 min, resulting in linear (L) pBR322 (lane 2). Reactions were also done in the presence
of 1 uM CLa-BCP (lane 3-4) and 1 pM CLa-BCPs7rc in its native (lane 5-6). (B) pBR322
supercoiled plasmid DNA (100ng) (lane 1) mixed with 5mM DTT and 20 uM feCl; results
into complete degradation of DNA (lane2). Reactions carried out with 1 uM of CLa-BCP and
CLa-BCPs77¢ (lane 4 and 5), positive control (lane 3).The assay is a representative from three
independent experiments.

2.9.14 Protection against Apoptosis

The protective effect of CLa-BCP and CLa-BCPs7;c on cell viability against H,O,-induced
cell damage was assessed using MTT assay. As shown in (Fig.2.15 B), cell viability in non-
treated cancerous cell line; MCF-7 cells were assigned as 100%, whereas in the H,O,-treated
cells, the cell viability was reduced to 60%. However, both CLa-BCP and CLa-BCPs7;c could
prevent the H,O,-induced cell damage at increasing concentrations from 0.1 to 10 uM. The
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cell viability was increased from 60 to 90% in case of MCF-7 cell line. Almost a similar
pattern of response was observed in normal cell line (COS7) (Fig.2.15 A). When challenged
with H,0, ~30-40% reduction in cell viability from positive control (buffer) was observed.
While the cells when pre-treated with increased protein concentration was able to rescue the
H,O, mediated cell death.

In order to elucidate the antioxidant activity of CLa-BCP and CLa-BCPs77¢, the intracellular
ROS scavenging activities were also determined. In case of C3H10t1/2 cells, although the
untreated cells did not show any symptoms of oxidative stress, the relative fluorescent
intensity was raised significantly in response to H,O; (p < 0.05), indicative of oxidative stress.
Interestingly, the cells pre-treated with 1 pM of CLa-BCP and CLa-BCPs;7¢c proteins
followed by challenging with H,O,, the intensity was reduced significantly almost by 50% (p
< 0.001 and p < 0.01) respectively as compared to H,O, treated cells. The intracellular ROS
scavenging activities of both the proteins were 2-fold as compared to positive control
(Fig.2.15 C). In a similar pattern, in the presence of CLa-BCP and CLa-BCPs7ic the
fluorescence intensity was reduced to almost 40% in response to those proteins in MCF-7
cells (p < 0.01 and p < 0.001) respectively (Fig.2.15 D). In brief, our results showed that the
treatment of different concentrations of protein is able to rescue the hydrogen peroxide
mediated cell killing. The DCF-DA dye assay showed the intercellular ROS scavenging
activity of both CLa-BCP and CLa-BCPs;7¢ induced by H,O, within cells. The protein
exerted the antioxidant activity against radicals generated in MCO system and cell protective
effect against H,O,-induced cell damage and apoptosis. To the best of our knowledge, the
ROS scavenging activity within cells for 1-Cys Prxs especially BCPs is the first report of such

activity and hence demands further in depth analysis.
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Fig 2.15 CLa-BCP and CLa-BCPs7;c protection against H,O, mediated cell killing. (A, B)
COS-7 cells and MCF7 cells (1x10° cells) were plated in 96-well plate for 16 h and then
induced with 100uM H,0O, for 24 h with or without various concentrations of CLa-BCP and
CLa-BCPs77¢. Cell viability was evaluated by MTT assay. Histograms indicate the sum of
cells analyzed in presence of buffer and different concentration of protein. (C, D) Both the
C3H10t1/2 and MCF-7 cells (1 x 10° cells) were seeded in 48-well plates for 16h and cells
treated with 1uM of protein subsequently treated with 100uM of H,0O, after 30 min. DCFH-
DA at a concentration of Spg/ml) was added to the cells. Images were quantified using image-
J software (NIH, USA). Results are the mean of SEM of three independent experiments.
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2.10 CONCLUSION

In conclusions, a 1-Cys peroxyredoxin (CLa-BCP) having CpSH /sulfenic acid cysteine (C-
47) was characterized from CLA. It lacked the resolving cysteine (CrRSH). The bacterial
system has evolved its antioxidant system, as a result of oxidative stress thiol peroxidase,
peroxiredoxins (Prxs) to play a critical role in its viability. A 474bp CLa-BCP, a 1-Cys Prx
protein was amplified and cloned in modified pet28C vector ie. pET-TEV vector. NCBI-
BLAST search of the deduced amino acid showed presence of a thioredoxin like domain
belonging to thioredxin like superfamily. CLa-BCP exhibits a significant sequence similarity
with alkyl hydroperoxide reductase from various pathogenic and plant symbiotic bacteria.

The introduction of non-conserved resolving cysteine results into substantial change in the
property of the protein. First, the variant form CLa-BCPs;7¢c was shown to be dimeric in
nature secondly quite stable in its reduced form. The purification profile of CLa-BCP showed
oligomeric property of the protein though having only single cysteine. Literature reports that
1-Cys Prx from human Prx-VI, 1-Cys Prx from Mycobacterium, 1-Cys Prx from Aeropyrum
pernix K1 [54, 174, 343] have shown oligomer formation. More studies needs to be done to
authenticate the oligomerisation behaviour of CLa-BCP.

The DTNB assay showed that protein has free thiols only in its reduced form and proteins
exhibits thiol dependent reduction as shown by using natural reductant thioredoxin (TrxA).
As the natural partner for BCPs are still unknown, we have evaluated the catalytic activities of
CLa-BCP and its variant CLa-BCPs7;¢ using a second system in which DTT is used to reduce
the putative disulfide bond formed in their reactions with peroxides. In this assay, the
peroxidase activity of both the protein was evaluated using varied peroxide substrates i.e.
hydrogen peroxide, cumene H,0, and t-butyl H,O,.

The protein showed peroxidase activity against varied substrates using DTT as non-
physiological electron donor. The enzymatic activity increased as the protein concentration
was increased and was saturable (not shown). The detoxification activity using xylenol orange
showed that CLa-BCP was much more effective even at its lower concentration. It is well
known that overoxidation of Prx provokes their inactivation but here in our case, after
dimedone inactivation. It has been proposed that oxidize CpSOH residue (sulfenic
intermediate) could be easily revert back to its thiol form in the presence of DTT or DTT
could easily reduced the sulfenic acid in Cys-46. Thus DTT could be potent reductant for

CLa-BCP imparting its peroxidase as well as peroxide scavenging activity.
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After peroxidase activity we wanted to determine whether CLa-BCP would protect
supercoiled DNA from oxidative nicking by hydroxyl radicals, as reported for Prxs from
different organisms [21, 30, 40, 41]. A lot has already been discussed about the risk
associated with the oxidative damage to DNA, like as a potential indicator of cancer risk. The
reaction of H,O, with DNA results into predominant lesion in DNA is due to strand break, or
some because of oxidation of bases. Appearance of faint linear DNA indicates that hydroxyl
ions have been generated from UV-photolysis of H,O, as a result of which DNA strand
scission occurs. Hydroxyl radical is one of the most reactive radical known, and capable of
abstracting hydrogen atoms from biological molecules, including thiols, foremost to the
formation of sulphur radicals proficient to combine with oxygen to generate oxysulfur
radicals, a quantity of which damage biological molecules [209]. These HO' radicals are
formed by monovalent reduction of H,O, by a reduced metal such as Fe(ll) [162, 163]. It is
believed that the HO' radicals that attack DNA are formed directly on the DNA surface by
ferrous atoms complexes with the phosphodiester backbone rather than free in solution. The
results of the assay showed that super coiled DNA was the predominant species in reactions
lacking both H,0, and CLa-BCP. In-vitro DNA binding studies showed that this protein can
protect super coiled DNA from oxidative damage. The protective effect could be due to
protein’s physical shielding or exclusion of H,O, from the nucleic acid. In case of MCO
system, the clear protection was seen the probable reason could be that CLa-BCP may have
chelated trace iron ions thereby reducing Fenton reaction followed by consequential oxidative
damage to the DNA. From collective studies from other cited results, the data suggest that
CLa-BCP protects DNA through its DNA binding and Prx activity. The whole chemistry
behind the protective effect of protein towards super coiled DNA from oxidative damage
needs elaborate studies. Nonetheless results are in observance with preceding work showing
that 1-Cys and 2-Cys Prx’s can protect DNA from oxidative damage.

It has been observed that normally when cells are exposed to H,O, externally above the
critical concentration. They exhibit their own anti-oxidative property by expressing related
scavenging proteins. Thus in our study we make sure that cells were challenged with that
concentration of H,O, above which, cells will either leads to apoptosis or necrosis. For the
same reason here we have used 100uM of H,0, for inducing stress into cells. It has been
elucidated through the in-vitro MTT assay that both CLa-BCP and CLa-BCPs7;c played an
important defensive role against H,O, induced cell killing effectively. It has been cited that
peroxiredoxin know to have effective scavenging property towards peroxide and generated

radicals thus our second target to know the in-vitro antioxidant property of both CLa-BCP and
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CLa-BCPs77¢. In order to elucidate the antioxidative property of both the proteins, the DCF-
DA has been used for detecting ROS generation inside the cells. In our case, it has been
observed that in case of positive control (H.0,), an external stimulus cells responded
efficiently by ROS generation. There was substantial decrement in the ROS level when cells
were pre treated with proteins which concludes that beside rescuing peroxide mediating cell
killing this protein is potent scavenger of ROS, thereby decreasing the effectiveness of H,O..
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3. BIOPHYSICAL CHARACTERIZATION OF CLA-BCP AND CLA-BCPs77¢, IN-
SILICO ANALYSIS OF GENE AND PRELIMINARY CRYSTALLOGRAPHIC
ANALYSIS OF CLA-BCP.

3.1. INTRODUCTION

BCPs constitute a group of antioxidant enzymes belonging to the Prx family, which are
widely distributed in bacteria, plants, and fungi. The BCP subfamily initially assigned as the
C group [146], the most diversified member. The members known so far in BCPs differ in

their oligomerisation behaviour depending upon the locality of the resolving cysteine, C..

Predominantly they exists as monomers but known to form dimers. They could be A-type
and B-type dimers with either 1-Cys or 2-Cys mechanisms, on the basis of two separate sites
for the C.. With reference to their nomenclature, the BCP subfamily is being further divided

into an a-group, with the conserved CXXXXC, motif (as in case of 2-Cys Prxs), and a -
group without C, reprsenting 1-Cys Prxs [384] . However with the upcoming sequences this

nomenclature does not hold true in all the cases or for classifying the entire subfamily. The
common step shared in catalytic mechanism by all Prxs is the involvement of an active
peroxidatic Cysteine (Cp) thiolate attacking the peroxide substrate. But the resolution of
recycling of the sulfenic acid back to a thiol is what classifies them further into three distinct
enzyme groups. It can be typical 2-Cys whereby Cp and Cr forms intermolecular disulfide
bond and keep the protein in its reduced form for another round of catalysis. It could be
atypical, where intramolecular disulfide bond formation occurs in between Cp and Ck.
Whereas in case of 1-Cys Prxs, resolution of active Cysteine is still an open puzzle, as they do
not harbour resolving Cysteine. Very little information is available about the molecules which
can acts as electron donors. Though some of them have been implicated for their role in
reduction of peroxidatic active Cys which includes glutathione, lipoic acid, cyclophilin, and
ascorbate and DTT [225, 243, 260, 266]. The basic chemical reaction employed by both the
Prxs i.e. 1-Cys and 2-Cys, on reacting with hydrogen peroxide is the formation of sulfenic
acid intermediate. These sulfenic acids have reactivity toward thiols to form disulfides, and
under highly oxidizing condition, Cp may become over oxidized to sulfinic or sulfonic acid
[188]. The over-oxidized form partly mimics the reduced state [87]. A commonly used
reagent to detect the presence of a sulfenic acid, is dimedone, a nucleophilic reagent that
attacks the sulfenate sulfur, displacing hydroxide and forming a thiol adduct. Another

electrophilic reagent 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole (NBD-Cl) had several
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impending improvements over the nucleophilic reagents as NBD-adduct can be detected
spectrophotometrically [32].

+ H,0, ___—7Cannot be reduced back to thiols
. _
(i) R-SpH |=>[R-SpOH ——— | R-Sp(O)-OH|e=—=) R-S(0),-OH
Protein thiols sulfenic sulfinic sulfonic

Reaction I}ftermediates
R-S-S-R =) R-S-(0)-S-R =) R-S-(0),-S-R==) R-S-(0),-S-O-R

Disulfide trioxide
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R-S(0),-OH ¢—= R-S-(0),-S-(0),-R
sulfonic
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(ll)R-SH + R-SOH => R-S-S-R + HZO Rapld Interactions
thiols sulfenic Disulfides
Dimedone
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- -S-(0)-S-R+ H,
TNB NBD-C1 form thiolsulﬁnateER SOH—>R-S-(0)-S-R H‘O]

An overview of reaction intermediates formed during oxidation and overoxidation process.

The crystals of protein were grown utilizing most popular method i.e. vapour diffusion
method, either by hanging or sitting drops when crystallization are considered. Many physical
or chemical variables and processes may affect the growth and quality of protein crystals
[120, 250]. The establishment of diffusive transport conditions by growth under microgravity
[250] or in gels [111] can improve crystals. Microseed matrix-screening combined with
random screens (rMMS) is a significant recent breakthrough in protein crystallization [336].
Glycerol appears to be more effective when coupled with alternative and complementary
methods that can similarly reduce excessive nucleation [381]. The growth of protein crystals
in agarose [305] or silica gels [73, 311] is an established technique. As noted previously,
agarose showed quite a lot of benefits for the crystallization experiment [305, 311] and may

facilitate cryogenic cooling [416].

Here in this chapter we have made an attempt to analyse gene sequence comprehensively by
means of several bioinformatics tools. We wanted to decipher the catalytic mechanism

employed by CLa-BCP that lacks resolving cysteine residue. We have studied reduction-
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oxidation dependent conformational changes of protein via biophysical techniques like
circular dichroism and intrinsic fluorescence. We initiated crystallographic studies of BCP in
order to establish the structural and functional relationship of peroxiredoxins in context to
their biochemical and biophysical properties. We have performed CLa-BCP preliminary
crystallographic setups and found that addition of low percentage of agarose results into better
diffracting crystals, procedure adopted from Kumar P. et.al [213] with little modification.

3.2. MATERIALS AND METHODS

3.2.1 Materials

Hydrogen peroxide purchased from Rankem. NBD-CI (7-chloro-4-nitrobenzo-2-oxa-1, 3-
diazole), Dimedone (5, 5-dimethyl-1, 3 cyclohexanedione) and NEM (N-Ethylmaleimide)
were purchased from Sigma Aldrich. Amicon ultra concentrator, Millex syringe filters were
from Millipore Corporation, Billerica, MA. Dialysis membrane with 3500 Da cutoff was from
Pierce, Rockford, USA. For crystallization experiments, buffer components obtained from
Sigma and polyethylene glycols obtained from Fluka were used. Crystal Screen 1, 2 and
Index screens in 96-well Cryschem plates from Hampton Research (Aliso Viejo, California,
USA).

3.2.2 Circular Dichorism Studies

Circular dichroism (CD) is observed when optically active matter absorbs left and right
handed circularly polarized light slightly different. Proteins encompass several chromophores
responsible for CD signals. The far UV region (240-180 nm) CD spectrum correlates to
peptide bond incorporation, perhaps considered to find out usual secondary structural
elements for example a-helix and B-sheet. For analysis of secondary structure content and
effect of oxidizing agent, CLa-BCP and CLa-BCPs7;c both in the reduced form dissolved in
0.02M potassium phosphate buffer, pH 8 was subjected to CD using Chirascan™ CD
Spectrometer (Applied Photophysics, UK). Both CLa-BCP and CLa-BCPs;7¢ were analyzed
after treatment with 1.2eq of hydrogen peroxide at room temperature for 10 min. The CD
spectra were generated using a 0.1-cm path length cuvette. The CD data were expressed in
terms of mean residue ellipticity. The assays were carried out at RT; spectra were presented as
an average of three scans recorded from 190 to 240 nm. CD spectroscopy studies at different
temperature of CLa-BCP were also performed for knowing the conformational stability of

protein also.
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3.2.3 Fluorescence Spectroscopy of CLa-BCP and CLa-BCPs77¢

The tryptophan fluorescence study was performed to examine the redox state-dependent
conformational transitions in CLa-BCP and CLa-BCPsyc. Purified protein (50pg mL™) in
0.02M phosphate buffer, pH 8.0 filtered through 0.45 um Millex syringe filter was used.
Protein was excited at 280 nm and emission wavelength spectra were recorded at 290-400 nm
using Fluorolog®-3 spectrofluorometer Jobin Yvon Inc (USA) at constant temperature (25
°C). Emission slits were at 5 nm and quartz cuvette of 1 cm path length was used. The
samples were reduced with 2 mM DTT and oxidized with 10mM H,0,. An appropriate blank
with 2 mM DTT was subtracted to the reduced CLa-BCP and CLa-BCPs;7¢ spectrums. Effect
of pH was also analyzed by incubating proteins CLa-BCP and CLa-BCPs;7¢ with citrate
borate buffer ranging from pH 3-9.

The unfolding of the proteins was carried out at a range of Urea (2-8M). Blanks were
prepared for each data point and further subtracted from the fluorescence of the protein
sample. Modification studies has also been carried out using N-Ethylmaleimide (NEM) an
alkylating reagent and NBD-CI (7-chloro-4-nitrobenzo-2-oxa-1, 3-diazole), Dimedone (5, 5-
dimethyl-1, 3 cyclohexanedione) thiol modifying sulfenic acid reagents.

