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ABSTRACT

Proteins are highly complex most abundant biokigicacromolecules common to all
life present on earth today and they are respanddsl most of the complex functions that
make life possible. All the forms of life i.e. pkaranimal, fungi, bacteria, virus contain
thousands of proteins for proper functioning. Indam classification proteins are classified
in three major classes; storage proteins, strucpucdeins and biological active proteins and
some of these proteins also play combined roles.niatabolic proteins mainly comprised of
enzymes. Enzymes are awesome machines with alsulvel of complexity. They are
central to every biochemical process and have extmaary catalytic power. Among six
different classes of enzymes, ‘Hydrolase’ is onethef most important group of enzymes
which catalyze the hydrolysis of a chemical boke IC-C, C-O, C-N, ether, ester and halide
bonds etc. Hydrolases are classified into severatlasses, based upon the bonds they act

upon e.g. glycosyl hydrolase, esterase, phosphdipase, DNA glycosylases etc.

In the hydrolase family, glycosyl hydrolases arttbgphatases are two important
groups of enzymes as they play very crucial rolegh metabolism. We have studied two
enzymes from each of these two groups. First enzigme -glucosidase from family 1
glycosyl hydrolase. Glycosyl hydrolases or Glycesiydrolases or Glycosidases (GHs; EC
3.2.1.x) catalyze the hydrolysis of O-, N- or Skbd glycosidic bonds between a
carbohydrate and non-carbohydrate moiety or betvweencarbohydrates. The cleavage of
these glycosidic bonds is crucial for the process&s hydrolysis of structural
polysaccharides during penetration of pathogensycheg of cell surface carbohydrates,
defense against pathogens expansion of cell walkrgy uptake, starch metabolism,
symbiosis and recycling of signaling molecules €tn.the basis of amino acid sequence and
structural analogy, at present there are 133 Gigsokydrolase families available on the
CAZY web server (URL- http://www.cazy.org/). Amotigem, family 1 glycosyl hydrolase is
most studied. Glycoside hydrolases family 1 comtaiifferent enzymes with some well-
known functions, such ap-glucosidase (EC 3.2.1.21)B-fucosidase (EC 3.2.1.38B-
galactosidase (EC 3.2.1.23B-mannosidase (EC 3.2.1.25), e&¥d, 4-glucanase (EC
3.2.1.74) etc.p-glucosidase characterized till date fall primarily glycoside hydrolase
families 1, 3 and 5 with family f-glucosidases being more abundant in plghtucosidase
of this family may have high specificity for gluédes or in addition to this may hydrolyse

fucosides and/or galactosides.



Carbohydrates are the most abundant biomolecuiesach and also in plant cells.
The controlled regulation of synthesis, breakdowd modification of these macromolecules
in nature is one of the most fundamentally impdrt@mocesses. This carbohydrate
metabolism is only possible due to some enzymegliyeosyl hydrolases (hydrolyzes and/or
rearrange the glycosidic bonds), glycosyl transfesa (build glycosidic bonds),
polysaccharide lyases (non-hydrolytic cleavage ltasidic bonds) and polysaccharide
lyases (hydrolyzes carbohydrate esters). The irapoet of these processes can be assessed by
the fact that 1-2% of an organism’s total gene ckds for the synthesis of glycosyl

hydrolases and glycosyl transferases alone.

The second enzyme, we have studied is a phosehiitas HAD superfamily. Like
glycosyl hydrolase HAD superfamily (HADSF) hydradssare also very important in their
functional point of view. The HADSF is the majornfdy found with almost 48,000
sequences and is present ubiquitously in the ligeglts. HADSF constitute different enzymes
like dehalogenase, phosphatase, phosphonafagdosphoglucomutase and ATPases.
Phosphatase forming the majority in HADSF can varyigure from 30 in prokaryotes to
200-300 in the eukaryotes. They help in phosphotoarssfer reactions by transferring the

phosphate group to an Asp as an active site residue

In the present work, #-glucosidase enzyme frorRutranjiva roxburghii plant
(PRGH1) was characterized, cloned and expresskdtinprokaryotic and eukaryotic system.
A comparison study between the native enzyme antébal expressed recombinant enzyme
has been carried out to understand the possildeofgbost translational modifications on the
enzyme. Several mutation studies were done to dotted possible active site. Meticulous
bioinformatics work was carried out to understahe substrate preference of this enzyme.
The possible role of N-linked glycosylation in tebility and the activities of the enzyme
were examined. We have used this enzyme in bioethamduction by expressing this
enzyme in eukaryotic system. Along with this enzyme have characterized another
hydrolase enzyme frorBtaphylococcus lugdunensihis enzyme belongs to HADSF and

showed phosphatase activity.

This thesis is divided into five chapters and cevihe studies carried out on two
hydrolases. The first one is a glycosyl hydraolaserced from thd?utranjiva roxburghii
plant and the second one is a phosphatase from faAflly sourced fromStaphylococcus

lugdunensiswhich is a human pathogen.



Chapterl reviews the literature; describing the recent istsicbn family 1 Glycosyl
hydrolase (GH1), role of N-linked glycosylation,pdipation of f-glucosidase in bioethanol
production and studies on HADSF.

Chapter2 describes the cloning, overexpression, purificadiod characterization of a
glycosidase 1 enzyme. A 66 kDa, thermostable enayitiep-fucosidasep-glucosidase and
B-galactosidase activities was purified from thedseef Putranjiva roxburghiiby employing
concanavalin-A affinity chromatographyfhe deduced amino acid sequence showed
considerable similarity with plafglucosidases. The enzyme hydrolypesitrophenyl$-D-
glucopyranosidepNP-Fuc) with higher efficiencyKafKm = 3.79 x 16M™s') as compared
to pNP-Glc KcalKm= 2.27 x 16M*s?) andpNP-Gal KcafKm= 1.15 x 1dM™'s™). Both the
native and recombinant protein has pH optima of #ite thermostability of the recombinant
enzyme is much lower than native enzyme. Mutatighadly showed that disruption of active
site residues affect the activity of the enzymag@nherization study showed that at higher
concentration the enzyme form various speciesigbolers having molecular mass around a
decamer. Mixed substrate analysis showed that radl three activities (glucosidase,
galactosidase and fucosidase) of the enzyme weaferped by a single active site. This
preference for the substrate has also been stadiggroved using meticulous bioinformatics
work.

Chapter3 describes the role of glycosylation for the stépiind consequence effect
on the activity of a very efficient thermostalglglucosidase fronfPutranjiva roxburghiiplant
(PRGH1). We successfully produced deglycosylatedsRR by using PNGase F. We
compared the activities of both forms of this engyamder various conditions like different
temperature, pH and organic solvents. At highertpél deglycosylated PRGH1 showed a
sharp decrease in activity. The temperature proble both the glycosylated and
deglycosylated enzyme clearly reflect that glycawd form of this enzyme have greater
stability at higher temperature. CD and intringimfescence studies of both glycosylated and
deglycosylated enzyme showed that the conformabiothe native protein changed to a
certain extent after removal of the N-linked sug&oteolysis study along with the spectral
studies suggests that the structure of native gijated PRGHL1 is quite compact and rigid
than the deglycosylated counterpart. Mutagenesdiesi shows that out of seven potential
glycosylation site three sites were glycosylated.

Chapter4 describes the expression of a plgrglucosidase gene (PRGH1) in tBe
cerevisiaeY294 and studies on the properties of the enzyrhe.optimal pH and temperature

of the enzyme activity was found to be 5.0 and &5€spectively indicating this enzyme is a



thermostable enzyme with preference towards moelatlic condition. The enzyme showed
broad substrate specificity and able to hydrolyaléobiose significantly. The enzyme showed
resistance towards alcohols, suggesting the enzamde used in fermentation industry more
efficiently. The recombinar. cerevisia&’294 harbouringorghl gene showed better growth
profile, cellobiose consumption and ethanol promuctin addition to this, complementing
with commercial cellulose enzyme the recombin8ntcerevisiaeY294 was used in SSF
experiment using CMC, rice straw, sugarcane bagasseole carbon source. The study
demonstrated the feasibility of using fhglucosidase gene to enhance the second generation
cellulosic ethanol production.

Chapter 5 describes the cloning, overexpression and charaatem of a acid
phosphatase from Haloacid dehalogenase superfaBH{D gene with ~840 bp has been
cloned and overexpressedBrcoli. The enzyme with a molecular mass of ~32 kDa e b
purified using Ni*-NTA affinity chromatography. SHFD showed phospkatactivity with
an optimum temperature of 25 °C. SHFD is an acwbkphatase with an optimum pH of 5.0.
The kinetic parameter&f= 0.32 MM Vinax = 0.36 U/mgkea: = 21.43 + 0.858  andkea/Km
= 66.96 mM's?) indicate that it is a very efficient enzyme. SHDa mixeda/p protein as
predicted by the ESPript and CD spectrum. Multiglequence alignment shows the
conservation of nucleophilic Asp10, acid/base gatalhspl2, phosphate binding Ser43, and
many other catalytic residues like Arg45, Lys218p2A33, Asn236 and Asp237. SHFD is a
two domain protein, with a larger core domain casipg four conserved loops surrounding
the active site. The core domain also has a madRiessmann fold with six strandpesheets
surrounded by six-helices. It is responsible for binding, reoriegtiof the phosphate group

along with the co-factor Mg and also in preparing the Asp10 for the nucledphittack.
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Introduction

INTRODUCTION

Proteins are fundamental components in all lifenfoand their functional versatility is
due to their structural rang@roteins carry out their activities owing to theiility to bind to
several inorganic and organic molecules and toratiecromolecules like proteins or DNA
[73]. In modern classification proteins are classifin three major classes; storage proteins,
structural proteins and biological active proteififie major biologically active proteins
include enzymes. Enzymes are awesome machinesavstitable level of complexity. They
are central to every biochemical process and hatragdinary catalytic power. Enzymes act
in a highly coordinated manner to sustain life. ineés are essential to each and every
biochemical reactions. They catalyze thousandsea€tions and the mechanism by which
they speed up these reactions is one of the miesesting fields in biological research. Thus
this mechanism has attracted researcher from \arfaids i.e. biochemistry, physical
chemistry, genetics, microbiology, agriculture, itaogy, medicine, chemical engineering,
pharmacology etc. The study of enzymes has immperasical importance. The cumulative
effect of a numbers of factors such as solvent,csaicentration, temperature, pH and other
effectors may determine the unique structure amdtfon of a protein molecule [173, 249]
and may adopt different structure by changing thediom conditions [199] which have
important implications for protein design and emginng [192]. Enzymes are grouped in to
six major classes depending upon the reactions ttealyzed i.e. oxidoreductase,
transferases, hydrolases, lyases, isomerases gaskdi. Among these different classes of
enzymes, ‘Hydrolase’ is one of the most importardug of enzymes which catalyze the
hydrolysis of a chemical bond like C-C, C-O, C-Nhe¥, ester and halide bonds etc.
Hydrolases are classified into several subcladsesed upon the bonds they act upon e.g.

glycosyl hydrolase, esterase, phosphatase, lipd¢&,glycosylases etc.

Carbohydrate metabolism is only possible due tmescenzymes i.e. glycosyl
hydrolases (hydrolyzes and/or rearrange the gldao$ionds), glycosyl transferases (build
glycosidic bonds), polysaccharide lyases (non-hytmocleavage of glycosidic bonds) and
polysaccharide lyases (hydrolyzes carbohydraterg}st&lycosyl hydrolases or Glycoside
hydrolases or Glycosidases (GHs; EC 3.2.1.x) catatiie hydrolysis of O-, N- or S-linked
glycosidic bonds between a carbohydrate and ndmbgdrate moiety or between two
carbohydrates. The cleavage of these glycosidiadd$da crucial for the processes like
hydrolysis of structural polysaccharides during gieation of pathogens, recycling of cell
surface carbohydrates, defense against pathogeassgn of cell wall, energy uptake, starch
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metabolism, symbiosis and recycling of signalingenoles etc. On the basis of amino acid
sequence and structural analogy, at present therel23 Glysoside hydrolase families
available on the CAZY web server (URhtp://www.cazy.ord/[27]. Among them, family 1

glycosyl hydrolase is most studied. Glycoside hiaes family 1 contains different enzymes
with some well-known functions, such fsglucosidase (EC 3.2.1.21)p-fucosidase (EC
3.2.1.38),3-galactosidase (EC 3.2.1.2Bymannosidase (EC 3.2.1.25), eid-, 4-glucanase
(EC 3.2.1.74) etcB-glucosidase characterized till date fall primaiityglycoside hydrolase
families 1, 3 and 5 with family f-glucosidases being more abundant in plghtucosidase
of this family may have high specificity for gluedss or in addition to this may hydrolyse
fucosides and/or galactosides.

Like glycosyl hydrolase HAD superfamily (HADSF) drplases are also very
important in their functional point of view. The HYSF is the major family found with
almost 48,000 sequences and is present ubiquitanidlye living cells. HADSF constitute
different enzymes like dehalogenase, phosphatdsespponatase-phosphoglucomutase
and ATPases [79, 97]. Phosphatase forming the majarHADSF can vary in figure from
30 in prokaryotes to 200-300 in the eukaryotes.yTinap in phosphorous transfer reactions
by transferring the phosphate group to an Asp aactime site residue. phosphatase plays a
crucial role to sustain life. This group of enzymansfers phosphorous group. Transfer of
phosphorous group is generally used for cell slgmplin all the living kingdoms from
prokaryotes to eukaryotes. It is used as an appréeaccounter to different internal and
external stimuli [56]. Phosphatases help in phosple transfer reactions by removing the
phosphorous group from biological molecules [122nost 35-40% of the bacterial genome
is composed of molecules carrying a phosphate gfdda]. Although there are many
enzymes responsible for phosphoryl transfer but betong to different super families which

are evolutionary dissimilar and have different stnwal folds.

In this work we have studied two enzymes from hiae family: First, a ~66 kDa,
thermostable and highly efficient glycosidase famnily 1 glycosyl hydrolase (GH1) enzyme
sourced fronPutranjiva roxburghii, a medicinal plant belonging tuphrbiaceae family and
Second, ~32 kDa novel HAD superfamily phosphataserced from Staphylococcus

lugdunensis;, a human  pathogen belonging toSaphylococcaceae  family.
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1. LITERATURE REVIEW

1.1. Introduction

Proteins are most important and abundant fundtioieanacromolecules present in all
types of cell and they are constructed from 20ed#iit amino acids. The structural and
functional diversity of this macromolecule is vemgh. Each protein exhibits a specific
biological activity which depends on the three dasienal structure of the protein determined
by the amino acid sequence and the folding [178].sbme cases post-translational
modifications and cofactors are required for exeguthe biological functions. The diverse
combinations of twenty different amino acids bradgput varied functional products such as
enzymes, antibodies, hormones, transporters, leoteip of the eye, muscle fibres, milk
proteins, antibiotics, horns, spider web, poisargjbiotics etc. having specific biological
activities. Proteins carry out their activities ogito their ability to bind to several inorganic
and organic molecules and to other macromolecules proteins or DNA [74]. The
interactions involve in binding are van der Wadigdrophobic, electrostatic forces and
hydrogen bonding. Hydrogen bonding is very impdrtaming to their number and location.
Mutations bring the disruption of these interacsiavhich leads to complete loss or reduction
of biological activity.

A complicated organization of disciplined biocheatireaction catalyzed by distinct
enzymes is very critical to sustain life. Enzymes @ssential to each and every biochemical
reaction. They catalyze thousands of reactionsthednechanism by which they speed up
these reactions is one of the most interestingdi@h biological research. Thus this catalytic
machinery has attracted researcher from varioldsfiee. biochemistry, physical chemistry,
genetics, microbiology, agriculture, toxicology, dm@ne, chemical engineering,
pharmacology etc. This catalytic power also hasived attention from industries like
biofuel, food, leather, paper, detergent etc. @wim the complex structure and biological
instability of these enzymes, our understandingthis mechanism is still limited. The
structural and functional aspect of these enzynaesbe verified bothn vitro andin vivo
environments. Proteomics study is an interestirgd fito know the basics of different
biophysical and biochemical functions and to uni@d&d their various mode of action [62, 91,
107, 120, 130, 132, 186, 258]. Proteins are algontiajor source of dietary supplements
[111].

Plant genome encodes thousands of enzymes whask differential expression in

different parts of the plant. Plant seeds are vty source of vital proteins and enzymes
3
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which has been used for hundreds of years in indgsand medicines. Seed proteins are
mainly storage proteins which play crucial rolesptovide nutrition during seedling stage,
maintain viability, and protect from microbes andects. By providing the dominant share of
dietary components it plays an essential role imahand human nutrition. The proteins in
plants may be categorized as biological activegmst structural and storage. Besides these
proteins, seeds are rich sources of alkaloids, @kns, tannins, pigments etc. Seed proteins

are used in different structure function studiez9[1

‘Hydrolase’ group of enzymes is one of the impotrtgroup of enzymes among six
different classes of enzymes. It catalyzes thevelga of C-C, C-N, and C-O bonds along
with some other bonds like phosphoric anhydride dsorOn earth and in plant cells,
carbohydrates are the most copious biomolecule evhsrin animal cells proteins have the
largest share among macromolecules. Recyclingesietimacromolecules is critical to sustain
life and it is possible due to controlled actioreozymes and their respective inhibitors [252].

Several hydrolases are drug targets [113].

In this chapter we have reviewed the recent deweémt of our understanding
regarding the properties of Glycoside Hydrolaseilfath enzymes in sectiofh.2, the role of
glycosylation on the structural and functional a$peof the enzymes in sectidn3, yeast
strain development and its application in SSF (#immeous saccharification and
fermentation) in sectiofi.4, and understanding regarding the Haloacid Dehalagge (HAD)

family hydrolase enzymes in sectibrd with a short introduction.

1.2. Overview-Glycoside Hydrolases

Carbohydrates are the most copious and diversggrbbiological molecules on the
earth. They are present in the form of monosacdbearie.g. glucose, ribose, arabinose,
galactose etc.), disaccharides (cellobiose, lactosdtose, sucrose etc.), oligosaccharides
(cellulose, starch, chitin, glycogen etc.) and gbanjugates (peptidoglycans, glycoproteins,
glycolipids, lipopolysaccharides etc.). These moles exist in a large number of
stereochemical variations. Polysaccharides areddriyy the monosaccharides units which
are linked by glycosidic bonds. This bond is amtrgmost stable bonds, with a half-life of
more than five million years [256]. Glycosyl hydmsks or Glycoside hydrolases or
Glycosidases (GHs; EC 3.2.1.x) catalyze the hydislpf O-, N- or S-linked glycosidic
bonds between a non-carbohydrate and carbohydraietynor between two or more

carbohydrates (Figure 1.1). The cleavage of thégmsgjdic bonds is crucial for operations
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like hydrolysis of structural polysaccharides dgrpenetration of pathogens, recycling of
surface carbohydrates, defense ag pathogens [96], expansion of cell wall, energy ket
and recycling of signaling molecules etc. [42]. €lgidases are present everywhere in na
reported even in chlorella virus [22

glycoside
hydrolase

0 0
S ¢ O =l * HOR

Figure 1.1. Hydrolysis of glycoside by glycosyl hydrolase enee, figure adopted from
CAZypedia.

Along with glycosyltransferases, they form the magatalytic machinery for th
synthesis and cleavage of glycosidic bonds. Degpfitthe various protein folds seen
glycosidase family, their active site architectifall into three generalized morphologic
classes: tunnel, cleft or groove and pocket cr

1.2.1. Glycoside Hydrolase classificatic

The Enzyme nomenclature system (IUBMB) of Glycosetais primarily based ¢
their substrate specificity and the rtion they catalyze. However, this classificatiom’t:
segregate the Glycosidases family owing to theirltimaubstrate specificities e.
endoglucanase and myrosinase [95, 23]. This cleaBdn based on substrate specifici
fail to reflect the struwiral characteristics and evolutionary events gtgsidases. Henc
glycoside hydrolases are classified in familieseldagn their amino acid sequence similari
was proposed by Henrissat (1991) [93, !

Recently there are 133 glycosidases famexisting on the CAZy web server (U-
http://www.cazy.org/Glycosic-Hydrolases.html) on MAY ¥, 2015, basing on the ami
acid sequence similarities [27]. This method oEsification is very convenient as seque
has direct relation with the folding & function. After the sequence specific groupi
systematic comparison of the enzymes showed thatethme enzymes with differe
substrate specificities fall in the same family lexgng divergence in evolution e.g. cellule
enzyme is found in eleven fferent families [42]. In general, folds of protsirare more
conserved than the sequences. So, some familiesgrauped irClans’ on the basis of their
overall structural similarities. Currently, all ti83 glycosidases families were divided in

different clans. Among these, (-A is the largest clan consisting of 19 differeninfies.
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These families of glycosidases show different salbstspecificities but in their 3-D structures
they possesses commdiio)s TIM barrel fold [108].