3.2.4 Chemical modification study of CLa-BCP

To known the reactivity of functional cysteine residue and formation of Cys-SOH as a
reaction intermediate, experiments with wild type CLa-BCP and mutant CLa-BCPs77¢
labelled with NBD chloride (a sulfenic acid modifying agent) were carried out by modifying
the previously described protocols [64, 89, 260]. The proteins were pre-treated with DTT (10
mM) overnight in reaction buffer (20mM potassium phosphate buffer pH 8.0) having DTPA
to avoid metal-catalyzed progressions. After removing excess DTT through dialysis; reduced
proteins were treated with 10 equimolar NBD-CI or 1,000 equimolar of dimedone. Similarly
for oxidation process, both proteins were treated with 10mM of H,O; through dialysis at 4 °C.
The excess H,0O, was removed through dialysis exchanged with buffer having no H,O, for
about three hours. Then the subsequent oxidized samples were reacted with 10 eq of NBD-CI

or 1,000 eq of dimedone.

3.2.5 Preliminary crystallographic analysis

3.2.5.1 Protein Crystallization
For CLa-BCP crystallization, the purified protein sample contained CLa-BCP at 10 mg ml™;
20mM Tris-Cl pH 8.8 concentrated using an Amicon Ultra concentrator (5 kDa molecular-
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weight cutoff, Millipore). The purified CLa-BCP was set for initial crystallization trials via
the sitting-drop vapour-diffusion method using Hampton crystal screens in 96-well Cryschem
plates from Hampton Research (Aliso Viejo, California, USA). In sitting drop method, protein
and the reservoir solution were used in 2:1 ratio and equilibrated against 50 pl of the reservoir

solution.

3.2.5.2 Measurement and analysis of diffraction data

Crystals were cryoprotected by immersion in 10% ethylene glycol and preserved in a
cryogenic N2-gas stream (~100 K) during diffraction experiments. Cryo-stabilization of the
crystals was done with low percentage of glycerol. Diffraction data were collected in our in-
house facility at MCU (Macromolecular Crystallography Unit) at IIT Roorkee. Diffraction
Data was obtained with a MAR 345 imaging-plate system using Cu Ka radiation generated by
a Bruker-Nonius Microstar H rotating-anode generator operated at 45 kV and 60 mA and
equipped with Helios optics. Diffraction images and intensities were processed and scaled
using the HKL-2000 suite [291]. We tried solving the initial phases by using MolRep and
Phaser of programs of CCP4i. We also tried using auto-rickshaw, the server for automated
structure determination. SCALA package of CCP4 suite was used for scaling the data and the

presence of the screw axis was also confirmed by POINTLESS in the CCP4 suite [393].

3.2.6 Gene Analysis

3.2.6.1 Multiple Sequence alignment (MSA)

Multiple sequence alignment with known peroxiredoxin from pathogenic microorganism on
the basis of “nr BLAST” has already been discussed in chapter 2. Here secondary structure
analysis using multiple sequence alignment with known subclasses of Prxs protein was

carried out. MSA with known Prxs structures further enhanced by esprit 3.0 [312].

3.2.6.2 Phylogenetic analysis
For phylogenetic tree generation, sequences were submitted to open access Phylogeny.fr

online server (http://www.phylogeny.fr). Upon execution the programs connects various

programs and reconstruct a phylogenetic tree. In “default” mode it uses Muscle (v3.7)
program for multiple alignment, Gblock (v0.91b) algorithm for removing the ambiguous
region in the alignment [80] phylum program (v3.1/3.0 aLRT) for phylogeny analysis using

the maximum likelihood method and TreeDyn (v198.3) for constructing the tree.
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3.2.6.3 Signal peptide Prediction
Prediction of N-terminal signal peptides were done through various programmes signalP 3.0,
Phobius, Signal-CF and Signal-BLAST [28, 61, 184].

3.2.6.4 Structure modeling
Structural modeling of CLa-BCP was done using different online software programs like
Swiss Model [16], Phyre2 (Protein Homology/AnalogY Recognition Engine) server [187],

and Robetta full-chain protein structure prediction server (http://robetta.bakerlab.org/) which

provide both ab-initio and comparative models of protein domains [189]. These robetta
models are built from structures detected and aligned by HHSEARCH, SPARKS and
RAPTOR. The best model was selected using PROCHECK program available on Structure
Analysis and Verification Server (SAVES v4) server after evaluating the stereo-chemical

quality using 1XVW as a template structure.

3.2.7 Interaction with H,O; substrate through docking study

In order to understand the catalytic mechanism of CLa-BCP with substrate (hydrogen
peroxide), we docked the substrate (H,O,) into the active site of CLa-BCP. AutoDock Vina
1.0.2 was used for docking in this work [383]. The docking parameters used for Vina were
kept to their default values. However, the x,y and z coordinated of grid centre were 43.658,
21.604, 10.445 and the size of the docking grid was 5.25Ax5.25Ax6.75A, which
encompassed the hydrogen peroxide binding site of peroxiredoxin (C207S) from Aeropyrum
pernix K1 (pdb id 3A2V). The 100 independent GA runs from AD4 were processed by means
of the built-in clustering analysis with a 2.0 A cutoff. The six best poses were obtained, out of

which pose6 showing the RMSD value of

Mode | affinity | dist from best mode
| (kcal/mol)| rmsd I.b.| rmsd u.b
-1.4 0.000 0.000
-14 0269 1.473
-1.3  0.995 1.903
-1.3 1.062 1.166
-1.1 1594  2.041
-1.0 1.658 1.853

o OB WN

3.3 RESULTS AND DISCUSSION

3.3.1 Circular Dichorism studies of both CLa-BCP and CLa-BCPs77¢
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Circular dichroism technique can be benefited in favour of studying conformational stability
of proteins in diverse environment, here in our case; we have performed Far-UV CD
(wavelength range from 240-190) analysis in the presence of reducing and oxidizing agent.
The data obtained was analyzed using the web based DichroWeb software [389] and the
neuronal network program CDSSTR. The structures of related Prxs proteins possess o/f
structure. BCPs has been reclassified by Wakita et.al., 2007 [384] into a and B-group having
characteristic conserved CPXXXXCR motif and no Cg respectively. The CD study of reduced

CLa-BCP showed negative peak at 198 nm showing predominance of B-sheets (27.9 %)
having 10.8% a-helical content and 26.3% turns depicting that it belongs to 3-group ( Fig. 3.1
A). While mutant CLa-BCPs77¢c in its reduced form showed negative peaks at 208 nm and 223
nm having 25% of a-helical shifting of B structure towards o- helical conformation in its
reduced form with 24.8% turns (Fig. 3.1 B). This structural change could be due to the
presence of another Cysteine in mutant CLa-BCPs;7¢c. Sequence analysis showed that
positioning of introduced Cysteine if we consider it as a resolving Cysteine is more closely
related to Xanthomonas campestris [229] belonging to subfamily of “atypical 2-Cys Prxs”.
But here in our case biochemically it forms intermolecular disulfide bond which is unique to
typical 2-Cys Prx. It could be intermolecular disulfide bond formation between resolving
Cysteine instead of in between CpSH and CrSH. More studies have to done to decipher that
mutant follows atypical or typical mechanism or novel mechanism to detoxify peroxide
substrates. Initial purification experiments discussed in chapter 2 observed that CLa-BCPs77¢
protein in its native form tends to aggregates and degrades gradually, while it is quite stable in
its reduced form. This observation could be due to stable conformational change as seen in
case of CD spectra as well. An additional CD experiments have been done with H,0,
treatments. The stable conformation of CLa-BCP and CLa-BCPs77¢ in its reduced form is seen
whereas a decrease in ellipticity has been observed in case of oxidized condition (Fig. 3.1 A,
B) implicates destabilization of the proteins. In oxidizing condition the structural content of
CLa-BCP was 6.8% a-helical, 36.6% B-sheets and 22.7% turns, while CLa-BCPs7;c shown to
have 16% a-helical and 32% B-sheets and 22.7% turns.
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Figure 3.1: Far-UV CD studies of CLa-BCP and CLa-BCPsy;c, in reducing and oxidizing
conditions. (A) CD spectra of wild type showing negative peak at around 198nm (B) while
mutant showed two negative peaks at 208 nm and 223 nm decreased ellipticity in oxidizing
condition.

The effect of temperature was carried out with wild type CLa-BCP across a range of
temperature (40-100 °C). At higher temperature the helical content from 10.8% to 20.7%
whereas the B-sheets is ~27% to 26.6 % (Fig. 3.2). It suggests that at higher temperature the
random coil transition into a helical content occurs while % of B-sheets more or less remains
same. Similar results have been observed in case of Ss01120 protein from Sulfolobus
solfataricus where CD spectra recorded at 100 °C. It showed an increase of only 20% of
disordered region demonstrating that protein to some extent maintains its secondary structure
still at higher temperature [233]. During protein refolding from higher temperature to RT the
% of a helix was 12.1% and 29.2% of B-sheets but with decreased ellipticity summarized in
(table 3.1). We were unable to do analysis of temperature effect on CLa-BCPs77¢c as with

increasing temperature it tends to aggregates (data not shown).
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Figure 3.2: Far-UV CD studies of CLa-BCP at different temperature, CD spectra of wild type
showing negative peak at around 198nm while at higher temperature negative peaks at 208
nm and 223 nm with decreased ellipticity.

Table 3.1 Temperature analysis of wild type protein CLa-BCP.

Temperature Alpha hehx Beta sheas
RT 108 a 279p

40 N IEN ITTE

60 15340 26p

50 15%a J66F

100 2070 I8TF
ETagain 12.1a 202B

For redox changes, both proteins were over oxidized with H,O, subsequently reduced with
2mM DTT and changes were recorded as CD spectra. There was a substantial conformational
change seen due to over oxidation which has been reverting back by reduction with DTT
treatment (Fig. 3.3). In sum, in over oxidized condition CLa-BCP possesses 20% of a helix,
41% of B-sheets having 11% B turns with 28% unordered region. While CLa-BCPs77¢
possesses 22% of a helix, 35% of B-sheets having 14% P turn with 28% unordered region.
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Figure 3.3: Far-UV CD studies of over oxidized CLa-BCP and CLa-BCPs77c.

3.3.2 Fluorescence Spectroscopy of CLa-BCP and CLa-BCPs77c

Fluorescence spectra of Prxs are well defined from human PrxV, Mycobacterium tuberculosis
AhpE and closely related chloroplast 2-Cys Prx from barley exploited the possible benefit of
measuring Trp fluorescence during oxidation [157, 207, 370]. The spectra were dominated by
tryptophan emission with a maximum at 341 nm due to exposed Trp106 and Trp136. When
CLa-BCP was exposed to H,O, (10 mM), decreased intrinsic fluorescence intensity was seen
with no shift in maximum emission (340 nm). This change reverted back upon reduction with
2mM DTT and results into two-fold enhance in emission with a little shift to 344.5 nm (Fig.
3.4 A) as seen in case bacterial AhpCs [157]. From sequence analysis with known Ahpc it has
been seen that Trp residues are strictly conserved (Fig. 3.8 C). The data suggest

conformational changes occurred at active site. The Trp136 which is distant from the active
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site present in loop region between a5 and B9 could potentially sense local conformational
changes around the Cp thiolate during substrate binding (Fig. 3.4 G). The conformational
changes that occur at active site will be later discussed in docking section of this chapter.

The fluorescence spectrum of CLa-BCPs77c having emission maxima at 347.5 nm, oxidized
CLa-BCPs77¢ exhibited a maximum emission at 350.5 nm a slight 3nm red shift, suggesting
presence of free thiols. The reduction of CLa-BCPsy;c resulted in a two-fold increase in
emission (Fig. 3.4 B) suggesting disulphuric bridge split after reduction as reported [74].

Some reports of 2-Cys Prxs have shown that during catalytic cycles, key Cys residues
undergo over oxidation, which would be anticipated to lead to structural and functional
changes [171, 197, 261]. Likewise, in our case, CLa-BCP was found to be over oxidized by
H,O, treatment (Fig. 3.4 A), but there was no substantial conformational change after over
oxidation, which is to some extent different from the case of 2-Cys Prxs. In case of
modification studies with thiol alkylating and sulfenic acid trapping reagent (NEM and NBD-
Cl), fluorescence intensity was not changed (data not shown). These data suggests that the
oxidation of the single peroxidatic Cys residue is required for change in fluorescence intensity
for both the proteins. Moreover, when pre-reduced CLa-BCP and CLa-BCPs;7¢c were treated
with an excess of H,O, (10 mM), initially there was a quick decrease followed by a slower
increase in protein fluorescence intensity (Fig. 3.4 A, B). These changes were hindered by
pre-treatment of the enzyme with NEM and NBD-CI in excess (data not shown), implying the
involvement of the cysteine residue in the process. Secondly following the H,O,-dependent
over oxidation of the sulfenic acid of the oxidized enzyme (Cp-SOH) to sulfinic acid (Cp-

SO,H) was dependable for the fluorescence upturn.

1800000 -

1600000 -

—+—CLa-BCP
1400000 —=—Reduced CLa-BCP
1200000 - Oxidized CLa-BCP

==s=Pre-reduced Oxidized CLa-BCP
1000000 -
800000 -|

600000 -

Fluorescence Intensity

400000 |

£
200000

300 320 340 360 380 400 420 440
‘Wavelength (nm)

91



1200000

®) = CLa-BCPS77C
1000000 - =—=—0xidized CLa-BCPS77C
Reduced CLa-BCPS77C
b
Z 800000 - s, —==Pre-reduced Oxidized CLa-BCPS77C
bt
600000 -
=
L
s
=
g 400000 -
=
200000
0

300 320 340 360 380 400 420 440
‘Wavelength (nm)

The effect of different pH showed stable conformational change of CLa-BCP and CLa-
BCPs7c in range of pH 6, 8 and 9 with more or less static emission maxima (Fig. 3.4 C, D).
The effect of denaturant was almost same. There was gradual increase in intensity with a shift
from 340 nm to ~362 nm in the presence of increasing concentration of urea, suggesting the
gradual unfolding of the protein consistent with the tryptophan residues accessibility (Fig. 3.4
E and F).
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Figure 3.4: Fluorescence emission spectra of the purified protein under native, reduced,
oxidized and denatured conditions. (A, B) Effect of DTT (reducing reagent) and H,O,
(oxidizing reagent) on the intrinsic fluorescence of both CLa-BCP and CLa-BCPs7¢. (C), (D)
Fluorescence spectra in the presence of CLa-BCP and CLa-BCPs7;¢ respectively in a range of
pH 3-9. (E), (F) Fluorescence spectra in the presence of denaturant Urea for CLa-BCP and
CLa-BCPsy7c respectively. (G) Surface view of CLa-BCP model showing accessible Trp106
and Trp136 is shown in lemon colour. The other neighbouring residues of Trp136 (Pro39,
Thr43, Cys46, and Argl121) are also involve in oxidation of CLa-BCP.

3.3.3 Chemical modification of key residue

The functional cysteine assay was carried out using NBD-CI, an electrophilic reagent as a
trapping agent for Cys-SOH which gives characteristic spectral peak at 347nm for thiol
adduct (Cys-S(O)-NBD) and 422 nm for thioether linked adduct (Cys-S-NBD)[89]. NBD-
labelled pre-reduced CLa-BCP showed an absorbance maximum from 344-349 nm a signal
characteristic of NBD adducts of sulfenic acid R-SOH (R-S (O)-NBD). It evidently signifies
the trapping and detection of approximately stochiometric amounts of SOH at Cys 46, the
only Cys in wild type protein (Fig. 3.5 A). The absorbance maximum at 420-450 nm for CLa-
BCP could be due to formation of sulhydryl adducts. When protein was not pre reduced with
DTT and oxidized with peroxide treatment overnight, the predominant peak was at 347nm
clearly indicates the formation of sulfenic acid intermediate (Fig. 3.5 B) as reported earlier
also [89] . On the other hand, reduced CLa-BCPs77¢ with or without peroxide treatment
showed one peak around 420-450 nm after reaction with NBD chloride (Fig. 3.5 C). It could
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be due to formation of thioether linked NBD adduct or lack of SOH formation in case of CLa-

BCPs77¢c. Instead a signal indicative for NBD-modified thiols (R-S-NBD) was to a large

extent satisfied in the oxidized spectra, confirming the loss of the thiolate species (RS upon

reaction with peroxide. The results illustrated that the catalytic cysteine residue was oxidized

to sulfenic acid upon peroxide addition in case of wild type protein. Beside that when the

modified CLa-BCP run on SDS-PAGE, bands of higher molecular weight seen when treated
with NBD-CI (lane 3 and 5 (Fig. 3.5 D)). The probable reason could be formation of different

reaction intermediates upon exposure with hydrogen peroxide or protein undergoes

oligomerisation in oxidizing condition.
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Figure 3.5: Analysis of the oxidation state of Cysteine residues from CLa-BCP and the
mutants S77C by the NBD-CI assay. (A, B) Pre-reduced wild type when treated with H,0,
and oxidized wild type protein without pre-treatment with DTT respectively. (C) Mutant type
treated with H,O,. Sulfhydryl and sulfenic acid adducts peak at 420nmand 347 nm,
respectively, with alike extinction coefficients. (D) SDS-PAGE of treated sample followed by
NBD-CI treatment in which (lane 3 and 5) either reduced or oxidized showed higher
molecular weight bands.