1.2.2. Overview of Family 1 glycoside hydrolase (QH

GH1 is the most studied family of glycoside hyds# enzymes. THeD-fucosidases

(EC 3.2.1.38), B-D-glucosidases (EC 3.2.1.21), arfdD-galactosidases (EC 3.2.1.23)
enzymes mainly fall in this family and are respblesifor the cleavage of terminal non
reducingp-D-fucose,-D-glucose and3-D-galactose respectively. Retaining mechanism is
followed by this group of enzymes. Structural anddtional characters of all glucosidases are
similar in all families. These enzymes shows comnamtive site signature sequence
[LIVMFSTC]-[LIVFYS]-[LIV]-[LIVMST]- E-N-G-[LIVMFAR]-[CSAGN]. The
B-glucosidases are divided into a narrow specific brahd specific group based on their

specificity towards substrates [60. 211].

1.2.3. Catalytic machinery and mechanism

In B-glucosidases, two glutamate residues are resgerfsibthe catalysis and were
first observed in theAgrobacterium. The Glul70 is a general acid/base catalytic uesid
identified by detailed mutation study and Glu358akihis a nucleophile is conserved in the
conserved sequence NG in the same enzyme [246, 255]. In some cas&3HRPA clan
possesses an asparagine residue before the geoevblase catalytic residue in a conserved
NEP sequence believed to be involved in hydrogen ingnthteractions at 2-hydroxyl
position with the substrate. A single mutation baimg drastic changes to the characters of a
protein [62, 121, 160].

The glycosidases show two types of catalytic medmas, inverting (single
displacement) and retaining (double displacemértte enzymes from Family 1 glycoside
hydrolase family function through retaining meclsamionly. The catalytic hydrolysis with
inversion mechanism is carried out by involving @mocarbenium-ion-like transition state
(Figure 1.2 A). The general base detaches a pifobom water molecule and then attacks the
glycosidic bond’s C1 carbon atom [265]. As a resilthe addition of water between the
anomeric C1 atom and the general base, the twéytiatearboxyl groups are located on the
reverse side of the glycosidic bond; usually thetatice is about 10.5 A [160, 246]. The
retaining mechanism (double displacement) involtrexiconstruction of a glycoside enzyme

intermediate (covalently bound) which is hydrolyaadeach step by oxocarbenium-ion-like
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transition states (Figure 1.2 B). In this case @oghile directly attacks the C1 atom not

water molecule. The distance between the two neagtioups is around 5 to 5.5 A [16

A

Inverting mechanism for a p-glycosidase:
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Figure 1.2. General mechanisms oflycosyl hydrolases adopted from CAZypedia
Inverting mechanism (single displacement mechan&m)(B) Retaining mechanism (dou
displacement mechanis

1.2.4. Plant Glycoside Hydrolase enzyr

Several plant parts including seeds, stem, roowvdls, leaves, and bark are source:
Glycoside hydrolase enzymes. These enzymes maatilyiider the family 1 of Glycosic
hydrolase. They play very crucial role in differgoslant metabolisms. They execute sev
functions like lignification, vitamin metiolism, plant defence, growth and developm
activation of phytohormones and secondary metasollydrolysis. Plant defence is

important physiology and studied by many worke®] [$trictosiding3-D-glucosidase act on
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its substrate ‘strictosidine’ to produce a reactaglycone. This aglycone enters various
biochemical pathways to form quinoline and indoiendoline, ajmaciline, strychnine,
reserpine, camptothecin), and these compoundsitéfe damaged induced defence system
of plants. This type off-glucosidase mediated alkaloid metabolism is oleskrn
Loganiaceae, Apocynaceae and Rubiaceae plant ésm[fiO]. B-glucosidases ofPinus
contorta has performed a crucial role in lignification pess of pine stem by discharging the
‘monolignol coniferol’ from the conifers which isheé natural substrate d®?inus [50].
BGLU45 and BGLU46 are the tw@-glucosidases, sourced frodrabidopsis thaliana
showing similarity with thePinus B-glucosidase and also able to hydrolyze monolignol
indicating their participation in biosynthesis afrin. Various metabolites like extract of

neem leaf inhibit mammary carcinogenesis [7].

1.2.5. Substrate specificity of plagt-glucosidases

With respect to the aglycone moietsglucosidases have a very wide range of
substrate specificities with varied preferencedglycone moiety. ZmGlul and ZmGlu2, the
B-glucosidase isoenzymes of maize hydrolyze a walege of both natural and synthetic
substrates. The—glucosidase of sorghum (Dhurrinase, SbDhrl) h&s §@quence similarity
with ZmGlul, but it can’t act on the substratesZaiGlul, instead it hydrolyzes the natural
substrate dhurrin. Interestingly, dhurrin act asrdnibitor to ZmGlul. This difference in the
substrate specificities is due to the variationthe amino acid residues at the aglycone
binding site. Dhurrinase interact with its natusabstrate (dhurrin) by using Ser62, Phe261
and Asn259 as interacting residues and they afereiit from the maizg-glucosidase.
Mutation studies were carried out in ZmGlul at ttweresponding residues of sorghum
dhurrinase [239]. Mutational study showed that P&kl mutant had a major effect on
enzyme activity. Likewise, a Glu1l91Asp mutant of Gml showed a major change in active

site architecture. The active site appeared litateened crater with two separate regions.

1.2.6. Industrial applications of Glycosidases

B-galactosidases hydrolyse the milk protein lacttisegalactose and glucose. The
enzyme can be used in dairy industry for the prodaocof milk with low lactose level.
Undesirable microbial growth during processing dfkntan be minimized by doing this
hydrolysis by B-galactosidases at the high temperature. So thetifidation and
characterization of thermostalflegalactosidases are prerequisite for dairy indy&y 196].
Yang et al. (2009) reported that by converting lesaine glycosides to their respective
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aglycones improves the nutritional values of sdverad materials and this conversion is
usually done by th@-glucosidases [261, 262]. Decrease in lysosdivglucosidase activity
leads to Gaucher disease. In this case the gluwmysyhide accumulate in the macrophages.
The symptoms are hepato-splenomegaly, skeletalngsanaemia etc. Sawkar et al. (2002)
suggested that the addition of subinhibitory cotragions of N-(n-nonyl) deoxynojirimycin
to a fibroblast culture medium leads to two foldremase in th@-glucosidase activity [206].
This technology is likely to replace the costly yme replacement therapy in near future.
Immobilized B-glucosidase increases the clarity of wine to 10{®45]. B-glucosidase
enzymes also convert the cellobiose to glucosat soused in the fermentation industry.
Random drift mutagenesis (RNDM) is a direct evaltitechnique used to increase the
activity of heat resistancp-glucosidase ofCaldicellulosiruptor saccharolyticus [88]. This
enzyme is used for bioethanol production. Immohtian of glycosyl hydrolases also has

important applications [55, 231].

1.2.7. Cloning off—glucosidases genes

Large number of bacterial, yeast, plant and anipaglucosidase genes have been
cloned and expressed in both prokaryotic as wedlukaryotic system. Generalscherichia
coli and Saccharomyces cerevisiae used as prokaryotic and eukaryotic hosts respaygtiv
Cloning has been performed by two methods, (1}istawith a cDNA library or a genomic
library, nucleotide probes are designed basinghenptior knowledge of the polypeptide (2)
formation of a genomic DNA library followed by setmn of the recombinant clones by
screening forp-glucosidase production [13]. Plants and fungi better producer of-
glucosidase enzymes; however studies on clonirfgghiicosidases from these organisms are
relatively low owing to its complexities associateih the presence of introns in their genes.
Yet, several workers have cloned and expresseg-tilacosidases gene successfully from
plant e.g.Brassica napus [61], rice [259] and from fungal sources eAgpergilli [104, 41],
Humicola grisea and Trichoderma reesei [224]. Studies also showed the existence of meltip
gene and gene products that are expressed difdhgnFungal B-glucosidases genes are
mostly expressed in heterologous fungal systems $#ccharomyces cerevisiae [41],
Aspergillus sp. [224], Pichia pastoris [41], and Trichoderma reesei [11]. Different other
glycoproteins are also clonedHncoli and successfully studied [106].
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1.3. Overview-Glycosylation

The significant rise in complexity from the genorme the proteome in nature is
enabled by different mechanisms which produce wiffe MRNA transcripts from a single
gene like genomic recombination, differential tramion termination, alternative splicing
etc. Protein post-translational modifications (P)fsther enhances the protein diversity and
functions by covalent attachment of functional greuchanging the nature of amino acid,
cleavage of regulatory subunits, degradation ofirenproteins etc. These chemical
modifications play significant role in proteomicg tegulating activity, cellular localization of
protein and complex formation with other cellulaoletules such as proteins, nucleic acids,
lipids, and cofactors. The most common modificatianclude proteolysis, acetylation,
formylation, lipidation, methylation, phosphorylai, ubiquitination, and glycosylation.
Therefore, PTM identification and understandingrigcial for cell biology studies as well as

for the disease treatment and prevention.

The addition of sugar residue to a protein is th@st complex post-translational
modification of a protein as seen in case of mestetory and plasma-membrane proteins
which have one or more carbohydrate chains [21Hgs€ glycans play diverse structural and
functional roles in secreted and membrane proté&hgosylation is a modification in which
a glycosyl donor i.e. a carbohydrate is bonded hydroxy or other functional moiety of a
glycosyl acceptor. It is an enzymatic process gosed to the non-enzymatic reaction called
aglycation. In biological system, it refers to thetachment of glycans to other
macromolecules like proteins, lipids or other oigamacromolecules through a series of
post-translational enzymatic steps. These posslaonal modifications produce diverse
protein-bound oligosaccharides which are also anomegof the essential biopolymers found
in cells amongst DNA, RNA, and proteins. Glycosgatoccurs in endoplasmic reticulum
lumen or another places like the lumen of Gtigns-, medial-, or cis-cisternae, in cytoplasm
and nucleus. However, large numbers of proteinghegived in endoplasmic reticulum (ER)
go through glycosylation process. Thus the carbtgdresidues also act as indicators for
marking their movement from ER and Golgi bodiesgiBeered antibodies use aglycosylation

to bypass glycosylation [112]. ER also helps in-saltular trafficking [182].

1.3.1. Occurrence of Glycosylation

Glycosylation reaction occurs in almost every organ from archaea, eubacteria and
eukaryotes [143, 163]. However, eukaryotes havdaige array of organisms ranging from

single-celled to complex multi-cellular organisnisatt express glycosylated proteins. The
10
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specificity of the reaction lies in the fact thatis well-ordered and has features that vary
amongst the different cells and the species [214].

1.3.2. Glycoprotein diversity

Glycosylation has a lot to contribute in the proméodiversity. Further each feature of

glycosylation may also be reformed like:

« Composition of glycan— sugar types attached to a specific protein

« Glycan arrangement— branching and unbranching of chain

+ Length of glycan— length of oligosaccharides; short-chain or lchgin
+ Glycoside linking — site where oligosaccharide binds

The process of glycosylation involves a large nemdd enzymatic events like linking
monosaccharides together, transporting sugar méiety an entity to the other and sugar
trimming. All these steps are not necessary inyeggrcosylation event. Unlike transcription
or translation, glycosylation is a non-templategass and many enzymes are involved to
produce the enormous diversity of glycoproteinshim cell like either addition or removal of
sugars from one substrate to other. In fact enzgoteity also varies from one cell to the
other and also within the intracellular compartmesich leads to different glycoproteins
suitable for the need of that particular cell. Maaism of glycosylation is highly-ordered and
sequential in which the activity of each enzymeelg@ant on the preceding enzymatic reaction
[245].

There are various enzymes involved in glycosytapoocess like Glycosyltransferases
(Gtfs), Glycosidases etc. Glycosyltransferases sjGHre the enzymes responsible for
transferring mono- or oligosaccharides from donotaoules to acceptor molecules like the
growing oligosaccharide chains or proteins. Each iStvery specific in its function of
associating a precise sugar from a dolichol orgasuucleotide which acts as a donor and
works individually from other glycosyltransferasd$iese Gtfs are very wide in their nature
as the glycoside linkages are identified on neadgh functional group of protein, and the
most commonly used monosaccharides are includéukeiglycosylation reactions [214]. On
the other side, glycosidases remove sugars fronpribieins by catalyzing the hydrolysis of
glycosidic bonds. These enzymes are very spedatficefiminating a specific sugar (e.qg.

mannosidase) and are also very crucial in the ERGolgi for processing of glycans.
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1.3.3. Types of Glycosylation

Glycosylation incorporates the addition of a vrief sugar moieties from a
monosaccharide to highly complex branched oligdsatgdes to the proteins. The protein-
sugar bond is classified into precise groups depgnon the bonding nature and the

attachment of oligosaccharide. They can be categmis:

1. N-linked glycosylation: This is the most common type of glycosylation adag in the
lumen of the ER. The carbohydrate moiety bindsh® amino group of asparagine and is
often required for the proper folding of some eykéc proteins in addition to the cell-cell
and cell-extracellular attachment function. Thigpeayof glycosylation can be seen in

eukaryotes, archaea but is very rare in bacteria.

2. O-linked glycosylation: This type of glycosylation can be found in all tteee groups;
eukaryotes, archaea and bacteria. It includes ithging of monosaccharide to the hydroxyl

group of serine or threonine in the ER, Golgi bed®ytoplasm and nucleus.

3. Glypiation: This type of glycosylation is used for the locatipn of the proteins to cell
membranes and can be seen on surface glycoprateggkaryotes and some archaea. The
protein is attached via its C terminus to the GRdhar i.e. a phosphoethanolamine linker
through a glycan chain. Glycan structure consiéig phospholipid tail for anchoring to the
membrane. The vast differences in the lipid andghgar moiety used in the tail and the
glycan core enables unique functions like signahgduction, immune recognition and cell
adhesion. These GPI anchors can be cleaved withhmasz like phospholipase C for the

localization of proteins to the plasma membrane.

4. C-linked glycosylation: This can also be called as C-mannosylation asrmas& sugar is
added to the indole ring of the first tryptophasidee in this W-X-X-W sequence, where W
is a tryptophan residue and X is any amino acig &n unusual form of glycosylation as the
sugar is not linked to any reactive atom such &®gen or oxygen but to a carbon atom.
Thrombospondin are the commonest example of C-nsyfetted proteins.

5. Phosphoglycosylationin this type of glycosylation, glycan binds to @m®ino acid serine
via phosphodiester bond. Xylose, mannose, fucosk M+acetylglucosamine (GIcNACc)
phosphoserine glycans are the most common exanspkes like xylose inlrypanosoma
cruzi, mannose in alpha dystroglycan i.e. a cell-surfaceinin receptor inMus musculus

(mouse).

12
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Among these, N- and O-glycosylation are the mosguently seen glycosylations as
the aspargine-linked i.e. N-linked or serine/thiaedinked i.e. O-linked oligosaccharides are
the key structural components in many secretedcafidsurface proteins. Although the O-
linked and N-linked oligosaccharides forms majolityt both are considerably different from
each other in their structures, incorporation dfedent sugar residues. Generally N-linked
glycans have a number of branches with a negatighbrged residue called sialic acid
present at the end, while O-linked glycans havetorfeur sugar moieties and are thus small.
Many nuclear and cytosolic proteins are not glytateg with exclusions of few nuclear-pore
complex proteins and transcription factors, whesangle GIcNAc is attached to the threonine
or serine hydroxyl group. A pictorial view of thegb/cosylations types can be seen below
(Figure 1.3):
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Figure 1.3.Different types of glycosidic bonds

1.3.4. Mechanism of glycosylation

The difference in the configuration of N- and @kied glycans lies in the difference in
their synthesis. O-linked oligosaccharides aredthkequentially one by one in contrast to the
N-linked oligosaccharides where a big oligosacaleawhich contains fourteen sugar residues
is added. Moreover, different steps in the formatid these two different oligosaccharides

occur in specific organelles. The mechanisms usethé glycosylation are:
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1.3.4.1. N-Linked glycosylation

The N-linked glycosylation although characterizsda post-translational modification
but takes place along with the translation i.e.dbgar moiety is being added to the proteins
undergoing translation and ER transportation. Mostmbrane bound and secreted proteins
are N-linked glycoproteins as the location of th@wwcessing and translation is ER. Thhl-
glycosidic bond between GIcNAc and amide nitrogémsn is the most commonly seen
sugar-protein bond which also forms the spot fatitagh of diverse range of sugar moiety in
proteins which play important functions [168, 238Bhis -glycosylamine linkage was first
defined in an ovalbumin which contains 3% carbobht@l{111, 207].

N-glycoproteins have very huge and far branchégbshccharides which underwent
numerous processing rounds when they are addée foroteins like subsequent addition and
removal of certain sugar residues, one by one,preaise manner with an unrelated enzyme
catalyzing each step [22, 47]. Overall, N-linkegagisylation constitutes several steps like
preformed oligosaccharide assembly, attachmenipting and further their maturation and a
different enzyme is used in each step. It is idahtior all the proteins in the beginning and

the diversity is seen after the trimming and mdtaneof glycans [232].

The biological synthesis of the N-linked oligoda@gdes initiates in the ER where the
preformed oligosaccharide is attached to dolickarigé chain having number of isoprenoid
lipids) present in the ER by a pyrophosphoryl resid[22, 43]. This 14-residue
oligosaccharide precursor molecule consists ofafedGlc), GIcNAc and mannose (Man).
The pyrophosphoryldolichol glycan is made on thembene of ER in a series of steps
catalysed initially with the help of enzymes prdasem the rough ER cytosolic site and later
on the luminal face. The configuration of the prafed precursor is conserved in single-cell
eukaryotes, plants and animals. This conservedaglgonfiguration i.e. Gilang(GICNAc),
is then transported from the carrier (dolicholjhe translating polypeptide asparagine residue
with the help of oligosaccharide-protein transferé@@ST). The consensus sequence for this
attachment is Asn-X-Thr or Asn-X-Ser, where X mayamy of the amino acid. Generally the
N-terminal consensus sequences are being glycedyllaan the C-terminal due to the folding
of the polypeptide as it enters the ER which migimder access for OSTs. Trimming of
oligosaccharides occur both in the Golgi bodies BRdwith the help of glycosidases. The
purpose of glycosylation is different in both thR Bnd the Golgi bodies. In ER, it is used to
cross-check protein folding and degradation ofgarnst Glycosidases | and Il along with ER-
resident Mannosidase (ERManl) catalyse the trimming hydrolyses [57, 58]. The
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glycoproteins that are entered to Golgi bodiesraiteper folding are having Ma@IcNACc;
glycan structure in higher eukaryotes. The matangpathway in Golgi is well organized in a
manner with each phase relying on the earlier ®hés includes both trimming and addition
of sugars in order to generate diversity amongdiigosaccharides. Golgi contains various
enzymes in different cisternae in order to fadditthis step-wise process. The final glycan
structures are complex oligosaccharides or highrosa oligosaccharides or the hybrid of
them [200].

1.3.4.2. O-linked glycosylation

In cellular biology, O-linked glycoproteins have iamportant function [74] like in the
biosynthesis of mucins (high-molecular weight piregewhich form mucus), formation of
proteoglycan core proteins used in the synthesisexifacellular matrix components.
Moreover, the antibodies playing key role in oummme system are also profoundly O-linked
glycosylated. O-linked glycosylation follows aftie translation on glycoproteins that are N-
glycosylated in the ER. In contrast to N-glycosigha, there is no precursor glycan synthesis
instead the oligosaccharides are added consegutwek in a step to the threonine or serine
residue hydroxyl group and O-linked glycoproteiasd very simple glycan structure than the
N-linked glycoproteins. It can also occur on thadmed forms of lysine and proline i.e.
hydroxylysine and hydroxyproline found in collaggt#]. O-glycosylation occurs with the
transport of a solo GalNAc residue to fhydroxyl group of threonine or serine in the Golgi
bodies by N-acetylgalactosamine (GalNAc) transter&cNAc, fucose, xylose, galactose or
mannose are the sugar moieties used for O-glydimyldepending on the cell and species
[46, 214]. Following the addition of first sugaryariable number of sugars are added to the
growing chain with the help of monosaccharide dergugar nucleotides). These O-linked
glycans can also be seen in cytosol and nucleusefprlation of gene expression or signal

transduction through other glycosyltransferase9]13

1.3.5. N-linked glycan precursors from prokaryoteseukaryotes

These glycan precursors are conserved in eukarydiéds diversity can be seen in
case of prokaryotes. The glycan substrate for NMagylation is gathered at the ER membrane
in eukaryotes while at the plasma membrane in pyakes. The glycan moiety is gathered on
a lipid anchor with the stepwise addition of moraz$erides by various glycosyltransferases.
In prokaryotes and eukaryotes, the lipid anchaoisserved while there is very less similarity
in the glycan moiety between the two kingdoms.rithaea, even larger diversity can be seen

as the glycans can be modified via methylationfatioh etc. [114]. In fact as in majority of
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eukaryotes, the structure of the preformed saccharide is GiMany(GIcNAc), [22] while

the archaeal and bacterial glycan precursors dezdggneous [264
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Figure 1.4. Diversity of Ndinked glycosylation in different living kingdom$2rokaryotes
produce lipidinked glycans while eukaryotes ashown to synthesize preserved struct
Different glycan structures are transferred andéhglycans are represented by the col
symbols.