3.3.4 Crystallization of CLa-BCP

The preliminary crystal growth forms were checked and hits achieved in the screens were
subsequently optimized to obtain improved quality crystals. Small crystals were obtained in
the presence of granular precipitate using 25% (w/v) polyethylene glycol 3350 (PEG 3350)
but different buffers 0.1 M Bis-Tris pH 5.5, 0.1 M Bis-Tris pH 6.5, 0.1 M Bis-Tris pH 7.5; 0.2
M NaCl and 0.1 M HEPES pH 7.5 (condition were from Index solution screens) in one week
(Fig. 3.6 A). Considerable improvement has been achieved by setting crystal tray using all
buffers in which hits came along with 10 mM DTT using hint from Horta et.al. [154]. Further
crystal shape and size has been improved by using condition of Choi et.al. [59] with little
modification like keeping the same buffer 0.1M Citrate pH 5.5 with and without 100 mM
NaCl having 20% PEG 6000/3350 along with 10 mM DTT (Fig. 3.6 B). They produced
diffused Bragg diffraction when mounted in capillaries. A quick (<10 s) immersion of the
crystals into a sample of the reservoir solution of 10-20 % (v/v) ethylene glycol firstly
separated like layers of some bark trees and produced a low-resolution (3.5 A) diffraction
pattern (Fig. 3.6 B). Many other approaches to cryostabilization were tried but resulted in

inferior or no diffraction. By means of adding additives and changing the key variables we
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could not able to improve the crystal quality. At best, poor-quality inter grown sea urchin like
crystals were obtained from 0.1 M Bis-Tris or HEPES pH 5.5-8.0, 0.2M NaCl, 20% (w/v)
PEG 3350, 6000 at 294 K and 5% glycerol (Fig. 3.6 C). A significant improvement observed
in crystal properties when we have incorporated 0.1 % (w/v) agarose to the reservoir solution
before combining it with the protein sample. Crystals grown in the presence of agarose took
more than 4 days and were eventually larger and better shaped (Fig. 3.6 D) compared with
crystals grown without agarose. The best crystals grew at 293.15 K in these conditions i.e.
0.1M HEPES pH 7.5 and 0.1M Citrate pH 5.5 (buffers), 100mM NaCl, 10mM DTT having
20-25 % (w/v) PEG 6000/ 3350 and 0.1 % (w/v) agarose. We also saw decreased number of
inter grown crystals or crystals with surface defects. Moreover, crystals grown with the aid of
agarose remained physically intact even during serial transfer into solutions. Samples of the
reservoir solution supplemented with increasing concentrations of glycerol (5-10%) followed

by low % of ethylene glycol and flash-freezing by direct immersion in liquid nitrogen.

Figure 3.6: Crystal obtained in different crystal conditions. (A) Crystals were grown in 0.1 M
Bis Tris pH 7.5; 0.2 M NaCl with 25% (w/v) PEG 3350. (B) crystals were grown in 0.1M
Citrate pH 5.5, 100 mM NaCl, 20% PEG PEG 3350 along with 10 mM DTT. (C) Crystals
from HEPES pH 8.0, 20% (w/v) PEG 3350 and 5% glycerol at 294 K. (D) Good improved
better diffracting crystal were obtained in 0.1M Bis-Tris pH 7.5, 0.2M NaCl, 10mM DTT,
20% PEG6000 having 0.1% agarose.

Initially CLa-BCP crystals were not diffracting properly even in the presence of 0.05%
agorose. The same crystal when picked up and annealing was done (twice), diffraction was

97



still not proper. However, the spots were getting better which could be due to annealing. The
same crystal after annealing was put back in a solution containing 4% ethylene glycol and
reservoir solution (0.1M Bis-Tris pH 7.5, 0.2M NaCl, 10mM DTT, 20% PEG6000 with 0.1%
agarose) when mount for diffraction with exposure time of 5 mins. This time crystal gave a
very good diffraction pattern (Fig. 3.7). Therefore, there were two possibilities for better
diffraction of CLa-BCP crystals; first was very low percentage of ethylene glycol and second
was annealing.

The frozen crystal diffracted X-rays from the Cu rotating-anode generator to 2.2 A resolution.
Analysis of crystal symmetry and recorded diffraction patterns indicated that the CLa-BCP
crystal belongs to monoclinic space group type C2 with unit-cell parameters a = 92.22 b =
151.94, ¢ = 139.50 A, a= y=90°, p= 108.71 other crystallographic data summarized in table
3.2.

Figure 3.7: The diffraction pattern of CLa-BCP crystal obtained in 0.1% agarose condition.

Table 3.2 Data integration statistics for CLa-BCP

Crystallographic data
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Space group C2

Wavelength 1.54179

Resolution (Last shell) 50-2.21(2.25-2.21)

Cell dimensions

a (A) 92.22

b (A) 151.94

¢ (A) 139.50

* 90°

P 90°

7 108.71°

Total reflections 258057

Unique reflections 86444 (1863)

Completeness (%) (Last shell) 95.5 (41.5)

Rsym(%)a (Last Shell) 0.115 (0.471)

I/ o (Last shell) 11.06 (1.46)

Multiplicity (Last shell) 3.0(1L.7)

Vu (A’ Da™) 3.04 (59.57%
solvent)

3.3.5 Multiple sequence alignment and Phylogenetic analysis

Comparative sequence analysis was done individually with three major groups which include
1-Cys Prxs, atypical 2-Cys and alkylhydroperoxide reductase (AhpC) for knowing the
relatedness of CLa-BCP to these groups. It has been observed with all classes the
PXXXT/SXXC motif was strictly conserved with key residue “Cys” in all classes of
peroxiredoxins. The maximum sequence similarity was observed with alkylhydroperoxide
reductase (AhpC) subfamily. Subsequently phylogenetic tree was constructed from CLa-BCP
MSA with different subclasses of Prxs. The CLa-BCP was having significant similarity with
1-Cys Prxs but not closely related with any of the known bacterial 1-Cys Prxs (Fig. 3.8 A).
The sequence similarity and conservation was very less with known atypical 2-Cys Prxs
protein (Fig. 3.8 B). The maximum sequence conservation was seen in case of AhpC family
members, which implicates that CLa-BCP emerged as a new subfamily of bacterial AhpCs, a
reductase protein first discovered in Salmonella typhimurium [167]. Candidatus genus was
clustered in one group with maximum similarity, plant symbiotic and pathogenic bacteria

were clustered in another group (Fig. 3.8 C).
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(A)CLUSTAL O(1.2.1) multiple sequence alignment

CLa-BCP
Gluconobacter
Idiomarina
Burkholderia
Chlorobium
Shewanella
Dehalococcoides

Caldanaerobacter

CLa-BCP
Gluconobacter
Idiomarina
Burkholderia
Chlorobium
Shewanella
Dehalococcoides

Caldanaerobacter

CLa-BCP
Gluconobacter
Idiomarina
Burkholderia
Chlorobium
Shewanella
Dehalococcoides

Caldanaerobacter

CLa-BCP
Gluconobacter
Idiomarina
Burkholderia
Chlorobium
Shewanella
Dehalococcoides

Caldanaerobacter

(Conserved motif PXXX(T/S)XXC)

———————————— MTSLSVGDKAPHFVLPSNDEQEISLLALGGSKIVLYFEY
—--MNVSTPAESPLPFLRIGDRAPDFSARTTHGEFIMSAL-RGHWVLLFAH
————————————— MTLRIGDTAPNFTIDTTQGSIEFHDWAKGSWVEFFSH
--MDNIEEDFRAQRPPFLYEPAPDFEARSTMGMVSSADY-RGKWLLFFSH
MSQQVDDDLYYDISMPLLGDDFPELKVQTTHGPMNIPGDLKGSWEFVLESH
—————— MT-DSIVSFPQLNRPAPAFNAKTTHGMRSLTDY-KGKWLVLEFSH
—————— ME-EVTQPMPRIGDIAPQFEALTTHGVLKLEDF-KGOQWLITIFSH

H 33 3 3 v a3 n B

METEAIEN-IPRVCLPQIGAPAPDFKANSTEFGPIKLSDY-RGKWVVLESH

* . . * .. ek kX * k.

EAINFSSLKADFDEESTILIGISPDSIASHKKFHQOKH---—--- NLSITLLADESKEVLKS
EFIALARSAEEFQKRDCVLLGISADSLPAHLAWVEAINTQFGIQIPFPIIEDPSLAVARA
EMGRTAQLAPEFEKRNVKPLGLSTDTVEAHKGWINDVNDTONTLLEFPIVADKDLEVAQL
ELIAFARIAPRFKELGCELLALSIDGLYSHLAWLRSIQERFNMDIPFPVVEDPSMAVAKA
EFVAFQORVEAFEKIGCKLIGMSVDOVFSHIKWVEWIKENLDVDITFPIVAAND-RIANK
EFIGFAQRAEEFAHINTELLGLSIDSVHSHIAWVRNIEENFGVDITFPIISDLSMEVAKA
EFIAFSEIYPELQKRGVELLGLSVDSNSSHIAWVRNVEEKTGIKIPFPITIADLNKEVSLA
EFIAFTQVYTSFVERNVQLIGLSVDSNPSHLAWVENIYKTTGVEIPFPIIEDKDMRIAKL

* . . -k Kk . %

YDVWKEKSMFGKKYMGVVRTTELIDEKGIIAQ-IWKPVTLKNHAQSVLKMVKSLKQ----

YGMLDS----AAQDSATVRSIEFVIDPSGTIRAILNYPATVGRSVPELLRLLCALQEVDRA
YDMIHP----NESATATVRSVEIIDPNQKVRLIMTYPMTVGRNENEILRVIDALQTTDRD
YGMLPP----KAVSSSTVRGMELIDPEGIIKAISWYPISTGRSVEEAFRLEFQAVRMTWQE
LGMLHP----GKG-TNTVRAVEVGDPNGKVRLVLYYPQEIGRNMDEILRAVKVLQISDSN
YGMIQP----GASDTSAVRATEIIDPEGMLRAMVYYPMSNGRSIDEFVRLVKALQTSDAN
YGMIHP----GQSKTETVRCVEILDPDQKIRLIMYYPMNVGRNMKEILRVIDALQTADEN
YGMISP----AETSTSAVRAVEIIDDKQILRLILYYPLEIGRNIQEIIRIIDALQTVDKY
LKk ke x| . *
GALTPESWQP----GQPTVAPPLQTQAAVEKA--—-————— GAKWFFQPMTRERS-—————-—
EVACPADWLP----GDSVIIRPTVSDEEAKEKF--PQGWKTLRPYLRLTDIK-—-—---—-—--—
NLYAPADWQP----GSPCVVPPPKTIEDASKRLSEG---DVLDWYYQTRQIAQDAPPERA

KVAMPADWPNNLLIKDHVIIPPANNVEDAKKRK--EQQYDCYDWWFCHKPLDK-—-—-—-—-——

GVATPENWQP----GDDVIVPPPATTADAKARL--SQGYDYVDWYFSKKSL-—-—-——————
KVALPANWHP----GDKVVVPPPSTQEMAEERM--GQGYECIDWYLCKKNL-—-—-——-—-———
KVLAPANWYP----GMPVIVPPPKTYPELKQRLKNVEGYTCTDWYLCYKKV-—-—-——-—-—-——
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Shewanella
Gluconobacter

Burkholderia
Chlorobium
Idiomarina
Caldanaerobacter

Dehalococcoides
CLa-BCP

0.6

(B) CLUSTAL O(1.2.1) multiple sequence alignment

CLa-BCP
Streptococcus
Enterobacteriaceae
Mycobacterium
Haemophilus
Bacillus
Clostridium
Lactococcus
Lactobacillus

Pediococcus

CLa-BCP
Streptococcus
Enterobacteriaceae
Mycobacterium
Haemophilus
Bacillus
Clostridium
Lactococcus
Lactobacillus

Pediococcus

CLa-BCP
Streptococcus
Enterobacteriaceae
Mycobacterium
Haemophilus
Bacillus
Clostridium
Lactococcus
Lactobacillus

Pediococcus

(Conserved motif PXXX(T/S)XXC)

o

——————————————— MTSLSVGDKAPHEVLPSNDEQEISLLALGGSKIVLYF
---MVTFLGNPVSFTGKQLQVGDKALDESLTTTDLSKKSLADEFDGKKKVLSV]
MSQTVHFQGNPVTVANSIPQAGSKAQTETLVAKDLSDVTLGQFAGKRKVLNI
-MAQITLRGNAINTVGELPAVGSPAPAFTLTGGDLGVISSDQFRGKSVLLNI
—--MTVTLAGNPIEVGGHFPQVGEIVENFILVGNDLADVALNDFASKRKVLNI
-MAEITFKGGPVTLVGQEVKVGDQAPDETVLTNSLEEKSLADMKGKVTIISV
--MKVKFKGKEVTLEGTEIKVGDTFPDEVAVNSSLEPVMLKN-TNRVRVELA|
MPMNITSHGEKIATL--NPPISGDAPDFELTDLKGNKIKLS-KLEKPVLISV
--MKITFKGKEVKLIGTPPAVGEEMPNFAVLNKNNQEFTKSDLLGKEFSLISV|

TIOB E
vBs1Dfiiq
FBs 1ofiq
FBsvDfi
FBs 1ofiq
rBs1ofiq
VBsvDfig
FEDINA
VBDINfF

--MEVLRGGEKVELVGNPPMIGEQLPKEFKVFTGDGEKVKTRDLLGKPLLISV]

*

TAEAINFSSLKADFDEESTILIGISPDSIASHKKH
STOTRRENEELAGLDNTV--VLTVSMDLPFAQKRW
RASVRKENQLATEIDNTV--VLCISADLPFAQSRH
ATSVRTEDERAAAS-GAT--VLXVSKDLPFAQKRH
ATSVRKENQQAAKLSNTI--VLCISADLPFAQARH

PLEVKTENARASEIDGVS—--IYTISMDLPFAQSRY
SLOTKHENLEAAKHSEID--FLSISNNTADEQKNW
BIQTKTENKTMDKFPEIN--FLTISTNTVEDQQTW
BMOTKKENQETDQYSDIR--FVTISNNMPKDQVAW

* .-k

VBDLNfT

* .-k

C| IH
C ]
C| C]
C C
C &
CPAQTRRENEEAAKLGDVN--VYTISADLPFAQARWCEANGIDKVETLSDHRDMSEFGEAF
C €
C ]
C| C]
C ]
. L

DVWKEKSMFGKKYMGVVITTFLIDEKGIIAQ——IWKPVTLKNHAQSVLKMVKSLKQ—

ALLINE

WHLLA.AVFVLDTDNTIRYVEYVDNINSEPNFEAAIAAAKAL———

GVAIAD———GPLKGLAAIAVVVIDENDNVIFSQLVDEITTEPDYEAALAVLKA————

GVTIAD———GPMAGLLAIAIVVIGADGNVAYTELVPEIAQEPNYEAALAALGATSGS

GVDIQT———GPLAGLTSIAVIVLDEQNNVLHSQLVEEIKEEPNYEAALAVLA—

GVYIKE
GTYIKE--—-——-
GLILNG———GPLEGRLA.SVFVV—KNGQIVYSEVLSELSDEPNYEKALAATK

*:
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LRLLAISVFVLDENGKVVYAEYVSEATNHPNYEKPIEAAKALVK—
LGLLA.AVFVVDSSNKVTYANYLEEVSGYPNYDEVLQAAQAAK——

PESGILAISVWVLDPNGKILYRELVDEITHEPNYDAVLNELKQLH——
PNAGYLA.SIFIVDADGKIIYREIVPEIHDEPDYQAALDFINKM———

G

I
Y%
Y
Y
Y
Y
\%
Y
Y

DKHNLSITLLADESK--EVLKSY
LGAEGLDNAIMLSDYFDHSEFGRDY
GAEGLNNVITLSTEFRNAEFLQAY
LGAEGTENVMPASAFRD-SEFGEDY
GAEGIENAKTVSTFRNHALHSQL

LGAEGIKNVTTLSDYRDRAFGKNT
ATEGVDMTILADDG---TFGKAY
AAEDVKNMQLMSDK-NFSFGKAT
ANEGVKNMEVLSDH-ELSFGYEM



Mycobacterium
Jéo_ 7E Enterobacteriaceae
Haemophilus

Streptococcus

043 Clostridium
0.82.
0.76 L Bacillus
o Lactobacillus
0.99 Lactococcus
Pediococcus
CLa-BCP

(C) CLUSTAL O(1.2.1) multiple sequence alignment

CLa-BCP
Candidatus

Ag.
Agrobacterium
Rhizobium
Nitratireductor
Ochrobactrum
Sinorhizobium

vitis

CLa-BCP
Candidatus

Ag.
Agrobacterium
Rhizobium
Nitratireductor
Ochrobactrum
Sinorhizobium

vitis

CLa-BCP
Candidatus

Ag.
Agrobacterium
Rhizobium
Nitratireductor
Ochrobactrum
Sinorhizobium

vitis

(Conserved motif PXXX(T/S)XXC)