1.3.6. Protein Nglycosylation in plant

The N-linked glycosylation has a pronounced influencettoa biologica functions
and physiochemical properties of proteins in plamMest of the endomembrane system
extracellular compartment proteins ar-glycosylated [191]. Recently it has been repo
that the enzymes required in cellulose biosynthasd normal elbryogenesis belong to ti
N-glycosylation pathway like the-glucosidase | of ER which trims glucose moiety frima
recently producedN-glycoproteins and the mann-1-phosphate guanylyltransferase wh
synthesize GDPrannose [17, 156]. -glycans in plats can be categorized in two cluster:
the high mannose-type Miked glycans (MasgGIcNAC;) and complexype N-linked
glycans which have been derived by the -mannose oligosaccharides after the trimmin
their mannose residues and addition of r moieties to them [191]The great characterist
plant assemblies contaifid,24ink xylose andal,3-linked fucose linked with the neare-
attached mannose and the GIcNAc moiety on the osaseMasGICNAC; core rather tha
the oligomannose structures (MaGIcNAC,) presenin mammals. These fucose and xyl

glycans are not seen in mammals [’

Nowadays, plants are gaining importance as theybeam platform for the productic
of recombinant proteins. The reason behind thiomamce lies in their capability of carryi
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out post-translational protein modifications in armmer similar to the mammalian cells.
Largely homogeneous, human-type oligosaccharide®edurther produced by manipulating
the N-glycosylation pathway in plant. Reports dreré which shows the ability of plants to
carry out human-like complex glycosylation [18]aRis can also be used as another organism
for therapeutic glycoproteins production by knockiaut the N-glycan processing genes
specific to plant or by inserting the machineryuieed for the addition, synthesis of human

sugars and their transport [81].

1.3.7. Roles of N-linked plant glycans

The N-glycosylation play important functions in ankotes such as proper folding of
the protein and hence its function, inhibition bé& tdegradation carried out by the proteases.
The can also be used as signals for targetingrt@wpkar organelles, for cell-cell adhesion and
protein identification process. Currently in orderaccess the importance of N-glycosylation
in plants, many studies have been done using Ndiniglycosylation and N-linked
glycosylation processing inhibitors, mutation ofrAsivolved in N-linked glycosylation and
mutants which affect the N-glycan maturation. THmwe methods help to completely
suppress the N-linked glycosylation or its proaegsand in turn study the effects of these

alterations on plants.

1.3.8. Functional stability of plant proteins

N-glycans help in protecting the protein from podyic degradation in addition to
conferring thermal stability, solubility and funati to the protein. The importance of N-
glycosylation can be understood from a simple exarmapconcanavalin A, also called as Con
A. Jack bean seed lectin is produced as an inaghg®sylated pro-Con A protein [33]. The
processing of inactive pro-Con A to its active fore Con A happens in the proteinaceious
body with the involvement of proteolytic tasks tdiolyze the glycopeptide bond of pro-Con
A molecule [19]. Faye and Chrispeels (1986) foumat tN-glycosylation inhibition reduces
pro-Con A transportation from ER towards the vaeuth addition, it has been reported that
the inactive form does not have any lectin actitit can be converted into its active form
with the help of deglycosylation enzymes EndoH [B0]. Therefore, the results suggest that
N-glycosylation is significant for the transportatiof Con A to the storage vacuole as well as
for its regulation of lectin activity. Con A issdable protein that binds to the glycosylated

proteins [1, 228] and lectins are used in detegianposes [48].
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The oligosaccharide side-chains are also thougletinvolved in the glycoproteins
secretion into the extracellular part as seen endhse of cell walp-fructosidase in carrot.
Faye and Chrispeels (1989) reported that the ungljated protein degrades in the secretory
path or soon when it enters in the cell wall. Itsvedso described that most of the N-linked
glycosylated proteins are not secreted in compdngnoinhibitor of N-glycosylation (e.qg.
tunicamycin) [53].

Glycosylation of proteins has been gaining trenoeisdimportance due to the key
functions played by the carbohydrate moiety attdch® the protein. In case of stem
bromelain fromAnanas comosus, glycosylation favours the functional stability thie enzyme
than the deglycosylation [115]. Deglycosylated betam show decreased enzyme activity
and less stability in the organic solvents as coegpato the glycosylated forms.
Deglycosylated forms also show disturbed fluoreseesnd circular spectra with changes in
temperature and pH. Function of glycosylation iavling functional stability to the protein
is of paramount importance and can be used asategyr by protein pharmaceuticals to
engineer long term stable proteins. FTIR and Cldisgiare important techniques in studies

related to protein [105].

1.4.B-glucosidase in bioethanol production

Saccharomyces cerevisiae and Trichoderma reesei are mostly used fungus in the
industries for bioethanol production. The cellutalyenzymes secreted by these strains are
used in industrial bioethanol production. The hyghis step which converts cellulose to
glucose is acknowledged as the main rate limitieg &1 the conversion of cellulosic material
to biofuels. These lignocellulosic raw materiale ased because of the low cost and huge
availability of these materials. The enzymatic loyglsis of these materials is a complex and
multi-enzyme used process. The last step is thelvemnent off-glucosidase enzyme in the
conversion of oligosaccharides to monosaccharigdsch is further used by different
fermenting enzymes to bioethanol [157]. Cellobiasealisaccharide which is formed during
the hydrolysis, is a very strong inhibitor of dlktthree enzymes involved in the conversion of
cellulosic material to glucose. In addition to thgducose, which is the end product of
hydrolysis, also inhibits this hydrolysis of cetigic material [44]. The foremost cause of this
glucose inhibition is that, at high concentratidnglucose, it binds to the active site of the
enzymes and also prevents the active site to eeldesproduct [126, 127Faccharomyces
cerevisiae produces very low amount of secrefgglucosidase enzyme, which is the main
limitation for using the nativeésaccharomyces cerevisiae as a bioethanol producing strain
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from cellulosic biomass preparation. This limitatioan be overcome by adding exterpal
glucosidase from other sources or by developingmdinant overexpressingrglucosidase

Saccharomyces cerevisiae strain [128].

B-glucosidase with glucose tolerance property wischelpful to overcome feedback
inhibition and along with the available commerciethzyme cocktail can improve the
hydrolysis of cellulosic wastage [219]. Some fungalucosidase from Aspergillus family
have shown this glucose tolerance, and clonediliseuthem [198]. Researchers are doing
work in this regard and trying to produce some dvettrain for bioethanol production by

changing the genome complex of the existing migaonisms.

1.4.1. Raw materials for bioethanol production

1.4.1.1. Lignocellulosic materials

Lignocellulosic materials are mainly industrialdaagricultural wastage, which is
prospective cheap feedstock and can be used ftairsaisle bioethanol production. These
materials are available in large quantities in maoyntries irrespective of the geographical
differences. Annually, 200109 tons of plant biesias produced globally and about 9-
20x109 tons is principal biomass and remain avkal&dy bioethanol production [147]. Out of
these plant biomass 90% is of lignocellulosic conteOver the last few years, extensive
research has been carried out for the conversiothede materials to bioethanol [188].
Lignocellulosic materials are compound mixturepoliymers of carbohydrate such as lignin,

cellulose, hemicelluloses and small amount of ekitras.

Lignin is a three dimensional aromatic polymerpbenylpropane and it is complex
and hydrophobic in nature. Owing to its heteroggnand complex structure, it is the most
complicated natural biopolymer and provides theessary resistance towards biological and
chemical degradation [144]. The integration of tigsin in to the plant cell walls provides
the essential mechanical strength to the largetglamhich helps these plants to remain
straight. The building blocks and primary precussof this lignin are (i) P-coumaryl alcohol
(i) coniferyl alcohol (iii) sinapyl alcohol (Figerl1.5).
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Figure 1.5 The building units of lignin

Hemicellulose is a comparatively less complex paynconsisting of pentose
hexoses, deoxy-hexosemdahexuronic acids. It has an unsystematic, amapstructure
with very little mechanical strength. Owing to tmature, it is effortlessly hydrolyzed |
dilute base or acid and by hemicellulosic enzyn&&.[It differs from celluloses by muc
smallerand branched molecular chain and by its compositibuifferent sugar units. |
contrast to cellulose, it has lower degree of pageration (DP) and is highly branched.
the side chains, some of the hydroxyl groups haenlreplaced by acetyl groujso that
during hydrolysis, acetic acid is also liberatecongl with the monomeric suga

Hemicellulose is linked to lignin by covalent boratsld to cellulose by hydrogen bon109].