1 B

——MTSLSVGDKAPHFVLPSNDEQEISLLALGGSKIVLYFYPKDDISGCTAEAINFSSLKA

MTSILLSSGDKAPDFILPSTAEKEISLSALKGSKLVIYFYPKDDITGCTAEAIDFSNLKS
——MTDLAIGDNAPDFTLPRNGSGDVTLSSLKGKAVVLYFYPKDDISGCTAQAIDFSAMGG
——MTDLTIGGTAPDFTLPRNGEGTVTLSKLQGKAVILYFYPKDDISGCTAEAIDFSALGG
——MTDLTIGGPAPDFTLPRNLEGTVTLSKLQGKAVVLYFYPKDDISGCTAEAIDFSALGG
——MTEPVKGSEAPDFSLPGDGGSEIKLSDFRGKTVVLFFYPKDDISGCTAEAIDFTALKP
——MAHPQVGDPAPDFTLPSDN—GEISLSSLRGKPVVIYFYPKDDISGCTKEAIAFSQLKP
——MAGLRQGDVAPEFELPREGGGTISLAALRGGPVVLFFYPKDDIKGCTQEAISFSALKE

——MAELSIGDMAPDFTLPRDGGGTVSLSSFKGKQVVVYFYPKDDISGCTVEATSFTSLTP

* kK kKK R PR cakkKkKAK kAR ok K
DEFDEESTILIGISPDSIASHKKFHQKHNLSITLLADESKEVLKSYDVWKEKSMFGKKYMG
DFEKESTVVIGISPDSIVSHTKFLOKYNLSITLLSDESKKILQAYDVWKEKNMFGKKYMG
DFEAANAVVIGISPDSVKSHDKFAAKHSLSVMLASDEERKVLEAYGVWKEKSMYGKKYMG
EFEAANAVVIGISPDSVKSHDKFAAKHALSVMLAADEEKKVVEAYGVWKEKSMYGKKYMG
EFEAANTVVIGISPDSVKSHDKFAAKHSLSVMLASDEERKVLEAYGVWKEKSMYGKKYMG
EFDALDTVLLGMSPDSPKSHDKEFKNKHALTIGLVSDODKETLQAYGVWVEKSMYGRKYMG
EFDKIGARVIGLSPDSATKHAKFRKKHDLTVDLAADEDRVALEAYGVWVEKNMYGRKYMG
EFQSAGIMLIGISPDSAKSHDRETRKHGLTVALASDEDKAVASAYGVWVEKSMYGRKYMG
EFESSGAVIIGISPDTVKSHDKEVAKHGLAVMLGSDEEKTTLEAYGVWKEKSMYGKTYMG
sk sk kxk . T B E U T TP Lak Kk ok kak.  kxk
VVRTTFLIDEKGIIAQIWKPVTLKNHAQSVLKMVKSLKQ-——
VVRTTFLIDEQGIISKIWRPVKLKNHAKSVLNAVKSLK-———
VERTTYLVSPDGKIVQIWNKVKVPGHAQAVLDTIKAL--—-——
VERTTFLIAPDGKIAEVWNKVKVAGHAQAVLEAVKKL-—-—-—-—
VERTTFLVGPDGKIAEIWNKVKVAGHAQAVLDAAKKL-————
VERSTFLIGPDGRIAETWRKVKVPGHAQAVLDAAKALKQRDE
VERTTFLIDAQGKIAQVWNKVKVDGHADAVLEAARAL-—-———
VERTTFLIDRQGVISRVWEKVKVPGHADEVLAAAKAT-———-—
VERSTFLIDADGRIAGVWRKVKVPGHAEAVLOAVKDKAA--—

K ok ek e ko * ok * * . * * * *
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1 CLa-BCP

L Candidatus_solanacearum
Vitis_agrobacterium
Rubi_agrobacterium

m1—— Agrobacterium_tumefaciens
Rhizobium_sp. URS51a

Nitratireductor_aquibiodomus
Ochrobactrum_intermedium
Sinorhizobium_medicae

0.2

Figure 3.8: Multiple sequence alignment using Clustal omega with different subclasses of
Prxs and Phylogenetic tree constructed using Phylogeny.fr online server. (A, B, C) The highly
conserved motif represented by rectangle with highlighted catalytic residues, proline (P)
green, threonine (T) magenta and including peroxidatic residue Cysteine (C) in yellow. The
most conserved residues were highlighted in grey colour from 1-Cys prx, atypical 2-Cys prx
and AhpC reductase family respectively.

The MSA with known pdb structures of Prxs protein was further improved by esprit3.0 server

and showed conserved thioredoxin fold region and conservation of sequences structurally

(Fig. 3.9).
nl Bl p2 n2 B3
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Helicobacter vEvE R sQCsLnw < EAYQEKRMLYGHKEHL Shdy T INTQEVLEKCFY
Bacillus §8)=D WELEENFGEEYMC I EQSHET I DKEFRLIKEWR
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Figure 3.9: The MSA with structural conservation among known Prxs structures. The bold
arrow indicates the catalytic motif site that forms a Cp loop generally present in Alpha helix
region. Arg (R) highlighted from loop region preceded by P sheet interacts with peroxidatic
Cys (Cp) residue.
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3.3.6 Signal peptide Prediction

CLa-BCP protein sequence showed no signal peptide at the N-terminal end as predicted by

different server. Here the result shown predicted from SignalP 4.1 server (Fig. 3.10).

mean S 1-
D

1toff=0_450 Networks=SignalP-

SignalP-4.8 prediction {(gran+ networks)

T
C-score
S=gcore
1.8 Y=-score
8.8
8.6
o
e
=]
]
w a4
8,2
HTSLSVGDKAPHFVLPFSNDEQEISLLALGGSKIVLYFYPKDDTSGCTAEAINFSSLKADFDEESTILIG]

a 18 28 38 48 o8 68 7a

Position

Figure 3.10: prediction of signal sequence by SignalP server in CLa-BCP sequence.

3.3.7 Prediction and evaluation of three-dimensional structure of CLa-BCP

The three-dimensional model of CLa-BCP was build using the crystal structure of
M.tuberculosis AhpE (1XVW), a 1-Cys as a template (Fig. 3.11 A). The predicted model
showed two chains (Fig 3.11 B). Stereo chemical evaluation of CLa-BCP model was done
through PROCHECK program which show that 88.7% of residues fall within the most
favored, 11.3% allowed regions in Ramachandran plot and 0.0% in disallowed regions for
model. Similar to other members of the Prx family, the predicted model of CLa-BCP has
characteristic Thioredoxin fold. The overall Thioredoxin fold consists of central B twist
(cradle) formed by anti -parallel B5, B4, B3, B8, B2 and B1 with a backbone support of 02-03-
a5 helix (Fig. 3.11C). The catalytic peroxidatic Cys (Cp) is located in the a2 helix with other

active site motif residues threonine (T) and proline (P) forming active Cp loop (Fig. 3.11 D).
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Structural superimposition of predicted model shows significant conformational changes in
loop region of C-terminal motif and loop region near a3 will be discussed further. The
predicted structure showed 9 B-sheets flanked by large 3a-helices and 2 small a-helices with
large loop region. It can be correlates with CD data of CLa-BCP which showed predominance

of B-sheet structure.

____—— Backbone for -
cradleis o2 helix

N-terminal
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Figure 3.11: Predicted 3-D model of CLa-BCP. (A, B) represents monomeric and dimeric
molecule, the peroxidatic catalytic Cys residue shown in orange sticks. (C) The overall
topology present in CLa-BCP predicted model. (D) The conserved motif residues
(PXXXTXXC) Thr 43, Pro 39 and Arg 121 (loop residues) along with key residue Cys 46
present in a2 helix are shown as sticks in blue, white, cyan and pink colour respectively. The
universally conserved motif forms Cp loop which involves in catalytic activity of Prxs. The
figures were made from pymol visualization tool.

By introduction of Cysteine residue at 77" position which is present in a3 position results into
formation of intermolecular disulfide bond formation as shown through biochemical
experiments. Here we have predicted the structure by mutating the S77 residue into Cysteine,
structurally it have been seen that Cys77 from a chain forming interaction within 3.6 A
distance with another Cys77 from b chain (Fig. 3.12). Instead of forming disulfide bond in

between Cp and Cr (resolving Cysteine) here in our predicted structure the most favourable
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bond formation could be in-between mutated Cys77-Cys77" residue i.e. in between two
resolving cysteine. More detailed study has to be carried to validate the role of introduced
cysteine that it could act as resolving Cysteine or not and which catalytic pathway it follows

atypical or typical 2-Cys.

Figure 3.12: Predicted CLa-BCP model with mutated S77C residues at a3 position. (A) The
disulfide interaction showed in between both the chains. (B) The closest view of interaction of
introduced Cys residue within 3.6A distances.
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3.3.8 Interaction of CLa-BCP model with substrate H,O,

The Prxs catalytic reaction follows the basic Syn2 displacement reaction as described in

standard organic chemistry textbook (McMurry 2004) [249]. The reaction involves addition

of two hydrogen ions (H+) and two electrons to H>O2 to produce two H»O molecules:

2¢”+ 2HT + HoOp ——» 2H0
SN2 reaction is a nucleophilic bimolecular substitution reaction where a nucleophile (electron

rich) attacks an electrophile (electron deficient) to form a nucleophile-electrophile bond and

break the bond between the electrophile and the leaving group. Prxs follows the same basic

reaction termed as peroxidation step in which sulfur atom of peroxidative Cys (Cp) residue

acts as a nucleophile and Oa atom of peroxide acts as the electrophile; and Og atom of the

hydroxide (or alkoxide) acts as the leaving group. The reaction involves formation of stable

catalytic covalent intermediates like sulfenic acid intermediate (SpOH) (Jencks 1969)[173].
HyoO9 + RSpH ———» RSpOH + H»O (peroxidation step)

In order to attack the substrate like H,O,, the SpOH moiety of the peroxidatic Cys (Cp)
residue undergoes a conformational change and moves out of the fully folded active site
pocket. This step involves local unfolding of helix.
In case of 2-cys Prxs, this reaction has an additional step where the resolving cysteine group
reacts with these intermediates and forms a disulfide bond.

RSpOH + R’SH — RSpSR’ + H2O (resolution step)

For another round of catalysis, the protein needs to unlock its LU conformation and break the
disulfide bond. This breaking of disulfide bond involves thiols which reduces the disulfide
bond as a result of which RSpH becomes free to react with incoming peroxide molecules.
This step is known as the recycling step. These protein thiols could be thioredoxin-
thioredoxin reductase, glutaredoxin-glutaredoxin reductase or non-physiological reductant
partners such as DTT, ascorbate etc which will act as electron donors.

To decipher the catalytic mechanism, we need to study the conformational change that occurs
in the active site in the presence of the peroxide molecule. These conformational changes
along with the changes in the nearby environment are important during the catalysis. Through
various ligand-bound Prx structures, many research groups detailed the interactions studies
such as hydrogen bonding at the active site and gained insight into the catalytic power of the
Prxs [2, 92, 131, 227, 229, 271, 343, 349].

108



3.3.8.1 Comparison of CLa-BCP with 1-Cys Prxs
The comparison of CLa-BCP sequence with the other known 1-Cys Prxs from RCSB PBD,

showed maximum similarity of 30% but with very high E-value which implicates the

sequence alignment is insignificant (Fig. 3.13 A, B). However the structural alignment of

these Prxs with CLa-BCP shows that these proteins share a similar canonical thioredoxin fold

(consists of an antiparallel beta sheet intermediate between alpha helices) and the active site

residues are highly conserved. Thus despite of low sequence similarity, CLa-BCP possesses

the same structural fold as other known 1-cys Prxs (Fig. 3.13 C).
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Figure 3.13 Comparison of CLa-BCP with 1-Cys Prxs. (A) BLAST results shows the
similarity with 1-Cys prx highlighted in square box. (B) Sequence alignment of CLa-BCP
with 1XXU (AhpE from Mycobacterium tuberculosis), 1XCC (1-Cys from Plasmodium
yoelli), 1PRX (novel human peroxidase HORF6) and 1XIY (1-Cys from Plasmodium
falciparum). (C) Structural alignment of CLa-BCP (magenta) with 1PRX (cyan), 1XXU
(blue), 1XCC (orange) and 1XIY (green) possessing same fold. Figure of structure are drawn
using PyMol visualization tool.

3.3.8.2 Comparison of CLa-BCP with other known Prxs

The previous studies reports that the active site of Prxs is composed of residues Pro, Lys, Thr,
Cys, Glu and Arg. It was found that these residues are highly conserved sequentially as well
as structurally (Fig. 3.14). The CLa-BCP sequence is more similar to other known 2-Cys Prxs
from RCSB PBD than 1-Cys Prxs. The active site residues like Pro, Lys, Thr, Cys, and Arg

are highly conserved among all the Prxs. The presence of this conserved motif region across
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all known Prxs subfamilies reflecting the importance of these residues and in catalytic
efficacy as well. Thus catalytic machinery of Prxs is much more sensitive to the assemblage

of these residues.

Thr

Figure 3.14 Comparison of CLa-BCP with other known Prxs. Structure superimposition of
CLa-BCP (magenta) with 1PRX (cyan), 1XXU (blue), 1XCC (orange), 1XIY (green), 3GKM
(golden yellow), 3DRN (lime green) having same conserved residues at active site. Figure
drawn using PyMol visualization tool.

The CLa-BCP sequence is more similar to other known 2-Cys Prxs from RCSB PBD than 1-
Cys Prxs. The active site region of CLa-BCP has a putative reactive loop with residues Thr43,
Lys40, Pro39 and Argl121 stabilizing the interaction of the substrate H,O, with sulfur atom of

peroxidatic Cys46 residue (Sp). These residues (Pro39, Thr43 and Cp) belong to the
conserved PXXXTXXCp sequence motif region of Prxs (Fig. 3.8 A, Band C). This strictly

conserved region is preceded by “YPK” motif which constitutes the Cp catalytic loop (Fig.
3.15). This loop region undergoes conformational change during the catalysis, the structural

changes have been observed in the already known FF and LU Prxs structures.
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Figure 3.15 The active Cp loop in CLa-BCP model. The a-helices (cyan) and B-sheets
(magenta) are labelled according to the common fold of all Prxs. The crucial residues like Cp
residue (white) (coloured by atom, oxygen = red, nitrogen=blue, sulfur = yellow) are shown
as sticks. The residues at active site interacting with peroxidative active Cys46 are Thr43,
Tyr38, Pro39, and Lys40 (from conserved YPK motif) and Arg121 from C-terminal constitute
the Cp loop. Figure drawn using PyMol visualization tool.

From known FF and LU structures literature have cited some of the members from eukaryotic
subfamily, are particularly sensitive to inactivation like HsPrxI and HsPrxIl [407], whereas
others, such as StAhpC, are robust [400]. It has been shown to be structural difference due to
the conserved “YF” motif at C-terminus. This YF motif groups on the opposite region of the
active site pocket beside the first turn of helix 02. The presence of YF motif thus known to
hinder the local unfolding of Cp loops after substrate binding and makes the enzyme
sensitive. As of engineered Prxs, Schistosoma mansoni [324] showed that the deletion of C-
terminal helix made an enzyme from sensitive to robust. Second region in addition to YF
motif has also been identified from higher eukaryotic organisms was GGLG sequence loop.
Though the function impart by these YF and GGLG motif not been completely characterized.
But it has been shown that point mutations within the C-terminal of sensitive Prxs are enough
to disrupt packing of the C-terminal helix [208] implicating their role in overoxidation

pathways. During overoxidation, some eukaryotic Prxs are susceptible and tends to form
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higher irreversible overoxidized species like SpO2H (sulfinic) and SpO3H (sulfonic) which

can no longer be revert back to thiols by the “normal” catalytic cycle.

The alignment of structures having more that 29% similarity shows that the Prxs structures
(pdb id 1E2Y, 4K1F, 3ZVJ and 3ZTL) are composed of a GGLG motif, which has not been
observed in our model. This GGLG motif has been elucidated to be involved in overoxidation
[400] in eukaryotes and in some parasitic bacteria Helicobacter pylori, Yersinia pestis,
Chlamydia pneumonia. Moreover its absence in bacterial Prxs and CLa-BCP clearly indicates

that they are less prone to overoxidation (Fig. 3.16 A, B).