Cellulose is a linear chain homopolysaccharide isting of several undreds to man
thousands of-D-glucose units linked by (1—4) glycosidic bonds. It is a very importe
structural part of the primary plant cell wallidtalso present in many species of algae, ft
bacteria and even in some animals [181]. It i most available organic polymer on t
planet Earth. The property of the cellulose vadesording to the degree of polymerizati
In nature, the degree of polymerization of cellel@bains in cotton and wood celluloses
15,000 and 10,000 glucopyr@se units respectivel\212]. Even though cellulose is a po
molecule having several hydroxyl groups, it is inbte in water 148].
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Figure 1.6 Chemical structure of cellulose

The percentage of cellulose, hemicellulose, amdrigcompositional sucture) in the

general agricultural residues is shown in Table
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Tablel.1.Percentage of cellulose, hemicellulose, and ligmithe agricultural residues

Agricultural residue Cellulose Hemicellulose Lignin
Grasses 25-40 35-50 10-30
Rice straw 40 18 5.5
Wheat straw 33-40 20-25 15-20
News paper 40-55 25-40 18-30
Solid cattle manure 1.6-4.7 1.4-33 2.7-5.7
Softwood stem 45-50 25-35 25-35
Hardwood stem 40-50 24-40 18-25
Corn cobs 45 35 15
Primary wastewater solid 8-15 NA 24-29
Switch grass 30-50 10-40 5-20

1.4.1.2. Orange peel

Citrus waste is a low cost and renewable agricallttesidue, which can be used for
bioethanol production. Conversion of this citrussteato bioethanol can avoid the disposal
related problems and is helpful for oxygenating thel additives. Orange is the primary
citrus fruit in India and since 1980s; the prodoctrate has been improved tremendously.
After juice extraction, the processed orange ctssiEpeels, seeds and segment membranes
[83]. This wastage contains various polymers obohydrates, which make it an obvious
choice for bioethanol production by using suitatvlieroorganisms. Individual or combined
efforts of mechanical, chemical and biological restments are required to breakdown the
complex polymer of cellulose and pectin and convérése cell wall polymers to
monosaccharide units [83, 84]. In enzymatic hydsisly the synergic activity oB-
glucosidases and cellulases is vital for the hydisl Pentose and hexose sugars including
xylose, arabinose, glucose, galactose and galatuexid are produced during enzymatic
hydrolysis. Along with these sugars peel oil algmdated, which is consisted of 95% D-
limonene. It is highly toxic for the fermenting meorganisms, hence reducing the efficiency
of bioethanol production. By using processes ligefon and filtration this limonene can be

separated from this feedstock which is vital ptaofermentation [84, 253].

1.4.2. Enzymes for biomass to bioethanol conversion

Most of the bio-refinery industries is now direttéowards carbohydrate based

products and it is obvious that most of the indaktesearch concentrating on this project.
21



Literature Review

For sustainable production of renewable biofuelsamol production from lignocelluloses is
rising as one of the most significant technologyoeBhanol is widely accepted as an
alternative and/or stabiliser to gasoline owingtsadfewer emissions and higher octane rating
than gasoline [257]. Increase in the interest ef tbmmercialization of this technology has
been observed due to this highly demanded techypoladpich utilises the inexpensive
biomass. Currently majority of the world’s bioatiod production depends upon the sucrose
or starchy biomass such as molasses, beet stawohm,starch, cane juice etc. But these
feedstocks are also used as food, which creatéee dompetition between being used as
food and feed. Owing to this major disadvantagepnemical switch of non-food
lignocellulosic biomass to ethanol is actively seiig

The production of bioethanol from these raw matsrincludes various steps of pre-
treatment, saccharification and finally the etharemovery from the fermentation product.
The saccharification (hydrolysis) is a very impattas it produces fermentable sugars. Two
types of hydrolysis mainly employed for biomasswasion i.e. enzymatic hydrolysis and
acid hydrolysis. Acid hydrolysis is a conventioma¢thod, which has several disadvantages.
However, enzyme hydrolysis is more advanced antti@ft method, function without
generating any toxic substance. This method is pnase of rapid development and carries
immense potential for establishing a cost effecte@nology [165]. This technology can be
widespread if we able to produce cellulose enzymeerefficiently. Enzyme production can
be enhanced by using the raw material wisely astlain development.

Cellulases are multi enzyme complexes whose searahd action is very carefully
regulated by the regulatory machinery of the orgrani Cellulose involves three type of
hydrolysis activities i.e. endoglucanases (EC 342,Icellobiohydrolases (EC 3.2.1.9B},
glucosidase (EC 3.2.1.21) [157]. Endoglucanasesdoraty cleave the interngh (1—4)
glycosidic bonds of cellulose; cellobiohydrolasesduces cellobiose by attacking the ends of
cellulose chain an@-glucosidase cleave the cellobiose (a dimer of glvawose molecules
linked by a glycosidic bond) to monomeric gluco3ée detail mechanism of action of

cellulose is shown in Figure 1.7.
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Figure 1.7.Schematic diagram of cellulose hydrolysis by dalea complex

Saccharomyces cerevisiae produces insufficienp-glucosidases (BGL) resulting in
cellobiose accumulation. Cellobiose inhibits botid@glucanases and cellobiohydrolases
activity [211]. Overexpression of heterologofigglucosidases can work at high glucose

concentration to improve the saccharification éficy of naturaBaccharomyces cerevisiae.

1.4.3. Biomass conversion

The conversion of cellulosic waste material tcaethl involves three major steps i.e.
pretreatment, hydrolysis, fermentation and digtdla [72] (Figure 1.7). The plant biomass is
pretreated to open up the complex architect plémicsire and to reduce the size of the
feedstocks. This step is considered to be mostritapostep owing to its large impact on the
production of toxic by-product that can affect thmentation process, digestibility of
cellulose, and demands of down streaming wasténiezd [72]. Biomass can be pretreated
by three different methods i.e. physical, chemioalbiological and can be used individually
or combination of these three methods [172]. Ancefit pretreatment method should
execute the following characteristics: should pamlicellulose fibres with much more
reduced crystallinity and a lesser degree of pohaagon, should contain the fraction of
hemicellulose, and should decrease energy stre&d.[Further, the amount of released

inhibitors should be in limit so that it can’t hieidthe fermentation step.
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Biomass Ethanol
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Figure 1.7. Schematic flowsheet of the process of ethanol proolu from lignocellulosic
biomass (SHF: sepaeahydrolysis and fermentation). Figure adoptedifreference no. 7

Pretreatment is followed by hydrolysis step whialclude the breakdown
carbohydrate complex polymers to monomeric freasud-or each glycosidic bond broke
requires the adtion of a water molecule. Usually two methods asedito carry oL
hydrolysis step i.e. enzymatic hydrolysis and abitirolysis. Enzymatic hydrolysis
preferred over acid hydrolysis as it produces mummby-product, require low energy fi
functioning, need gentle operating condition, produces low arnofinvastage for dispos
and comparatively iges higher yield. The cellulase enzyme complex mased of
endoglucanases, cellobiohydrolases, p-glucosidase is used to depolymerise the cellt
to glucose. This cellulolytic enzyme complex may deereted into the substrate medi
called as noncoplexed system or may be attached to the microosgasicell wall called a
complexed system. Organisms having noncomplexedlast system are mostly used
industry which produces commercial cellulolytic ymes as secreted enzyme can
harvested quite easily [157].

The conversion of released sugar into ethanol Iyalegenic microorganisms
known as fermentation and it is the next step ie process. Recently, in indus
fermentation is usually done by usiSaccharomyces cerevisiae owing to is toughness ar
high ethanol yield. But, it can only ferment moneimdexose sugars and not the pentc
The pentose sugars can be fermented by using angthetose utilising organis
simultaneously ofaccharomyces cerevisiae can be engineered genetigdo utilise pentost
sugars as well [237]. The high concentration ofrientation product i.e. ethanol can
detrimental to the fermenting organism, so contusutemoval of ethanol is required for 1

smooth functioning of the systernr
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1.4.4. Strain development to enhance bioethanolgurction

Generally, large quantities of cellulolytic enzysnare required for the complete
hydrolysis of cellulose to ethanol which cost mudlgher than expected. This problem
induces genetic engineers to develop much effigieast strains. These strains can show both
cellulolytic and hemicellulolytic activity on theicell surface and can directly convert the
lignocellulosic material to ethanol [92]. Variouschnologies have been employed for
Saccharomyces cerevisiae strain development to better utilize the monometigars. These
are (1) disruption of target genes for reconfiggriaccharomyces cerevisiae metabolism (11)
optimization of cellobiose consumption pathwaysl) (Iltoncurrent co-fermentation of
cellobiose and xylose [116]. Currently, many woskehifted their focus on joint approach of
evolutionary adaptation, genetic engineering, angtagenesis by using ethyl methane
sulfonate [151], evolutionary engineering, inversetabolic engineering, logical metabolic
engineering, transposon mutagenesis etc. Nevoi@08)2 used to get recombinant
Saccharomyces cerevisiae strain having high-capability of xylose fermenvati [176].
RecombinantSaccharomyces cerevisiae strains with inhibitor tolerance capacity as wasdl
the ability to utilize glucose, arabinose and xglosimultaneously were obtained from
evolutionary engineering experiments. Strains withvel fermentation ability have been
developed by utilising a combination of intracediumetabolic engineering and cell surface
engineering [92]. P6H9 is $accharomyces cerevisiae mutant strain which has high tolerance
toward high concentration of HMF and reported taibed in industries for second generation
bioethanol production. This strain is developednfr@n industrial strain, P6 by using
evolutionary engineering [209]. By co-expressingLLAand ADH genes irsaccharomyces
cerevisiae, the production of bioethanol can be enhance®®¥din the presence of 70 mM

furfural, which is a strong inhibitor [92].

1.4.5. Genetic alteration for Yeast improvement

1.4.5.1 Improved ethanol production

Studies showed that, disruption of one or a sgralip of genes increases the ability
of native strains to produce more ethanol. Kong @mnavorkers (2007) demonstrated that by
disrupting GPD2 (glycerol-3-phosphate dehydrogengseee and GLT1 (glutamate synthase)
gene overexpression iBaccharomyces cerevisiae, enhances the ethanol production [124].
This enhancement was achieved by decreasing produzt glycerol and by increasing the
transformation rate of NADH to NAD+.
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1.4.5.2. Resistance to ethanol

Strains from natural sources were used to dewetlognol tolerance strains by utilising
different strategies i.e. adaptive evolution. Saevermrkers were able to create mutant strains
that are resistance to many natural stresses,asibigh temperatures [250], high acetic acid
concentration, and high salt concentration [158}e Tmutant with deletion of URA7 and
GAL6 showed increased resistance to ethanol. A hkgguus diploid Saccharomyces
cerevisiae knockout showed better growth rate than the wildistin 8% ethanol. Along with
this resistance these mutant strains showed hgjbeose utilization rate at low temperatures
[263]. Global transcription machinery engineerigy ME) technology can use the mutant
library TATA-binding protein ofSaccharomyces cerevisiae to create ethanol resistance strain
[261].