(A)

CLUSTAL 2.1 multiple sequence alignment

CLa-BCP  ~<ccccccccccccccccccccccccccccccccnnn MTSLSVGDKAPHFVLPSND---EQ 21
3GKM] = eeeeeecccccccccccccccaan. SNAMT------ DAVLELPAATFDLPLSLSG---GT 26(38%)
3IXR|] = seeeeeccceceaas MGSSHHHHHHSSGLVPRGSHMNIGDTLNHSLLNHPLMLSG- - -ST 42(38%)
3DRN| e eeeeaieiaaaa... MVKVGDKAPLFEGIADN- - -GE 19(39%)
2YWN|A e eeeeeeeeieeeeeeaaaa.. GHMVEIGELAPDFELPDTE - -LKK 22(35%)
K1 | L e MVEIGEKAPEIELVDTD--LKK 20(33%)
L T o I e MKGLVELGEKAPDFTLPNQD--FEP 23(33%)
2CX3| = eeeeeseseeeeceecececceceeecseeasaas XKGLVELGEKAPDFTLPNQD--FEP 23(32%)
1E2Y] = eeesececcceaes XSCGAAK=-=-===ecccccccccnnnn LNHPAPEFDDXALXPNGTF 26(33%)
3ZTL| MRGSHHHHHHGMASMTGGQQMGRDLYDDDDKDRWGSTMVLLPNRPAPEFKGQAVI -NGEF 59(34%)
4K1IF| = meeeeeeceeeees MSCGNAK=-====-eccemmnnccncnan INSPAPSFEEVALMPNGSF 26(29%)
3zvd| MRGSHHHHHHGMASMTGGQQMGRDLYDDDDK - - - GSTMVLLPNRPAPEFKGQAVI -NGEF 56(34%)
3A2V] = eesessececcscccccscececcecsccceeees PGSIPLIGERFPEMEVTTDHG- -VI 23(28%)
CLa-BCP EISLLALGGSK-IVLYFYPKDDTSGCTAEAINFSSLKADFDEESTILIGISPDSIASHKK 80
3GKM| QTTLRAHAGHW-LVIYFYPKDSTPGSTTEGLDFNALLPEFDKAGAKILGVSRDSVKSHDN 85
3IXR| CKTLSDYTNQW-LVLYFYPKDNTPGSSTEGLEFNLLLPQFEQINATVLGVSRDSVKSHDS 101
3DRN| KISLSDYIGKHNIVLYFYPKDDTPGSTREASAFRDNWDLLKDYDVVVIGVSSDDINSHKR 79
2YWN|A VKL -SALKG -KVVVLAFYPAAFTQVCTKEMCTFRDSMAKFNQVNAVVLGISVDPPFSNKA 80
3HJP| VKIPSDFKG-KVVVLAFYPAAFTSVSTKEMSTFRDSMAKFNEVNAVVIGISVDPPFSNKA 79
46QC| VNLYEVLKRGRPAVLIFFPAAFSPVCTKELCTFRDKMAQLEKANAEVLAISVDSPWCLKK 83
2CX3| VNLYEVLKRGRPAVLIFFPAAFSPVCTKELCTFRDKXAQLEKANAEVLAISVDSPWCLKK 83
1E2Y| KKVSLSSYKGKYVVLFFYPXDFTFVCPTEIIQFSDDAKRFAEINTEVISCSCDSEYSHLQ 86
3ZTL| KEICLKDYRGKYVVLFFYPADFTFVCPTEITIAFSDQVEEFNSRNCQVIACSTDSQYSHLA 119
4K1F) KKISLSSYKGKWVVLFFYPLDFTFVCPTEVIAFSDSVSRFNELNCEVLACSIDSEYAHLQ 86
3zvd| KEICLKDYRGKYVVLFFYPADFTFVCPTEITAFSDQVEEFNSRNCQVIACSTDSQYSHLA 116
3A2V| KLPDHYVSQbKNFVLFSHPADFTPVCTTEFVSFARRVEDFQRLbVDLIbLSVDSVFSHIK 83
CLa-BCP FHQKHN------- LSITLLADESKEVLKSVDVNKEKSMFGKK VMbVVRTTFLIDEKbII 132
3GKM| FSAKQG------- FAFPLVSDGDEALCRAFDVIKEKNMYGKQ-VLGIERSTFLLSPEGQV 137
3IXR| FCAKQG------- FTFPLVSDSDAILCKAFDVIKEKTMYGRQ-VIGIERSTFLIGPTHRI 153
3DRN| FKEKYK------- LPFILVSDPDK--------- KIRELYGAKGFILPARITFVIDKKGII 123
2YWN|A FKEHNK------- LNFTILSDYNREVVKKYNVAWEFPALPGY - -VLAKRAVFVIDKEGKV 131
3HJP| FKEQNK-=~~-=- INFTIVSDFNREAVKAYGVAGELPILKGY - -VLAKRSVFVIDKNGIV 130
46QC| FKDENR------- LAFNLLSDYNREVIKLYNVYHED- - LKGL -KMVAKRAVFIVKPDGTV 133
2CX3| FKDENR- LAFNLLSDYNREVIKLYNVYHED- - LKGL - KXVAKRAVFIVKPDGTV 133
1E2Y| WTSVDRKHGGLGRXAIPXLADKTKAIARAYGVLDEDS------- GVAYRGVFIIDPNGKL 139
3ZTL| WDNLDRKYGGLGHMKIPLLADRKQEISKAYGVFDEED - -~ -~~~ GNAFRGLFIIDPNGIL 172
4K1F| WTLQDRKHGGLGTMAIPILADKTKNIARSYGVLEESQ------~ GVAYRGLFIIDPHGML 139
32vI| WONLDRKYGGLGHMKIPLLADRKQEISKAYGVFDEED------- GNAFRGLFIIDPNGIL 169

3A2V| WKEWIERH IPFPIIADPQGTVARRLGLLHAES------ ATHTVRGVFIVDARGVI 136
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Figure 3.16 Comparison of the CLa-BCP model (A) Sequence alignment of CLa-BCP with
known Prxs structures showed the absence of GGLG motif in most of the Prxs except 1E2Y
(tryparedoxin peroxidase from Crithidia fasiculata), 3ZTL (peroxiredoxinl from Schistosoma
mansoni), 4K1F (tryparedoxin peroxidase from Leishmania major) and 3ZVJ (high molecular
weight Prx from Schistosoma mansoni). (B) Superimposition of CLa-BCP (magenta) with
1E2Y (purple), 3ZTL (orange) and 4K1F (light green) showing GGLG motif encircled in red
colour. Figure drawn using PyMol visualization tool.

3.3.8.3 Active site (H,0; interaction with Gly, Thr, Cys, Arg and Tyr)

To identify the interaction of H202 with CLa-BCP, we compared our H202-docked-CLa-
BCP structure with the two already known ligand bound structures of Prxs. The hydrogen
peroxide bound structure of Peroxiredoxin (C207S) from Aeropyrum pernix K1 (PDB 3A2V)
has 28% similarity while Human Pdrx5 (PDB 4MMM) complexed with 1,1'-BIPHENYL-3,4-
DIOL (BP7) ligand has similarity almost same (Fig. 3.17).

CLa-EBCF = mme =M TEL FEDEAPHEVLEP SN0 --EQEISLLALEGEE IVLYFYPRDDTEECTAEAIN 52
daiv m—e—— PEZIPLIGER FPEMEVT TIH &V IFL PFDHYV R EFWEVLESHPAOETEVCTITEEVE 55
4 xm HHHEHHHSAPIEVEIA IPAVEVEFECE PENEVHLAEL FEGEE GV LEE VP GAFTPECEHTHLE £0
: rhr A . : L LIS :
CLa-EBCFE -FEELFADFDEESTILIG-I 2Pl AR RN FHOFHHL 2 ITLLADE SEEVLESEYIWVHWEER - 108
daZvw -FARRYEDFQRLEVDLIE-LIV DI EIHIRWAEAI ERHIGVR IFFPI IADPQETVARRLE 113
4 xorm EEVE A ALE A VVACL SVHLA EVTEEWE A AHFAEG- -~ ~HVELLADPFTEAFEHETD 116
& . . S T .- . .
CLa-BCFE M ECEEYMEVE TTELITEREL I-AQIHEE VT LEN HA QFV LEMVE SLER - —— ———————— 157
dazr LLHAE SATHTVREGVE INIAR GV IRTMLYYEMELEZE LVIEI LB IVEALFLEDILERAVEAD 173

4 amm LLLIDSLVEL FEHER LEREEM VD E I VER LN VER DE TELTCSL-——— ———————— 1 &l

Figure 3.17 Sequence alignment of CLa-BCP with ligand bound Prx structure.
We have assigned Oa and Og for the two peroxide oxygen atoms; where Op lies close to the
Ce-thiolate and Og is at the distal end and acts as leaving group. The positioning of O atom
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(H,0,) is 3.3 A away from Sp of CpSH (peroxidatic cysteine) residue. In the substrate-docked
structure, the substrate molecule is fitted well in the active site as required for the peroxidatic

“in-line SN2 reaction” as described earlier. The active site is very well organized in

stabilizing the transition state (Fig. 3.18).

Figure 3.18 The active site of CLa-BCP.H,0; structure. The distance of interacting catalytic
residues with OA atom of H,0; are Cys46 (3.3 A) from a2, Thr43 (2.8A), Lys40 (3.1 A) and
Arg121 (2.3 A). Figure drawn using PyMol visualization tool.

When we overlaid our docked structure conformations with the known peroxide bound Prxs
structure from Aeropyrum pernix (pdb id: 3A2V), it was observed that the positioning of NH1
atom from side chain of Arg121 residue around O atom from peroxide and Sp of peroxidatic
cysteine residue is very similar. In 3A2V structure it has been observed that the polypeptide
conformation around the active site was the same as that in the reduced form. In both 3A2V
and 4MMM one of the oxygen atoms of the ligand interacted with Cp (S and N), Val (N), Thr
(Oy) and Arg (N), and other oxygen atom of ligand interact with Val (N). The surface has a
positive electrostatic potential, which is brought by Argl26 side chain [271]. With the
conformational change, Arg126 swings away from the Cp side chain, and His42 moves near
to it. In case of modelled CLa-BCP structure, O of the hydrogen peroxide interacted with
sulfur atom of the side chain Cp46 (distance of 3.3 A) and NH-backbone atom (distance 3.4
A) of Cp46. The other atoms like NH-backbone atom Gly45, (N,), the OG1 side chain atom of
Thr43 and NH atom of side chain of Arg121 (NH.) are at a distance of 3.7 A, 2.8 A and 2.3
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A respectively. The Og atom of hydrogen peroxide also interacts with the NH-backbone atom
of Gly45 (N, 3.2 A). Comparing these distances with the already known ligand-bound Prxs
shows that H,O, interacts in a similar fashion with the CLa-BCP as well (Fig. 3.19 A, B).
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Figure 3.19 Residues representation of the CLa-BCP active site (white), 3A2V (golden) and
4AMMM (yellow) structures with the bound ligand molecule. The oxygen atoms mimicking O,

and Op of selected representative ligands are shown as red sticks. Hydrogen bonding (black
dotted lines) important for ligand binding and the other interaction like S/N of Cys-Oa, OG1
of Thr-Oa, NH1 of Arg-Oa and N atom of Gly/Val with Oa and Og of ligand/substrate are
shown. The conserved four residues responsible for stabilization of the active site among Prxs
are labeled. Figure drawn using PyMol visualization tool.

To gain more information about the Cys46 thiolate (Cp thiolate) stabilization we have
compared our docked structure with ligand (benzoate) bound structure from human HsPrxV
(pdb id: 4AMMM) [2]. In case of human HsPrxV the Cp thiolate stabilization is facilitated
through the conserved residues Thr44 and Arg127. The alcohol group of Thr44 is well placed
to form a hydrogen bond with the thiolate (“0-S = 3 A), which could limit the nucleophilicity
of the sulfur. In our case the alcohol group of Thr43 is placed at a distance 2.8 A (Fig 3.19 C).

3.3.8.4 Role of Argl121
In literature it was reported that the Arg residue close to Cp loop provides the positive

electrostatic niche in oxidation step [271]. The surface has a positive electrostatic potential,
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which is brought by Arg121 side chain. Moreover, the sulphur atom of Cys46 is in close
interaction with the NH; atom of Arg121, which is responsible for the positive charge (Fig.

3.20).
Arg 121
Glu 4 4
Tyr 38
Cys 46

Thr43y o

Figure 3.20 Surface of CLa-BCP active site. Blue and red indicate positive and negative
electrostatic potential, respectively. Hydrogen peroxide molecule on the surface of peroxide-
bound form is shown in right. Hydrogen peroxide and side chains of Cp46 and Argl21 are
shown using stick models and contributing residues responsible for Argl21 activation and
stabilisation showed in green colour. Figure drawn using PyMol visualization tool.

With the conformational change in Aeropyrum pernix: H,O, bound structure, Arg126 swings
away from the Cp side chain, and His42 moves near to it [271]. In the same manner here in
our case Argl2l could also swings away but we have Tyr38 in place of His42. Mainly
positively charged residues including His, Arg are found close to the active site cysteine [58].
It has been seen that some 1-Cys and 2-Cys Prx is likely to have tyrosine and tryptophan
residue at His position. Thus, completely conserved Arg residue played a major contribution
to the stabilization of the Cp (Cys46, CLa-BCP structure numbering) thiolate anion. Other 1-
cys prx AhpE from Mycobacterium [227] showed that an arginine residue interacts by
hydrogen bonding with Cp (~3.5 A distant) allocating thiolate stabilization, an additional
conserved trait among diverse Prxs. The charged Argl21 residue could be stabilized by

forming hydrogen bond with Glu49 from a2 helix or conformational changes in backbone

loop region of a5 and B9 (Fig. 3.21).
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Loop

Figure 3.21 Structure of the active site and substrate-binding pocket of CLa-BCP. The H,0,
substrate and the four critical residues Thr43, Tyr38, Glu49, and Argl21 around the active
site are drawn in stick form. The helices and sheets which are involve in oxidation and
undergo conformational changes shown in magenta colour.

The identification of active site residues interaction with peroxide substrate proposes the
putative role of these residues as already being discussed. First, the close proximity of active

site is not only activating the Cp to be a potent nucleophile, but is also activating the peroxide

to be attacked. Secondly, we can now noticeably propose the same roles for the three
conserved residues around the Cp which have been embarked on them. The Thr residue

orients itself via its Oy and thereby activates the O 5 atom of the incoming peroxide and could
act as an acceptor molecule. The Arg residue stimulates both the Cp-thiolate and the Op of

the incoming substrate and its side chain could act as donors. There is one difference seen
instead of conserved GIn/His residue, here in our case Tyr 38 and Lys40 from conserved YPK
motif maximally stabilizing the transition state.

From the related known structure and literature we have observed that loop between alpha
helix regions and between sheets have a strong role in peroxidation. From our predicted
structure, the loop between a2 and B3 could be responsible for local unfolding of 02 when
reacts with peroxide substrate. The longer loop between o5 and B9 could be for
accommodating incoming protein or larger peroxide molecules along with small molecule

thiols. The presence B-hairpin between 04 and 6 regulates the substrate channel accessibility
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the similar structural conformation change seen in case of X. campestris structure (pdb id:
3GKN) (Fig. 3.22).

Figure 3.22 The significance of loop region present in CLa-BCP structure. For highlighting
the loop the model showed in gray colour. The longer loop present in between a5-9
(magenta) responsible for accommodation of charged Arg residue, the small loop between 04-
B6 (blue) for substrate channelization, loop between B7-B8 (cyan) for Arg residue and the
major reactive Cp loop (orange) are shown here.

3.9 CONCLUSIONS

In order to analyze the structural integrity of CLa-BCP and CLa-BCP s7;c and to gather
information about its stability, CD spectra were recorded at room temperature in the far-Uv
region. The maximum centred at 198 nm for CLa-BCP showing predominance of [-sheets
whereas mutant CLa-BCPs7;c the broad minima centred at 208 and 223nm were indicative of
the presence of both o and B secondary structure elements. BCPs classification by Wakita

et.al, 2007 indicates that protein having C XXXXC, motif or positioning of resolving

cysteine 35bp towards C-terminal away from Cp possess both o/ structure arrangement.
Whereas a protein having no CR predominantly falls under  —group. This statement holds
true for CLa-BCP and mutant CLa-BCPs;7c, as introduction of Cys residue at 77™ position

(~31bp) away from Cp showed both a and B secondary structure elements. Sequence
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alignment also showed that positioning of introduced cysteine similar to Xanthomonas
campestris which belongs to atypical 2-Cys Prx. Oxido-reduction changes also been observed
in case of both CLa-BCP and CLa-BCPs;7¢, decrease in ellipticity has been observed in case
of oxidation. There was stable and substantial conformational changes seen when different
temperature treatment is being given to CLa-BCP. The conformational changes could be due
to random colil transition into a-helix at higher temperature, similar results were seen in case
of atypical protein disulfide oxidoreductase from Sulfolobus solfataricus [233]. First time here
we are showing conformational stability due to temperature variation. More studies needs to
be carried out to authenticate this observation. We have carried out CD experiments with
reduced form of protein because both the protein are quite stable in their reduced from as
observed from purification experiments. Similar changes has been observed when protein
over-oxidized, tends to stabilize their structure. This could be due to formation of stable
higher intermediates which locks the protein and precluded from reacting with more incoming

peroxide substrates.

Intrinsic fluorescence emission experiment of proteins by virtue of Trp residues, showed that
both the Trp residues are exposed with maximum at 341 and 347.5 nm of CLa-BCP and CLa-
BCPs77c respectively. When exposed to peroxide treatment a decrease in fluorescence
intensity was observed for both the proteins that but no appreciable shift in nm in case of
CLa-BCP. This observation led to conclusion that CLa-BCP having a single Cys residue, thus
named as 1-Cys Prx is quite different from 2-Cys Prx. These changes were reverted back by
the DTT reducing agent which implicates that reversible sulfenic intermediate formation
occurs which can be easily reverting back to thiols. In case of modification studies, one thing
is clear that active site Cys residue undergoing changes lead to structural and functional
changes.

From literature it has been reported that the functional Cys of 1-Cys prxs like TSA/AhpC, as
in ORF6 and NADH peroxidase exists in the form of sulfenic acid (Cys-SOH) as a catalytic
intermediate, which can be easily reduced to Cys-SH by DTT [58, 185, 293]. To investigate
the possibility that the functional Cys-46 of BCP could exist in the form of sulfenic acid like
those of ORF6 and NADH peroxidase, we reacted BCP with an electrophilic reagent, NBD-
Cl, as a trapping agent for Cys-SOH. This reagent has been widely used over other sulfenic
acid modifying agent like dimedone because of its capability to give characteristic spectral
peak which can be detected spectrophotometrically. It react with Cys-S-OH and Cys-SH
groups and form the corresponding thiol adducts, which have their own characteristic
absorbance maxima (347 nm for Cys-S(O)-NBD and 422 nm for Cys-S-NBD) [89]. The
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spectral analysis of NBD-Cl-treated CLa-BCP protein without DTT showed an absorbance
maximum at 347 nm (Fig. 3.5 B), suggesting the existence of Cys-SOH in CLa-BCP. While
NBD-Cl-treated mutant CLa-BCPs7;c showed a peak around 420-450 nm could be due to
formation of thioether linked NBD adduct or lack of SOH formation in case of CLa-BCPs77c.
The NBD-Cl-treated CLa-BCP protein when run on SDS-PAGE showed higher bands which
could be reaction intermediates or protein undergoes peroxide dependent oligomerisation.

On the basis of our results, we suggest the reaction machinery of CLa-BCP, involves Cysteine
sulfenic acid (Cys-SOH) intermediates which catalyzes the reduction of peroxides. Further
studies needs to be done for dissecting the reaction mechanism followed by CLa-BCP and to
that of introduced one more Cys in CLa-BCPs;7¢, that it follows which atypical or typical 2-
Cys Prx mechanism. Here we are proposing that NBD-CI reacted with a Cys-SOH should
yield either a sulfoxide or sulfenate ester product depending on whether the sulphur or the
oxygen of the Cys-SOH acts as the nucleophilic center. This basis could be further explored
through mass spectrometry analysis which is most sensitive one to detect a difference of 1Da,
thus can detect a difference of 16 amu between the thiol adduct, Cys-S-NBD, and the sulfenic
acid adduct, Cys-S(O)-NBD (in case of oxidized form of protein).

The initial crystallization of CLa-BCP with crystal screens, we could not able to get crystal.
Through several attempts here we have observed that crystal of CLa-BCP grows in the
presence of DTT but sea-urchin like thus could not get diffracted well. But one concluding
remark was that for CLa-BCP crystal formation is that, presence of DTT in reservoir buffer is
much needed. A noteworthy perfection in crystal properties was attained by adding 0.1 %
(w/v) agarose to the reservoir solution before mixing it with the protein. For getting better
diffraction of obtained crystal the presence of very low percentage of ethylene glycol and
annealing was of utmost importance.

From comparative sequence analysis of CLa-BCP it has been seen that, it is more closely
related to that of alkylhydroperoxide reductase followed by 2-Cys Prxs instead of having only
1-Cys i.e. peroxidatic Cys at 46™ position. Multiple sequence alignment (MSA) was showed
that CLa-BCP possess highly conserved PXXXT/SXXC motif. Phylogenetically CLa-BCP
was clustered with plant symbiotic and pathogenic bacteria BCPs. MSA for knowing the
structural similarity with other known Prxs further enhanced by Esprit server. It was observed
though not having so much similarity in sequence the CLa-BCP do have significant structural
similarity with characteristics common Thioredoxin fold.

To find out the molecular attributes answerable for the catalytic properties of CLa-BCP, a
careful analysis has been done using predicted model, which was shown to have 88.7% of
favoured residues checked through PROCHECK server. It was observed that CLa-BCP shares
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a high level of structural similarity in the catalytic motif region with C-terminal residue
especially Arginine. CLa-BCP model shown to have characteristic Thioredoxin fold consists
of central B twist (cradle) formed by anti parallel B5, B4, B3, B8, B2 and B1 with a backbone
support of 02-a3-a5 helix. Some small differences are also being observed in C-terminal
consensus sequences i.e. GGLG sequence whose importance has been discussed in interaction
studies with hydrogen peroxide substrate.

Through interaction studies via docking we could able to proposed that CLa-BCP also follows

the basic Sp2 displacement reaction when reacts with HpO2 It was found that residues like

Pro39, Lys40, Thr43, Cys46, and Argl2l at the active site are highly conserved both
sequentially and structurally. This study showed that highly conserved “YPK” motif which
not only constitutes the Cp catalytic loop but have remarkable impact on “Arg” and Cp
thiolate stabilization. In literature it has been discussed that eukaryotic Prxs prone to
overoxidation and the probable reason was the presence of YF and GGLG sequence loop at
C-terminal. Through our interactive studies we have seen that CLa-BCP model does not have
GGLG sequence loop thus could not be easily attacked by peroxide substrate to make it
sensitive. The surface has a positive electrostatic potential due to the presence of active
Argl121 residue is also being seen, and interacting residues responsible for activating Arg
residue. In our model, instead of His residues as seen in most of the Prxs we have Tyr38 to do
the role along with Glu49. The observe distance from Oa of the hydrogen peroxide in docked
structure it was shown, that the active site is very well organized in CLa-BCP model for
stabilizing the transition state. How the interaction takes place, and how the flipping of loop
or conformational changes occurred in 02, a3 and a5 backbone. From known structures and
their conformational changes occurred after interacting with ligands/substrates here we have

managed to propose the significance of loop present in CLa-BCP structure.

SUMMARY

This thesis work intend to decipher the biochemical and biophysical properties of a
peroxiredoxin protein, an antioxidant system from Candidatus Liberibacter asiaticus (CLa-

BCP) which cause vicious citrus Huanlongbing disease in citrus plants. The present study
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could be explored for developing new control strategies by obstructing antioxidant machinery

of bacteria. The conclusions of the study are as follows:

X/
L %4

X/
L X4

X/
L X4

X/
L X4

X/
L X4

CLa-BCP exhibits a significant sequence similarity with alkyl hydroperoxide
reductase from various pathogenic and plant symbiotic bacteria. It possess conserved
PXXXTXXC motif as found in other peroxiredoxins family of proteins.

1-Cys peroxiredoxin (CLa-BCP) having single CpSH /sulfenic acid cysteine (C-47),
was successfully cloned, over-expressed and purified to its homogeneity. CLa-BCP
shown to have concentration dependent oligomerisation behaviour.

The introduction of non-conserved resolving cysteine at 77" position, CLa-BCPs77c
variant results into significant change in the property of the protein. The variant form
CLa-BCPs77¢ is forming intermolecular disulfide bond thus shown to be dimeric in
nature. The protein tends to aggregate in its native state while in reduced condition is
quite stable.

The free thiol content determination using DTNB reagent showed that, 1uM of
reduced protein is having 350 X 10” M free sulfhydryl while there was no absorbance
seen in case of oxidised form of protein. Both the proteins when pre-reduced with 5eq
of Thioredoxin (TrxA), a natural reductant for Prxs proteins, 50 X 10° M free
sulfhydryl present in 1uM of protein. In conclusion, protein has free thiols only in its
reduced form and exhibits thiol dependent reduction demonstrated by using natural
reductant thioredoxin (TrxA).

From peroxiredoxin and peroxidase assays against varied substrates showed that CLa-
BCP is much more effective even at its lower concentration using non-physiological
electron donor DTT. Secondly, data represents that DTT could be potent reductant for
CLa-BCP effective in reducing the sulfenic acid intermediate, C,SOH forms during
oxidation.

Both CLa-BCP and CLa-BCPs77¢c shows the protective effect through its DNA binding
ability towards oxidative damage of DNA. On the basis of cell line based assays, both
the proteins plays an important defensive role against H,O, induced cell killing
effectively. Both the protein possesses in-vitro antioxidative property turns out to be
potent scavenger of ROS.

Biophysical analysis by CD experiments shows that CLa-BCP is of predominance of
B-sheets structure. While mutant CLa-BCPs77c is indicative of the presence of both a
and B secondary structure elements. CLa-BCP shown to possess conformational
stability towards temperature variation. Both the proteins tend to stabilize their

structure when over oxidized. Fluorescence experiments shows that reversible sulfenic
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intermediate can be easily reverting back to thiols using DTT as a reducing agent
which has been already observed in biochemical assays.

From functional cysteine assay using NBD-CI, an electrophilic reagent showed that
Cys-46 of CLa-BCP could exist in the form of sulfenic acid (Cys-SOH) intermediate
for catalyzing the reduction of peroxides. Protein undergoes peroxide dependent
oligomerisation as showed in gel filtration experiments as well.

For CLa-BCP crystallization presence of DTT and low percentage of agarose in
reservoir buffer is required. For getting better diffraction of obtained crystal the
presence of very low percentage of ethylene glycol and annealing is of utmost
importance.

CLa-BCP model have characteristic Thioredoxin fold consists of central  twist
(cradle) formed by anti parallel B5, B4, B3, B8, B2 and B1 with a backbone support of
02-03-a5 helix.

Through interaction studies via docking it was found that residues like Pro39, Lys40,
Thr43, Cys46, and Argl21 at the active site are highly conserved, very well organized
and constitutes the catalytic Cp loop. By analyzing the active site geometry as well as
hydrogen bonding arrangement that adds to substrate binding and catalysis, we give
you an idea about the conserved Prx active site. This active site could activate both

the Cp-thiolate and the peroxide substrate, to facilitate the reaction and best possibly
coordinated to alleviate the transition state of the S 2 displacement reaction. Tyr38

and Glu49 residues responsible for activating Arg residue instead of His as seen in
most of the Prxs.

Through comparative studies we have shown that CLa-BCP model does not have
GGLG sequence loop thus could not be easily attacked by peroxide substrate to make

it sensitive.

From literature understanding along with biochemical and in-silico studies revealed that the
Prxs are not just indispensable as crucial antioxidant enzymes moreover they are required for
cellular signaling regulation as well. The prevalent significance of these dual properties

makes characterization of the Prxs essential for developing antimicrobials.
Future work

There are lot of things which remain unexplored during this thesis work and needs to be done

there are some here summarized below:

In future, kinetic parameters of CLa-BCP need to be measured against each substrate.
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Interaction studies of CLa-BCP and CLa-BCPs77¢c with known reductant partner TrxA
needs to be done through ITC experiments.

The exact mechanism that CLa-BCP and CLa-BCPs77c follows needs further
exploration through MS studies and crystallographic analysis.

A mutational study which includes mutating key residue (Cys-46) might perform to
confirm the role exhibited by Cys-46 residue so far in relation to its peroxidase and
protective activity.

Lastly from the analysis and collective information from ligand bound structures of
Prxs, we proposed that molecules which can mimic the substrate binding may results
into effective competitive inhibitors for Prxs. Thus structure based drug designing by
screening those molecules can be performed.
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APPENDIX
CHARACTERIZATION AND CLONING OF AN 11S GLOBULIN WITH
HEMAGGLUTINATION ACTIVITY FROM MURRAYA PANICULATA

Al Introduction

Plant seed proteins play an important role in human and animal nutrition by providing the
major share of dietary proteins and are categorised as storage, structural and biologically
active proteins. Globulins are large globular proteins that constitute an indispensible part of
the plant seed due to their ability to act as nutrient source for emerging embryos during seed
germination [39]. The seed storage proteins of different species have been studied in detail
from the turn of the century, when Osborne in 1924 classified them into four groups on the
basis of their extraction and solubility characteristics: albumins, globulins, glutenins, and
prolamins [34]. In addition to the role of globulins as seed storage proteins, they have been
shown to have secondary activities such as protease inhibitor activity, insecticidal activity,
chitin-binding [9] and lectin-like activity [21]. Globulins have also been implicated to play a
defensive role in plant pathogenesis [33]. Many seed storage proteins have also been found to
have regulatory roles for example amandin from almonds [1], 11S globulins from
Amaranthus [40], dehydrin like protein from cauliflower, arabidopsis and lupin [40], basic 7S
proteins from soybean [25] etc. A family of antimicrobial peptides is produced by processing
of a 7S globulin protein in Macadamia integrifolia kernels [29]. Globulins belonging to the
class 11S are the most prevalent forms and identified as the major food allergen [2]. Globulins
are oligomeric proteins in which each subunit of the protein consists of a heavy, acidic (o)
chain and a light , basic (p) chain, which are processed from a precursor peptide possessing a
hydrophobic amino-terminal leader peptide that is absent in the mature protein. A single
disulfide bond is formed between the linked A and B chain regions of the resulting
proglobulin. The globulins are the most widely distributed group of storage proteins; they are
present not only in dicots but also in monocots and fern spores [41]. They can be divided into
two groups based on their sedimentation coefficients (S 20.w): the 7S vicilin-type globulins
and the 11S legumin-type globulins. Both groups show considerable variation in their
structures, which results partly from post-translational processing. In addition, both have
nutritional significance in that they are deficient in cysteine and methionine, although 11S
globulins generally contain slightly higher levels of these amino acids. Because of their

abundance and economic importance, seed storage proteins were among the earliest of all
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proteins to be characterized. The Cupin superfamily was identified by Dunwell [13] and has
the most functionally diverse folding patterns described to date, comprising both enzymatic
and nonenzymatic members. These include helix-turn-helix transcription factors, AraC type
transcription factor, oxalate decarboxylase, auxin-binding protein, globulins, etc. Many
proteins of this superfamily have functions and chemical properties with a great influence on
plant physiology; like related oxalate oxidase is involved in pathogen activities and germin-
like proteins, apoplastic, glycoproteins are remarkably protease resistant because of their
cupin fold. According to [14, 15] the cupin domain comprises two conserved motifs, each
corresponding to two [ strands, separated by a less conserved region composed of another
two B strands with an intervening variable loop. The characteristic conserved sequence in
motif 1 and 2 is G(X)5 HXH (X)3,4 E(X)6 G and P(X)4H(X)sN respectively where (X is any
amino acid). These core B-strands in cupin family members are denoted as BC-BH, in analogy
with the notation first used for viral capsid proteins and subsequently adapted for application
to the jelly-roll B-barrels of phaseolin [28] and canavalin [23]. The identification of metal
binding residues in cupin proteins was first accomplished with the structure of germin, a Mn?®*
containing oxalate oxidase in plants. The Mn? * in germin was coordinated in a tetrad with
three histidine residues and one glutamate site [46]. The Cupin superfamily is very large with
diverse functions like cupins are involved in enzymatic activities such as oxalate oxidase,
decarboxylase, dioxygenases, etc. Also, lignin processing is highly dependent on oxidases and
peroxidases (cupins). A related class of cupins is the auxin binding proteins, which do not
show catalytic activity but work as signal transducers in plant cells.

Murraya paniculata is a tropical, evergreen plant, which is grown as an ornamental tree
or hedge belongs to rutaceae family. Murraya bears small orange to red fruit resembling
kumgquats. The crude ethanolic extract of leaves of Murraya paniculata has antidiarrhoeal
[38], antinceptive [36], antioxidative and anti-inflammatory activities. In many parts of Asia,
the twigs are chewed and used as a natural toothbrush. The shrub’s astringent qualities [17]
have been used to treat bleeding wounds and dysentery, joint pain and body ache. M.
paniculata is most preferable host of psyllids as confirmed by field observation and
laboratory studies but yet not clear that whether it will serve as substitute host for
Liberibacters [19, 43, 49]. Some reports [20] mentioned that it might be able to serve as
reservoir host for CLAs. In present study, we report isolation; purification, characterization
and gene cloning of globulin protein from M. paniculata seeds. The present study
demonstrated that M. paniculata globulin (MPG) belongs to 11S globulin seed storage family

and possesses a characteristic bi-cupin motif and a putative metal binding pocket.
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A2 Materials and methods

A2.1 Materials

Buffers, acids or bases, and salts were purchased from Sigma-Aldrich Corporation, St. Louis,
MO USA; BioRad Laboratories, Hercules, California, USA; Himedia Laboratories India
Private Limited, Mumbai, India; Merck Limited, Worli, Mumbai, India. Hiload superdex 200
16/60 columns and HMW Calibration kit were obtained from GE Healthcare, AB Uppsala,
Sweden. Amicon ultra concentrator, PVDF (Polyvinylidene Fluoride) membrane and millex
syringe filters were from Millipore Corporation, Billerica, MA. Dialysis membrane with 3500
Da cutoff was from Pierce, Rockford, USA. Dry seeds of M. paniculata were obtained from
II'T premises. The dry cotyledons were milled with a mortar and pestle.

A2.2 Purification of MPG

The mature, dry seeds of M. paniculata, were used for the purification of the protein. The
seed extract obtained after soaking and grounding of mature seeds (20 g) overnight in 0.05M
of Tris-HCI , was filtered and centrifuged for 30 min at 18000 x g. The clear supernatant
obtained after centrifugation was subjected to pre-equilibrated (with 0.05M Tris, pH 8.0)
affinity Cibacron Blue 3GA column (Sigma). The desired protein was eluted with a step
gradient of NaCl in same buffer (0.1, 0.3, 0.5, and 1M). The desalted protein was
concentrated to 10 mg/mL using 10kDa cutoff membrane (Amicon Ultra 15). The
concentrated protein sample was gel-filtered on a pre-equilibrated HiLoad 16/60 Superdex
200 (GE Healthcare) with 0.05M Tris-HCI buffer, pH 8.0.The size-exclusion column was
calibrated with gel filtration HMW calibration kit containing thyroglobulin, (669 kDa),
ferritin (440 kDa), aldolase (158 kDa), conalbumin (75 kDa) and ovalbumin (44 kDa) for
construction of the standard curve and estimation of molecular weight of the purified protein.
Protein concentration was estimated by standard dye-binding method using bovine serum

albumin as standard [3].
A2.3 Native and SDS-PAGE analysis of MPG

SDS-PAGE analysis of MPG was performed according to Laemmli [26] under reducing and
non-reducing conditions. The relative molecular mass of MPG was estimated from a 12%
SDS-PAGE. The purified MPG was analysed for subunit composition on SDS and native-
PAGE in various conditions. In SDS-PAGE, the heated and non heated protein samples were
analysed using sample buffer having both SDS and BME, only SDS, only BME and neither
SDS nor BME. On native PAGE, heated and non heated protein samples were analysed
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where sample buffer contained both SDS and BME ,only SDS, only BME and neither SDS nor
BME. The heat treatment at 95 °C for 5 min has been given to MPG.