1.4.5.3. Improvement of heat and ethanol resistance

Transposon- mediated mutants were currently secefar heat and ethanol resistance.
Recently, five strains were developed with highohtd resistance (15% of ethanol in growth
medium) and out of these, two mutants also shoistegge towards heat (42 °C). Transposon
insertion in the promoter regions of PPG1 and S$kfes helps in simultaneous down
regulation of PPG1 and SSK2, which produces a &eadtethanol resistance strain. Like this,
disruption in the PAM1 gene &ccharomyces cerevisiae produces a resistance strain [117,
118]. The deletion of MSN2 was also linked to etllarsistance. Msn2p in association with
Msn4p controls a global yeast response againsdssthat includes almost 200 genes [167].
No clear phenotype was observed in single deletrartants of MSN2 and MSN4, but
deletion mutants ofnsn2 andmsn4 are over sensitive to carbon limitation, oxidatstress,

heat shock and osmotic pressure stress.

1.5. Overview- HAD-superfamily Hydrolases

Environment is comprised of numerous halogenatgdrc compounds and many of
them are considered as pollutants. More than 2a80found to occur naturally and these
halogenated compounds are extensively used as ederial for various industry goods like
herbicides, insecticides, soil fumigants, plastiisinfectants and solvents in the dry-cleaning
process [79, 97]. They are the source of envirortirpeltution and cause many human health
problems because of their noxiousness, perseveranddurther metabolization into harmful
products. Dehalogenases are the enzymes whichf ajee@ importance for environmental

hygiene as they help in degrading these halogernpoands. They help in recycling and
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detoxification of these compounds using a substitumechanism to cleave the carbon-
halogen bond [67, 235].

The haloalkanoic acid dehalogenase enzyme (HAPgrgamily is the major family
found with almost 48,000 sequences and is presequitously in the living cells [125]. This
family has been named after its first archaeal emgzy2-haloacid dehalogenase which is
characterized with its structure [5, 99, 193]. HAOperfamily i.e. HADSF constitutes a large
variety of HAD-like hydrolases like phosphatasesaohiform 79% of the members and 20%
are formed by ATPases [3, 24]. This family is coeigud mainly by phosphotransferases and
are responsible for the transfer of phosphorousigrio the active site aspartate residue.
Phosphatases in HAD family are responsible for oo roles like nutrient uptake, signal
transduction, metabolic processes, nucleic acidirgmd conservation of metabolic pools [3].

This group of enzymes also have industrial appbcaii222].

Transfer of phosphorous group is generally usedcédl signalling in all the living
kingdoms from prokaryotes to eukaryotes. It is uasdan approach to counter to different
internal and external stimuli [56]. Phosphatasdy Ive phosphorous transfer reactions by
removing the phosphorous group from biological rooles [184, 122]. Almost 35-40% of
the bacterial genome is composed of molecules icgry phosphate group [131]. Although
there are many enzymes responsible for phosphmansfer but they belong to different super
families which are evolutionary dissimilar and halifferent structural folds. HADSF are
widely distributed from prokaryotes to eukaryotesl @omprise more than 30,000 members
with 6,805 proteins [4, 12]. The number of HAD geman vary like from 10 to 20 in bacteria
to 115 inArabidopsis thaliana and 100 in humans [166]. Their key catalytic dtig are
processed through phosphoryl transfer and coresitat large number of uncharacterized
enzymes, some are known to possess dehalogenasmn@elogen bond hydrolysis),
phosphatase (carbanoyl-phosphate bond hydrolysh®)sphonatase (carbon-phosphate bond
hydrolysis), B-phosphoglucomutase activities (carbanoyl-phosphaiad hydrolysis and
intramolecular phosphate group transfer) [3, 1REinly they are hydrolases (phosphatases
and ATPases) while hexose phosphate mutases fagnmthority. HADSF being a large
superfamily with the HAD fold being seen in largenmber of diverse phosphohydrolases
within a given organism creates a necessary foloerg new catalytic activities and
substrate specificities. Divergence of the HADSElgéic framework is quite significant in

terms of embracing both the phosphomutase i.etrémsfer of phosphoryl groups between
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hexose hydroxyl substituents and phosphonoacetaéethydrolase i.e. hydrolysis of
phosphonate (phosphate-carbon bond) [136,170].

HADSF members have little sequence similarity lesmthem, therefore the reactions
catalyzed and their substrate specificities havieetaletermined biochemically rather than on
the basis of their sequence analysis. Kuznetsoaf €006) used a set of 80 phosphorylated
substrates to illustrate the HAD family substrgiecdsficities inEscherichia coli genome. The
results showed3-phosphoglucomutase in only one protein out of #3 soluble HAD
members investigated and 21 members showed smadkcate phosphatase activitids.coli
HADSF members are not specific for a single substiastead they show affinity towards a
large number of phosphorylated molecules which t@amsition-intermediates of many
biological reactions and thus have wide overlyingsirate spectra. Interestingly, it was also
seen that they hydrolyse various small phosphaterdmolecules like carbamoyl phosphate,
acetyl phosphate, phosphoramidate etc. which minties autophosphorylation of the
response regulator CheY of the two component systefimus HADSF have a large number
of secondary functions and constitute a pool fool@won of the novel phosphatases. A
chemotaxis phosphatase has been characteerizdubbyeZ al. (2002) [268].

1.5.1. Haloacid dehalogenases and their classifioat

Haloacid dehalogenases yield the correspondingd2eltyalkanoic acids after the

dehalogenation reaction i.e.
RCHXCOO + OH — » RCHOHCOO+ X

The halogenases are divided into four types basetheir substrate choice and the
conformation of the product. The first class catalthe dehalogenation of the L isomers of 2-
haloacids like chloropropionate (2-CPA) and vyiele tinverting configuration i.e. D-2-
hydroxy acids like D-lactate here. The second dlasshe D-isomer specific is only active on
D isomers of the 2-haloacids like D-2-chloroprogitsnand yields the equivalent L-hydroxy
acids. The other 2 classes are formed by the Dnantomer specific, which catalyze the
dehalogenation of the L- and D- isomer of haloadikis 2-CPA. One group catalyzes the
reaction with inversion of the conformation whileetother with retention [80, 149]. Thus
their specificity towards the stereochemistry oé thubstrate is useful to dehalogenate a
particular isomer from its racemic mixture for ttreation of chiral 2-hydroxyalkanoic acids,
which serves as important material for the proaduchf various pharmaceuticals in addition

to the cleaning of the hazardous halogenated congsoin the environment.
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1.5.2. Unique Rossmann fold

HAD is a large superfamily with its ubiquitous peace in all the kingdoms and its
ability to act on the diverse substrates is quémarkable. HAD superfamily members
possess a conserved Rossmann fold consisting effatiomain which surrounds the active
site. The Rossmann fold is typical to the HADSFhaving the acidic catalytic residues at
regular positions. They are also unique from ofRessmann fold by the presence of two
motifs called as: #ap i.e. a beta-hairpin turn andsguigglei.e. a distinct helical turn [3, 24,
153]. These two structural motifs are thought tdphthe enzyme in having different
conformations required for the specificity and batis. Also, Rossmann fold is seen with

caps or inserts at these two positions.

1.5.3. Overview of the HADSF structure

The catalytic core domain i.e. Rossmann fold hggp@al topology with a three layer
sandwich with periodically occurring/p units. Central sheet which forms the active ste i
composed of five strands which follow 54123 ordad are named as S1 to S5 [24]. Although
there is little sequence similarity between the fners, but they can be recognized by four
conserved motifs located around the binding casitthe C-terminus of the central sheet
strands. The active fold is comprised by four loopstaining these four motifs which acts as
signatures for the family [125]. The motif I,DxDeence is present at the end of strand 1,
where X is any amino acid between the two Aspanestdues. The first aspartate residue
corresponds to the nucleophilic residue [36]. These aspartate residues help in the
coordination of M§" ions required for the activity of phosphatasestiMbis the strand S2
with the conserved serine/threonine which helpbimding the phosphorous moiety of the
substrate. Motif 1l and Il are thought to helpthre stability of the transition intermediate of
the catalytic reaction. Motif Il is present on thelix located next to strand S4 and contains a
conserved Lysine which is expected to stabilizenbgative charges on the nucleophilic Asp
and the phosphorylated intermediates as seen enafaarginine fingers [2]. This lysine can
also be seen on the loop just present succeeditigetbelix. Motif IV contains two or three
Asp residues at the end of strand S4. These Asguessfollow a particular signature like
DD, GDXXXD, GDXXXXD in different subfamilies of HAD[{24]. This motif also helps in
coordinating the Magnesium ion [99, 185]. This amed core form the basic catalytic
machinery in all the HADSF members facilitating egtmor molecule for its nucleophilic
attack and substrate molecule i.e. phosphate mwigigsitioning, binding and activation for
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its transfer. There are vast diversity of microlb@snd in soil that are pathogenic to both

plants and animals and their proteins used astdrggts [48].

1.5.4. Catalytic mechanism

Mechanism of transfer of phosphorous group ancc#talytic machinery involved is
conserved throughout the HADSF. They have a comwmetalytic core Rossmann fold
domain comprising of four motifs which binds the #Mépn as its cofactor and also reorients
the phosphate moiety for nucleophilic attack [36]13 The motif | comprises two Asp
molecules, of which the first turns for the nucleibp attack forming an aspartyl-phosphate
intermediate [9, 189, 208] while the other i.e. dexzond Asp acts as a general acid/base
catalyst in the phosphorous group transfer in phatgse and phosphomutase members of the
HADSF [40]. This Asp first protonates the substiaving group and then deprotonates the
nucleophile [136]. However a threonine replaces &sp in the ATPases members, leading
to slower hydrolysis reaction. Also, alanine cansken at its place in phosphonatases [24].
The aspartyl-intermediate formed then transfergplitssphorous group to a water molecule
resulting in the formation of an alcohol in casepbiosphatases. In case of mutases, it is
transferred to a hydroxyl group of sugar [153]. Sdeatalytic core residues are conserved in
all the HADSF phosphotransferases and are thoogdioirtn a mold which helps in stabilizing
the trigonal bipyramidal transition states intermaées by electrostatic interactions. The
beginning of the interaction i.e. the formationevizyme substrate complex to the aspartyl-
intermediate and then to the end product complexaisilized by the electrostatic interactions
with the equatorial and axial atoms of the movihggphate moiety in the mold [3]. This has
been reported in Hexose phosphate phosphatase BTrdB8 Bacteroides thetaiotaomicron
VPI-5482 [154]. The crystal structures of the wtlgpe and the mutant type of Hexose
phosphate phosphatase (HPP) in complex witf"Mmd vanadate or tungstate have been
solved. The tungstate and the vandate complex fartngonal bipyramidal symmetry with
the Asp8 (nucleophilic residue) and an oxygen ia &pical location. The mutation of the
second Asp in motif | i.e. Asp10 which acts as aegal acid/base in the catalysis reaction
leads to the shattering of the electrostatic imt@vas and the bipyramidal complex. Thus the
chemical mechanism and the catalytic machinery luaw is preserved in all HADSF

members.
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Figure 1.7(i) Catalytic reaction of HADSF along with tfi@ catalytic fold of phosphatases.