A2.4 Amino acid sequencing of MPG

The N-terminal amino acid sequencing of acidic and basic subunits of MPG was performed
by Edman degradation on an automated protein sequencer (model PROCISE 491 cLCs) at the
protein sequencing facility of IMTECH Chandigarh, INDIA.

For internal sequencing, the Coomassie blue-stained protein bands were excised from the
corresponding SDS polyacrylamide gels and destained with methanol: acetic acid solution
without the dye for approximately 6 h, changing destaining solution 3-4 times. Mass
spectrometric analysis of the purified protein was performed on 4800 plus MALDI TOF/TOF
mass spectrometer (Applied Biosystems/MDS SCIEX) at NBRI Lucknow, INDIA. Peptides,
fragmented to generate MS/MS spectra were used for protein identification through
MASCOT search and de novo sequencing of the peptides. Sample preparation protocol for

protein identification through MS/MS was followed as reported [42].

A2.5 Chemical modification of trypsin digested protein by SPITC for De novo sequence

When a protein is novel or having some amino acid variation in protein sequence of known
proteins than sequencing of the protein is only method to identify the sequence of peptides.
Unidentified protein band was chemically modified at its N-terminal by SPITC derivatization
and processed for mass spectrometric analysis. A solid phase derivatization method of tryptic
peptides was used to prepare N-terminus sulphonated peptides. C18 uZipTip (Millipore) was
used as solid support and was equilibrated with 50% acetonitrile containing 1% TFA by slow
aspiration and de-aspiration cycles. It was further equilibrated with 0.1% TFA. The finally
equilibrated tips were used to bind the peptides (dissolved in same solution 0.1% TFA) with a
minimum of 15 cycles and washed with deionised autoclaved water. Further, bound peptides
were treated with 4-Sulfophenyl isothiocyanate (2.55 mg/ml in 50 mM Tris-HCL buffer, pH
8.2) by carefully aspiration of the solution so that the presence of air bubbles in between of
solution and peptides are avoided. Filled ZipTip is ejected in to a 1.5 ml eppendorf tube
containing 50ul of the same SPITC solution. Tube was caped and kept at 50°C for 2 hour.
ZipTip was again washed with 0.1% TFA and eluted in 20 pul of 80% ACN containing 0.5%
TFA. Eluted sample was lyophilised completely, re-suspended in 5ul of 50% ACN containing
0.5% TFA solution and analyzed on MALDI platform following . DOI: 10.1002/rcm.1280.
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A2.6 Hemagglutination assay

The hemagglutination activity (H.U.) of purified protein MPG and its basic subunit alone was
tested against human erythrocytes by standard serial dilution technique in a multi-well
Microtiter plate as described earlier [27] with little modification. Blood samples (1 mL
volume) of different blood types (A, B, O) were taken in centrifuge tubes containing 6 %
EDTA as anticoagulant in 3 mL of phosphate buffer saline (PBS), pH 7.2. The mixture was
then centrifuged at 1000 x g for 5 min at 4 °C. Supernatant was discarded and the cell pellet
was diluted and resuspended in 10 mL of PBS buffer. Dilution and centrifugation steps were
repeated until the supernatant was clear. Finally, erythrocytes were resuspended in PBS buffer
to make a 3 % (v/v) blood suspension. Then, 50 uL of 3 % suspension of human red blood
cells were treated with 50 pL of (between 10 pg mL™ and 100 pg mL™) protein sample. The
agglutination reaction was assessed after 1 h incubation at 37 °C. BSA was used as a negative
control for the assay. Erythrocytes Cells were finally observed under 277 fluorescent

microscope (Axiovert 25; Zeiss, Germany) using 20X magnification.

A2.7 Far-UV CD and intrinsic fluorescence studies

For analysis of secondary structure content, purified MPG dissolved in 0.02M potassium
phosphate buffer, pH 8 was subjected to CD using Chirascan™ CD Spectrometer (Applied
Photophysics,UK) [31, 48]. To record spectra, 0.2 mg/mL protein was used in 1 mm quartz
cell under constant nitrogen purge. CD spectra was collected between 190 to 240 nm in 0.1
nm wavelength steps at an average time of 3.0 s at 25 °C .Three data sets were recorded and
then average CD spectra were used for analysis. The CD data were expressed in terms of
mean residue ellipticity. The data obtained was analyzed using the web based DichroWweb
software [45] and the neuronal network program CDSSTR. Effect of temperature (20 °C to
100 °C) on the secondary structure content of MPG was examined. Effect of pH was also
analyzed by incubation of purified MPG with different buffers (pH 2-3, glycine-HCI; pH 4—
5, sodium acetate; pH 6-8, phosphate; pH 9, borate and pH 10-11, Glycine-NaOH) at 25°C

followed by the far-UV CD measurements.

For studying the unfolding of native protein and effect of various chemical denaturants,
fluorescence studies were carried out using urea, guanidine hydrochloride (GuHCI), SDS and
dithiothreitol (DTT). Purified protein (50 pg/mL) in 0.02M phosphate buffer, pH 8.0 filtered

through 0.45 pm Millex syringe filter was used. Protein was excited at 280 nm and emission
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wavelength spectra were recorded at 290-400 nm using Fluorolog®-3 spectrofluorometer
Jobin Yvon Inc (USA) at constant temperature (25 °C). Emission slits were at 5 nm and
quartz cuvette of 1 cm path length was used. Fluorescence measurements were also performed
to study the effect of pH on MPG. The protein samples were incubated overnight with urea
(0.05 to 5M) or GuHCI (0.05 to 5M), 2 h with DTT (0.001 to 0.01M) and 2 h in the pH range
from 2 to 11 at room temperature.

A2.8 Cloning and bioinformatic analysis of MPG

Total RNA was extracted from the mature leaves of plant and reverse transcribed for cDONA
synthesis. The reaction was carried out in two steps: cDNA synthesis and PCR amplification.
First amplification was done with forward primer designed on the basis of the signal sequence
of citrin, as obtained de-novo sequence of purified MPG through mascot search showed
higher similarity to that of citrin protein, and poly A-tail as the reverse primer without any
success in getting desired results. Therefore, the reverse primer was designed from the
internal sequence, obtained after de novo sequencing, towards the carboxy-terminal of the
protein. Thus, signal sequence of citrin and N-terminal sequences of the 21 kDa basic subunit
were used for designing of forward primers and a de novo sequence towards the C-terminal
end was used as reverse primer. The nucleotide sequences of forward and reverse primers
respectively, are: (1) MPF 5°- ATGGCTTCTTCTTCTTTGCTCTG -3-23bp, (2) MP21F 5°-
GCTTCGAGGAAACTATCTGTACAATGAA-3’-28bp, (3) REVMP 5'-
TTGAATGATATCCACTCC -3' -18bp. The amplified product was cloned in to a pGEMT-
easy vector.

Deduced amino acid sequence of cloned MPG was used as an input for BLAST search to

retrieve the homologous sequences from NCBI database (http://www.ncbi.nlm.nih.gov/).

Sequence search was made against the ‘nr’ database. Multiple sequence alignment of these
sequences was done with the Clustalw program using the default parameters. For

phylogenetic tree genration, sequences were submitted in the Phylogeny.fr online server

(http://www.phylogeny.fr) which aligns the sequences with Muscle (v3.7) to the highest
accuracy. Gblock (v0.91b) algorithm implemented in server further removes the ambiguous
region in the alignment [11]. Finally, the phylogenetic tree was reconstructed by Phylum
program (v3.0 a LRT) using the maximum likelihood method. Next the sequence after
removing signal sequence was submitted to mGenThreader
(http://bioinf.cs.ucl.ac.uk/psipred/) for the fold recognition. Both PSI-BLAST and

mGenThreader returned hits with the x-ray structure of 11s globulin protein pdb id: 2E9QA,
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3QAC, 2EVX, 3KGL, 3KSC having similarity of almost 40-50%. From the cloned sequence,
model has been generated using Phyre2 (Protein Homology/AnalogY Recognition Engine)
server [22]. Homology models of MPG were generated by comparative modeling method
implemented in program MODBASE [35]. MODBASE server uses input sequence alignment
with related template structure, and generates a refined 3-dimensional homology model of the
query sequence. The best model of MPG was selected on the basis of the lowest DOPE score.
Stereochemistry ~ of  the  selected model was  checked by  SAVES

(http://nihserver.mbi.ucla.edu/SAVES/). Steric clash in structure/models, characterized by

unphysical overlap of the newly positioned side-chain atoms with other side-chain and
backbone atoms, is one of the prevalent artifacts in homology modeling. These steric clashes
were further removed by energy-minimization of the homology models on Swiss PDBViewer
(SPDBV) version4.1 that uses Gromos96 force field to compute energy and execute energy

minimization. This energy-minimized model was further validated by SAVES.
A3 Results
A3.1 Purification and amino acid sequencing of MPG

The purification of MPG was accomplished in two steps using affinity and size-exclusion
chromatography. The protein was bound onto the affinity column and was eluted with a salt
(NaCl) gradient. Almost pure protein was eluted at 0.1 M NaCl. It was further purified on a
gel filtration column and the target protein eluted in a major peak at an elution volume of 60
mL in 0.05M Tris- HCI buffer, pH 8. The relative molecular mass and purity of MPG was
analysed on a 12% SDS-PAGE under reducing condition. The SDS-PAGE analysis revealed
the hetrodimeric nature of MPG with apparent molecular mass of two major subunits found to
be ~35 kDa and ~21 kDa referred as higher acidic (o) and lower basic (B) subunits
respectively (Fig. Al, A).

The oligomerization state of MPG was analyzed on a gel filtration column. The analysis on
gel filtration column showed that elution volume for MPG corresponded to ~150 kDa when
compared with gel filtration molecular weight standards (Fig. A1, B) which implicates it to be
exists in a trimeric form. Fractions of the major peak containing pure protein were pooled

and concentrated to about 20 mg mL™.
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Figure Al. The purification and PAGE analysis of MPG. A) A 12% reducing SDS-PAGE
analysis of purification on Cibacron Blue 3GA affinity column: Lane 1, crude extract after
extraction from seeds; Lane 2, flow through (FT) from column ; Lane 3, wash fraction ; Lane
4, 0.IM NaCl eluted fraction; Lane 5, molecular weight marker. B) Size-exclusion
chromatography profile, where major peak corresponds to ~150kDa.

The estimated yield of purified MPG protein was about 6mg.g™ of seeds (data not shown).
Interestingly, it was observed that the acidic subunit () in the heterodimer degrades after one
week (data not shown) despite using protease inhibitor cocktail whereas the 21 kDa basic
subunit is very stable. There is no report of degradation of acidic subunit in literature,
however, in vivo as well as in vitro limited proteolysis produces several high-molecular-mass

fragments from both the 7S and 11S globulin subunits [16] and [27] have been reported.

Attempts to separate and purify two subunits under native and denaturing conditions did not
succeed except in the presence of both SDS and BME under denaturing conditions. The
purified MPG was analysed on native and 12% SDS-PAGE in various conditions. The heated
and non heated protein samples were analysed using sample buffer having only SDS, only
BME, both SDS and BME and no SDS or BME. In SDS-PAGE, the addition of both fME and
SDS in sample buffer led to the complete dissociation of MPG into polypeptides of ~35 kDa
and ~21 kDa (lane 2-3) (Fig. A1, C). Under non-reducing conditions (in presence of SDS but
no BME (lane 4-5); in absence of both BME and SDS (lane 8-9) in sample buffer, a major
band of ~56 kDa with minor bands at ~42 kDa and ~35 kDa were observed. In case of
reducing condition without SDS in sample buffer (lane 6-7), an increase in intensity for
bands corresponding to the two subunits 35 kDa and 21 kDa was observed with slight
decreased intensities of the 56 kDa and 42 kDa bands.
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In native PAGE, heated and non heated protein samples were analyzed where sample buffer
contained no SDS or BME, only BME, only SDS, and both SDS and BME. In case of native
PAGE, only one band was observed in the absence of BME and SDS (lane 1-2) and even in
the presence of BME but without SDS (lane 3-4). However MPG tends to get apart in the
presence of SDS (lane 5-6) and SDS and BME (lane 7-8) (Fig. Al, D).

©
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Figure Al. C) A 12% SDS-PAGE profile in different conditions: Lane 1, molecular weight
marker; Lane 2-3, non heated and heated purified protein respectively in the presence of
reducing agent and SDS; Lane 4-5, non heated and heated purified protein respectively in the
absence of PME but with SDS; Lane 6-7, non heated and heated purified protein respectively
in the presence of reducing agent BME but no SDS; Lane 8-9, non heated and heated purified
protein respectively in the absence of both reducing agent and SDS. D) Native-PAGE analysis
of MPG: Lane 1-2, non heated and heated purified protein respectively in the absence of both
reducing agent and SDS; Lane 3-4, non heated and heated purified protein respectively in the
presence of reducing agent only; Lane 5-6, non heated and heated purified protein respectively
in the presence of SDS only; Lane 7-8, non heated and heated purified protein respectively in
the presence of reducing agent and SDS.

Purified MPG was electro blotted onto PVDF membrane from reducing SDS-PAGE gel and
N-terminal sequence of the globulin was determined. The N-terminal sequence determined for
acidic subunit was ITREEE/RQQXQQ and for basic subunit was GIEETLXTM/TM/KL. The
partial internal sequencing using mass spectrometry was performed. De novo amino acid
sequence of internal peptide of the subunits constituting MPG was obtained
(KEL/ITVFTPGAR and AFNVNVI/LVI/LQR) after chemical modification of the peptide
(Fig A2, A). Mascot search was performed against obtained internal sequence and the results

(Fig A2, B) showed higher similarity to that of Citrin, an 11S seed storage protein.
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then proteolytically cleaved after disulfide bond formation.(B) Mascot search showed higher
similarity to that of Citrin from citrin sinensis.

A3.2 Hemagglutination Activity of MPG

Hemagglutination activity was detected in seed extracts of M. paniculata and it was measured

on purified MPG and stable basic subunit using human erythrocytes from three blood groups

(A, B, O). Purified MPG protein and its basic subunit as well showed lattice formation of the

erythrocytes of all the blood groups (Fig. A3). Absence of such activity for BSA used as a

negative control confirmed that MPG was indeed responsible for the hemagglutination

activity.
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Figure A3. Hemagglutination Activity of MPG. Purified protein containing both subunits and

only basic subunit with maximum dilution showed lattice formation of the erythrocytes of all
the blood group. BSA is taken as a negative control. Right panel showed dilution used for

experiment.
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A3.3 Far-UV CD and intrinsic fluorescence studies

Far-UV (190-240nm) CD spectroscopy studies were performed for secondary structure
analysis and conformational stability of protein at different temperature and pH (Fig. A4, A).
CD spectra of native protein showed maximal negative mean residual ellipticities [0] near 210
nm characteristic for 11S globulin proteins. CDSSTR yielded a structural content of 27 %
sheets and 18 % a helix with an equal percentage of 3 turns and random coil. Nevertheless, an
increase in B sheets (31 %) and o helix (27 %) was noted at higher temperatures showing
subtle conformational changes (Fig. A4,A). The CD spectra of MPG revealed a predominance
of o helical structure (31 %) as compared to B sheets (25 %) at higher pH with no

considerable change in 3 turns and random coils (Fig. A4, B).
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Figure A4. Far UV CD analysis of MPG. A) CD spectra of the protein at concentrations of 0.2

mg/mL, in 20 mM potassium phosphate buffer, pH 8.0 at different temperatures. B) CD
spectra of MPG in different pH conditions.

The conformational stability of MPG in different conditions was examined by fluorescence

measurements. Fluorescence emission spectra of native MPG protein showed emission Amax
was 330 nm. The behaviour of MPG at different pH indicated that the protein is
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conformationally stable in the pH range of 5 to 10 (Fig A5, A). The spectra at lower pH
showed distinct decrease in the fluorescence emission intensity and redshift (15 nm at pH 2)
was observed. However, there was no significant change in respect to intensity and shift in
wavelength observed in the presence of NaCl up to IM (Fig A5, B).

The effect of reducing agents DTT and BPME were carried out at different concentrations. A
small shift of 10 nm from that of native protein was observed in 0.01M DTT. A decrease in
the fluorescence emission intensity with increasing DTT concentration was observed (Fig A5,
C). A slight decrease in fluorescence intensity at Amax for MPG was observed in case of BME
(Fig A5, D). It appears that although SME treatment may potentially break disulfide bonds in
11S, overall conformational structure of 11S is not significantly altered because of
involvement of noncovalent interactions (hydrophobic interactions and salt bridges) in
stabilizing the protein. However, the progressive decrease of fluorescence intensity which is
consistent with unfolding was more intensive with SDS even at lower concentration (10 mM)
(Fig A5, E).

To study the conformational unfolding of the native protein, protein denaturant such as
guanidinium chloride (GuHCI ) and urea were used. A red shift was observed and the Amax Of
protein in 5M GuHCI and urea was 355nm and 360 nm respectively (Fig A5, F, G), is a
characteristic of fully exposed tryptophan residues in presence of denaturants. There was an
abrupt but significant increase in fluorescence intensity at Amax Was observed even at lower
concentration of urea It could be due to the existence of folding intermediate(s) of 11S (Fig
A5, G). The percentage of protein denaturation (% D) was determined by eq 1: (%D) = (I -
11)/ (lp) x100. In eq 1, lo and I1 are the fluorescence intensities of native and denatured
protein, respectively. The % D was measured after incubation of globulins with a denaturant

for overnight (Al.Tablel).
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Figure A5. Fluorescence emission spectra of the purified protein (50pug/mL) in 20 mM
phosphate buffer, pH 8.0 under native and denatured conditions. (A) Effect of pH on the
intrinsic fluorescence of MPGlobulin. (B) Spectra in the absence and in the presence of
increasing concentration of NaCl. (C), (D) Fluorescence spectra in the absence and in the
presence of increasing concentration of DTT and BME respectively. (E) Fluorescence spectra
in the absence and in the presence of increasing concentration of SDS. (F), (G) Fluorescence
spectra in the absence and in the presence of increasing concentration of GUHCI and Urea
respectively.

Table Al. Fluorescence Properties of MPGlobulin native protein

Denaturant | Conc.of denaturant, M | %D Shift, nm
SDS 10x107° 49.4% 340
GdHcl 5 46.7% 355

Emission spectrum of native globulin has maximum at 333nm.
A3.3 Cloning and sequence analysis of MPG gene

The cDNA synthesis was accomplished using total RNA isolated from leaves of plant.
Although globulin predominance in seeds is easily recognized, there is an aspect of these
proteins in mature leaves as well [30]. The MPG gene was cloned in TA cloning vector
(PGEMT-Easy) and sequenced. The 1425 bp long amplification product includes signal
sequence and mature protein with sequence for ~22 amino acids at the C - terminal of 21 kDa
basic subunit missing (Fig. A6, A). The partial gene sequence has been submitted to the NCBI
gene bank database with accession no. KJ508183.

atggcgagcagcagcctgctgtgctttggectgtgetttcectggtgetgtttaacgegtge
M A §S §$ §S L L C F GL C F L V L F N A C

tttgcgcagattgaacaggtgaccggcattacccgcgaagaacgccagcagcgeccagcag
F A QO I E Q VvV T G®MI T R E E R QO Q R Q 0

cgccagcgctttcagacccagtgcaactttcagaacctgaacgcgctggaaccgcagecag
R ¢ R F @0 T 0 C N F O N L N A L E P Q Q
aaagtggaaagcgaagcgggcgtgaccgaattttgggatcagaacaacgaacagctgcag
K v € S E A G V T E F W D O N N E O L Q
tgcgcgaacgtggcggtgtttcecgeccatcgecattcagcagecgeggectgetggtgecggeg
¢c ANV AV F R HUR T OQ QR G L L V P A
tataccaacaccccggaaattttttatgtggtgcagggcagcggcattcatggecgeggtyg
Yy T ~n T P E I F Y V V QO G S G I H G A V
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tttccgggctgecgecggaaacctatcaggatageccagcagcagcagagectttcagggecage
F P G C A E T Y Q D S Q Q O @ S F Q G S
cgcagccaggatcagcatcagaaagtgcgccagctgcgcgaaggcgatattattgegetg
R s 0o bo H OQ K V R 0O L R E G D I I A L
ccggcgggcgcggcgcattggatttataacaacggeccgecgatcagectggtgectggtggeg
P A G A A H W I Y NN G R D O L V L V A
ctggtggatgtgggcaacagccagaaccagctggatcagtattttcgcaaattttatctg
L v b Vv G NS O N OUL D QY F R K F Y L
ggcggcaacccgcagccggaactgcagggctatageccagageccagggcagecgecgatcag
G G N P QO P E L O G Y S O S O G S R D Q
ggcagccagggcagcgaaggcggcgatcgcageccgecgecggecggcaacatttttagegge
G s o G s E G G DR S R R G G N I F S G
tttgatgaacgcctgctggcggaagcgtttaacgtgaacccggatgtgattaaacgectyg
F D E R L L A E A F N V N P D V I K R L
cagagcccgcagatgcagcgceggcattattgtgecgecgtggaagaagaactgcgegtgetg
o s p O M O R G I I V R V E E E L R V L
agcccgcagcgcggcggcgaacaggaagaagaatttcagggcaaagaaaccatggcgage
s P O R G G E Q E E E F Q G K E T M A S
cgcaaactgagcgtgcagggcgataacggcattgaagaaaccctgtgcaccatgaaactg
R K L S V 0 G D N®e I E E T L C T M K L

aaacagaacattaacgatccgagcgcggcggatgtgtataacccgecgecgecgggcecgegtyg
K ¢ N~ I N D P S A A DV Y N P R A G R V
accaccgtgaaccgctttaacctgccgattctgegectatctgcagectgagcgcggaaaaa
T T v N R F N L P I L R Y L Q L S A E K
ggcaacctgtatcagaacgcgctgaccgcgccgcattggaacctgaacgcgcatagecatt
G N L ¥ ©Q N A L T A P H W N L N A H S I
gtgtatattacccgcggcaacggccgcatgcagattgtggcggaaaacggcgaaaacgtg
v Yy I T R G N G R M Q I V A E N G E N V
tttgatggccagattcgcgaaggccagctgattgtggtgeccgcagggetttgeggtggtyg
F D G @ I R E G @ L I v v P Q G F A V V
aaacgcgcgggcaaccgcggcctggaatggattagectttaaaaccaacgatgtggcgatyg
K R A G N R GG L E W I S F K T N D V A M
accagccagctggcgggccgcgcgagecgtgattecgeggectgecgetggatgtgattecag
T s o L A G R A S Vv I R G L P L D V I O
aacagctttcaggtgagccgcgaagcgagcagcagcecgcggtgtaa

N S F Q VS R E A S S S A V -

Figure A6. A) Nucleotide and deduced amino acid sequence of MPG. The 474 amino acid
sequences include signal sequence (underlined) and mature protein with ~22 amino acids
missing at C-terminus. Arrow indicates the N - terminal sequence of acidic and basic
subunits. Cys residues are underlined. Apart from the single Cys residue in the ~21-kDa

peptide, an additional six are indicated in the 35-kDa peptide.
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The N-terminal and internal sequencing results were supported from the partial gene
sequence. The results confirmed that MPG belongs to the 11S seed storage family proteins.
The analysis on “nr BLAST” of NCBI showed that all the sequences belonging to the 11S
seed storage globulins possess bi-Cupin conserved domain, a characteristic feature of cupin-2
superfamily of 11S seed storage globulins (data not shown). Phylogenetic analysis revealed
that MPG is more closely related to citrin 11S globulin from Citrus sinensis cultivar valencia
which also belong to the Rutaceae family (Fig. A6). Secondary structure analysis using
Multiple sequence alignment with known globulin crystal structures further enhanced by
esprit 3.0 [37] (Fig. A6, B) showed conserved cupin motif region. The predicted MPG model
from Phyre2, after energy minimization from SAVES server, has been shown to have 83.0%
residues in most favored regions and only 1% in disallowed regions in the Ramachandran plot
(data not shown). It showed B-barrel core at both N and C-terminal followed by extended o
helix domain which is a characteristic feature of known globulins (Fig. A6, C).

; —— MPG
0.97 L CITRIN
0.89 ____  PISTACIA_VERA
0.95 GOSSYPIUM_HERBACEUM
0.97 POPULUS_TRICHOCARPA
—1 RICINUS_COMMUNIS
0o | COFFEA_ARABICA
' SOLANUM_TUBEROSUM
MANGOLIA
0.19 - CARYA
: AMARANTHUS
0.4
| ACTINIDIA
02

Figure. A6 Phylogenetic tree of MPG with some closly related 11S globulins constructed by
Phylogeny.fr programme. Tree constructed by the maximum likelihood method dividing them
into different groups. The numbers above and below the branch points indicate the confidence
levels for the relationship of the paired sequences as determined by bootstrap statistical
analysis.
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Figure A6. B) Multiple sequence alignment from Clustalw further improved in Espript
server using know globulin structures 2E9Q (pro-11S pumpkin), 3KSC (Pisum sativum L.),
3KGL (Brassica napus), 3QAC (Amaranthus hypochondriacus L.) and 2EVX (pumpkin).
Secondary structure was assigned according to the homology model of MPG. Conserved
residues are highlighted in red. C) Predicted model having B-barrel core domain with
extended alpha helix region with two disulphide bonds were observed in the model between
C26-C59, C102-C294 (shown in magenta sticks).

MPG protein showed the characteristic cupin domain which has been modelled using Auxin
Binding Proteinl (ABP1) from Zea mays (PDB id 1LR5) and found to have a metal binding
site (Fig. A6, D). Histidine (H144) residue from characteristic motif P (X) 4H (X) 3N (where
X is any amino acid) present on B strand of acidic subunit of the modelled structure
coordinating with other four residues H67, E84, F86 and F65 on another B strands of N-
terminal B-barrel core in a close proximity. It has been shown to have almost conserved

residues involved in metal binding site to that of ABP1 protein (Fig. A7 A, B). Close to other
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residues like A-78, Y-79, T-80, L-138, A-142 of the cupin motif region also involved in
forming metal binding pocket as predicted from 3DLigandSite server [44] and shown to be

putative metal binding protein (Fig. A6, E).

Figure A6. D) H144 of bi-cupin motif coordinating with other residues for metal binding
pocket with some different residues highlighted on the basis of modelled ABP1 structure pdb
id 1Ir5. E) Conserved residue His-144 of cupin motif coordinating with other different
residues, ALA-78, TYR-79, THR-80, LEU-138 and ALA-142 (cupin motif region) forming
metal binding pocket on the basis of different known metal binding proteins, pdb ids 1Y3T,
2HOV, 2P17, 2PHD, 3BU7, 1H1M, 1H1l, 1JUH, 1GQG, 1GQH.
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Figure A7. (A) Sequence alignment showed conserve residues involving in metal binding
protein and underlined sequence is bi-cupin motif present in acidic subunit. (B) H144 of bi-
cupin motif coordinating with other residues for metal binding pocket with some different
residues highlighted in Red and Blue color on the basis of modelled ABP1 structure pdb id
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A4 Discussion

Murraya paniculata, a well known evergreen tropical plant grown mostly as hedge, has been
shown to possess medicinal properties. In present study, we report purification,
characterization and gene cloning of a globulin protein (MPG) with hemagglutination activity
from M. paniculata seeds. The protein was purified in two steps by affinity and gel filtration
chromatography. The heterodimeric nature of the protein was revealed on a reducing SDS-
PAGE where two bands of ~35 and ~21 kDa were observed. Analysis of N-terminal and
internal sequences of two polypeptides showed that the protein belongs to 11S globulin
family. This was further confirmed after gene cloning and amino acid sequence analysis of
MPG. The higher and lower molecular weight polypeptides were referred to as acidic (o) and
basic () subunits respectively as in other 11S globulins isolated from oat [4], pea [5] and
broad bean [47]. We have adopted the same nomenclature for MPG. The analysis of elution
profile of MPG and standard molecular weight markers on gel filtration column revealed the
oligomerization state of the protein. A major peak at an elution volume of 60 mL
corresponded to be in range of ~150 kDa suggesting that three MPG heterodimers combine to
form the trimeric native protein. The mature 11S globulin generally is hexameric but is
initially assembled and transported through the secretory system as an intermediate trimer.
Each subunit pair is synthesized as a precursor protein that is proteolytically cleaved after
disulfide bond formation [16]. Although all attempts to separate and purify the subunits under
native conditions failed, interestingly the ~35 kDa acidic subunit in heterodimer degrades
after one week and complete degradation was observed in two weeks (data not shown) while
basic ~21 kDa subunit remains stable. Therefore, all analysis was performed on a freshly
purified MPG except for hemagglutination assay on basic subunit. The native and SDS-PAGE
analysis of MPG in various conditions as described in ‘Material and Methods’ and ‘Results’
section demonstrated that the two are linked by inter-molecular disulfide bonds and strong
secondary forces. The appearance of a major band at ~56 kDa in non-reducing conditions
suggested that two subunits are linked through inter-molecular disulfide bonds. The amino
acid sequence analysis and homology modelling of MPG confirmed the presence of one
disulfide bond between two subunits. The predicted model of MPG shown to have seven
cysteines out of which C26 and C59, C102 and C294 forming disulfide bonds in mature form
of protein after cleavage of signal peptide (Fig. A8 A, B).
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Figure A8. (A) From predicted model it has been showed that C26 and C59 within acidic
subunit, C102 and C294 (between both subunit) participate in disulfide bridge formation in
the processed protein after cleavage of signal peptide at residue GLN (Q) in mature protein.
(B) Only one intra disulfide bond C48, C81 in case of precursor globulin protein.

Interestingly, the subunit bands at ~35 and ~21 kDa do not completely disappear on SDS-
PAGE under non-reducing conditions. Likewise, the absence of SDS in sample buffer under
reducing condition does not completely dissociate the two MPG subunits. A protein band at
~42 kDa was observed under non-reducing conditions in SDS-PAGE. This may be most
probably due to either heterogeneity of subunits or self-association of 21 kDa subunits or
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association of partially degraded 35 kDa and 21 kDa subunits. The native PAGE analysis of
MPG showed similar results where the presence of both SDS and B-ME is required for
subunit dissociation. There was some subunit dissociation was observed in presence of SDS
alone in sample buffer but minimal effect was seen on heat-treated protein sample in presence
of only B-ME. The two conclusions can be drawn from these results. One, the two subunits
are held together not only by disulfide bond but some other noncovalent interactions also
(hydrophobic interactions and salt bridges). These results were further validated through
fluorescence studies (Fig A5 D) in presence of B-ME, where only minor alterations in
conformation were observed. Two, could be due to the presence of heterogeneity of two
chains in MPG. The heterogeneity has been reported for many globulins including buckwheat
globulin which exists as a heterooligomer and is composed of a large number of polypeptides
which might differ in molecular weight and relative concentrations [7]. The MPG and its
basic subunit exhibited hemagglutination activity where lattice formation against erythrocytes
was observed indicating its lectin like property. Other members of globulin family have
shown the lectin like properties [10, 32]. The acidic subunit could not be tested for activity as

the attempts to separate two subunits failed.
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The CD analysis revealed that MPG protein is composed of both f-sheets and a- helices
which is similar to the reported 11S globulin proteins [8, 50]. The predicted model of MPG
demonstrated B-barrel core at both N and C-terminal followed by extended a helix domain
which is a characteristic feature of known globulins. Although the MPG exhibited
conformational stability over a broad range of pH and temperature, subtle conformational

changes were observed at higher temperatures and pH. The CD spectra of MPG revealed a
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predominance of a helical structure (31 %) as compared to B sheets (25 %) at higher pH (Fig.
A4, B).
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Tryptophan, among other aromatic amino acids, is quite sensitive to the change of the local
environment and roughly acts as an indicator that correlate the extent of solvent exposure to
the chromospheres [6]. With Amax 330 nm, MPG Fluorescence emission spectra is a
characteristic emission profile of tryptophan residues in a relatively hydrophobic environment
indicating that MPG is natively folded as observed earlier [12].
In case of BME, there were minor alterations in the microenvironments of tryptophan
residues. It appears that although SME treatment may potentially break disulfide bonds in
11S, overall conformational structure of 11S is not significantly altered because of
involvement of noncovalent interactions (hydrophobic interactions and salt bridges) in
stabilizing the protein.
While at lower SDS concentration, spectra showed decreasing fluorescence intensity and a
shift reflecting gradual unfolding of this protein with SDS. Similar results for 11S globulin
from Amaranthus globulin in presence of SDS have been reported denaturation achieved at
low concentrations of SDS [18]. In the presence of denaturants there was a significant
increase in tryptophan solvent accessibility and additional randomization of the tertiary
structure. Instead, even at lower concentration of urea, an abrupt but significant increase in
fluorescence intensity at Amax was observed, could be due to the existence of folding
intermediate(s) of 11S. Clearly, more studies are needed to determine the biochemical nature
of these intermediates.
The mascot search (http://www.matrixscience.com/server.html) against the obtained internal
sequence results (Fig. A2 A,B) showed similarity to plant globulin citrin from Citrus Sinensis
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suggesting that the protein may belong to 11S globulin family. A partial gene of MPG was
cloned on the basis of sequence similarity of internal sequences with the citrin. Phylogentic
and amino acid sequence analysis confirmed that MPG is more closely related to citrin 11S
globulin from Citrus sinensis cultivar valencia which also belong to the Rutaceae family. The
bioinformatic analysis demonstrated that MPG possesses a conserved bicupin motif, a
characteristic feature of 11S seed storage globulins. The predicted model analysis also points
to a putative metal binding site in MPG. As it has been earlier, stated that MPG protein
belongs to CITRIN family which is a solute carrier family 25, member 13 (citrin) [24]. Thus
analysis indicated that MPG could be a solute carrier protein. It has been well documented
that cupin fold is associated with several functions beside a marker for seed storage globulins.

A5 CONCLUSIONS

In conclusions, an 11S globulin was purified, characterized and cloned from M. paniculata
seeds. The 11S MPG protein exists as a trimer with a molecular weight of ~150 kDa
composed of heterodimers of 56 kDa. Secondary structure analysis revealed that the MPG is a
B/a protein and retains conformation stability at a broad range of pH and temperature.
Fluorescence studies revealed conformational changes at lower concentrations of denaturants
and pH. MPG and its basic subunit exhibited hemagglutination activity that may transmit the
unique ability to be acting as a lectin like protein. Phylogentic and amino acid sequence
analysis confirmed that MPG is more closely related to citrin 11S globulin from Citrus
sinensis cultivar valencia which also belong to the Rutaceae family. This paper presents
evidence on the conservation of characteristic fold within the cupin superfamily, with a focus
on the signification of the active- site ligands in the possible use of these proteins. Here along
the basis of superimposing on ABP1 crystal structure and known iron and copper binding
proteins from some other organism, we are proposing that beside a storage protein, it might
have some ligand binding site. Further conclusion can be reached only from the crystal

structure of the mature protein.
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