1.5.5. Substrate specificities

The catalytic core domain cleft residues is usadtlie transfer of phosphate group
while the residues needed for substrate specifaigy present outside this cleft [135, 137,
267]. The reason for the substrate diversity in H&D subfamilies lies in the different
substrate residues present outside the core domaam additional region called the cap
domain. This cap domain shows widespread evolutyod&ergence in its fold and location.
The HADSF can be divided into three subfamilieseblasn this cap domain responsible for

specific substrate recognition [155]. They are:

1.5.5.1. Subfamily |

The Cap C1 subfamily consists of aelical domain located between the catalytic
motif | and Il. This cap is introduced right intbet B-hairpin of the flap motif and is
responsible for checking the entry of substratethéoactive site. Single substrate specificity
loop has been found and its residues interact thighleaving group. The size of the cap is
variable from two to eight or more helices [3]. loap can be found in the cN-I nucleotidase
families and acid phosphatases. Some exampleg-pi@sphoglucomutase-PGM) [138],
phosphonoacetaldehyde hydrolase (phosphonatasep, [185] and phosphoserine
phosphatase (PSP) [247,248].

1.5.5.2. Subfamily 1l
The capping domain Cap C2 consists of mig#tifold and is located between the
motif Il and Ill. This sequence is found in theler region that occurs after strand S3. This

cap is found to form a roof over the active sitd #re displacement of flap helps in regulating
31



Literature Review

its activities [24]. There can be two substratecdmaty loops depending on the size of the
cap domain. This C2 cap can be further divided iwo subfamilies i.e. C2a (NagD
phosphatases) and C2b (phosphoglycolate phosphaiepending on thei/p topology
amongst their members [153, 229].

1.5.5.3. Subfamily 11l

In this CO subfamily, no domain is present betwaay of the three motifs i.e. the
first and second or the second and third motif.sTdubfamily acts on the phosphorylated
proteins and can be seen in histidinol-phosphataagnesium dependent phosphatases [185].

Example is deoxy-D-mannose-octulosonate 8-phosgK&i® 8-P) phosphatise [155].

D

il et

Figure 1.8. Ribbon representations of (A-PGM (Subfamily 1), NagD (Subfamily [IA),
phosphoglycolate phosphatase (Subfamily [IB) andgiaium-dependent phosphatase
(Subfamily 1) shown from left to right. Topologygf cap domains of type | subfamily (B),
type lIA subfamily (C), type IIB subfamily (D).

1.5.6. Functioning of the cap domain

Most of the HADSF members have Cap 1 or Cap 2amly both of them in some
members. Rearrangement of the cap domain in regpé#ué core domain can further result in
two configurations i.e. the open and the closed a@apformation [266]. In the closed-cap
domain, residues from the cap domain that formsthtestrate specificity loop protrude into
the active site to facilitate binding of the reattand its catalysis [135, 153]. However in the
open-cap domain, the active site faces the soldieettly for reactant binding and release of

leaving group [169]. The cap-closing movement ddfieetween the Capl and Cap2 members
32



Literature Review

although both of them act on small substrates dd&p 1 movement is just like a clam i.e. it
moves on a mechanical hinge as compared to thev soion of the cap domain over the
catalytic core region in Cap2 [3]. Thus the cap domis responsible for the distinct substrate
specificity and its catalysis.

However, the idea that the cap domain location iss@ccurrence can be predicted
from the sequence alone is not worthy as absentleeotap domain still doesn’t allow an
open active site [3]. Oligomerization of the comthin helps in closing the active site as a
boundary and also provides specific residues frdjacant region for the catalysis. This can
be seen in case dBacteriodes thetaiotaomicron 2-keto-3-deoxy-D-glycero-D-galacto-9-
phosphonononic acid phosphate (KDN9P) phosphaléss. [
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2. CLONING, EXPRESSION, CHARACTERIZATION AND BIOINF ORMATIC
STUDIES OF PUTRANJIVA ROXBURGHII FAMILY 1 GLYCOSYL
HYDROLASE (PRGH1)

2.1. Introduction

The structural diverseness of the carbohydrates/iggs an advantage for the
multiplicity of biological functions, from storag® highly precise signalling roles in the
living organisms. This diverseness is the consecpiaf the action of large spectrum of
enzymes involved in the synthesis, modification Brebkdown of carbohydrates. Glycoside
hydrolases (GHs; EC 3.2.1.x) are a wide spreacecidn of enzymes. They specifically
cleave the glycosidic linkage between a non carbadtg moiety and a carbohydrate or
between two or more carbohydrates. Almost in glhfj organisms, the selective cleavage of
glycosidic bonds is vital in a variety of essentl@blogical processes. These enzymes
constitute 133 protein families (CAZy: http://wwway.org/) basing on the amino acid
sequence similarities [38, 95]. Plant GH enzynoesie in different compartments of cells
and play an important roles in various physiologfcactions like cell wall polysaccharide
metabolism, hydrolysis of starch, lignification, ede germination, activation of
phytohormones and defence compounds, mobilizatiorenergy, signalling, vitamin B6
metabolism, participation in biosynthesis and reutaiion of glycans, symbiosis [21, 141,
164, 171, 213].

Glycoside hydrolases family 1 contains differentyames with well-known functions
i.e. B-fucosidase (EC 3.2.1.38);glucosidase (EC 3.2.1.23sgalactosidase (EC 3.2.1.28},
mannosidase (EC 3.2.1.25), efd-, 4-glucanase (EC 3.2.1.74) et@-glucosidase
characterized till date fall primarily in glycosidgdrolase families 1, 3 and 5 with family 1
B-glucosidases being more abundant in plants (®8jucosidase of this family may have
high specificity for glucosides or in addition thig may hydrolyse fucosides and/or
galactosides [25, 77, 90, 142, 244 ]. In the cdsalrmond enzyme a common catalytic site
showed all the above three activities [243] wheseeazyme from sheep liver showed two
active sites for these three activities [32]. AigaB-glucosidases show a range of substrate
specificities. Since in plant$§-glucosidases play some vital roles, it is necgsHaat these
enzymes particularly act upon their own substrated this is achieved by the enzyme
localization in the cells and the nature of aglyeaepecificity of the enzymepB-glucosidase,
B-galactosidase activity are comparatively more istiidhan theB-fucosidase activity. Most

of the extensively studied fucosidases @ffecosidasesp-fucosidases are less common and
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their functions are not understood completelyl 8tim biochemical and biophysical point of

view this enzyme is very interesting [77].

The amino acid sequences of the plant GH1 enzgimm® high percentage of identity
among each other and the members of this familggsssa{/a)s-barrel structure. The two
catalytic glutamates included in the Y(I\BNG and TFNEP conserved peptide motifs of
this family act as the catalytic nucleophile amdhtytic acid/base respectively [34]. Despite
of all these similarities, all the plant GH1 enzymshow great diversity in substrate
specificity. For example th@-glucosidases from the two speciesDdlbergia are sharing
over 80% amino acid sequence identity, despitéisfthey weakly hydrolyzes each other’s
natural substrate [205]. Similarly, dhurrin is hglyzed by dhurrinase (Dhrl) of sorghum and
not byp-glucosidase of maize (ZmGlul) regardless of tigh Isequence similarities between
them. This substrate specificity is attributed bg small variation in the amino acid sequence

adjacent to the active site of enzyme.

It is important to compare between native and mdmoant form of a same protein. A
number of comparison studies demonstrated thate tivas considerable distinction between
the two forms of protein from structural and functl point of view [34, 177, 269].
Specifically it is very critical when we compareative form of a eukaryotic protein with its
recombinant form heterologously expressed in bettsystem. It helps to depict the role of
post translational modifications towards the bebawf the proteins. The most common and
best studied post translational modification isiMkéd glycosylation, where oligosaccharides
are attached uniquely to the asparagines residoesdfin Asn-X-Ser/Thr recognition
sequence in protein. Several studies showed tlealthnked glycosylation is important for

both structure and function of some eukaryoticgirs [29, 76, 174,].

Our earlier study targeted on the detection andigbacharacterization of a heat
resistance family 1 glycoside hydrolase enzyme (RRGhaving both3- glucosidase anfl-
galactosidase activities [183]. This native forntlué enzyme was sourced from the seeds of
Putranjiva roxburghii plant. It is a medicinal plant belongs Enphorbiaceae family. The
main purpose of this study is to make a comparisetween the native (hnPRGH1) and
recombinant form (rPRGH1) of this enzyme. For thise prghl gene was cloned and
expressed in bacterial system and the meticulowwacterization of both native and
recombinant form of this enzyme has been carridd lauthis work, we also identified the
critical amino acids supposed to take part in tbividly by making several mutants. A

meticulous bioinformatics work has been carriedtowgupport the whole study.
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2.2. Materials and methods
2.2.1. Materials

All the substrates and inhibitors, methyD-mannopyranoside, Ni-NTA, imidazole,
IPTG, PMSF, inhibitor cocktail were obtained frongi@a-Aldrich Pvt. Ltd. Concanavalin A-
agarose was obtained from Merck and restrictionyrmes, taq polymerase, phusion

polymerase, ligase and PNGase F were obtained Ni6B

2.2.2. Purification of native enzyme

One-step purification strategy for native PRGH1yene (hPRGH1) was employed as
compared to the lengthy four step method reporimdiee [183]. We employed affinity
chromatography using concanavalin A-agarose régature green seeds & roxburghii
collected locally were used for purification. Afteemoval of the hard seed coat, seeds were
crushed and soaked in binding buffer (20 mM potesgphosphate; pH 7.4, 500 mM NacCl).
A clear extract was prepared following centrifugatiand mixed to the concanavalin A-
agarose column pre-equilibrated with binding buffigren the column along with the extract
was incubated at 30 °C for 1 hr with intermitterikimg at regular time interval. The column
was washed extensively with the binding bufferdaléd by a stepwise elution using 20 mM
and 500 mM ofa-D-mannopyranoside dissolved in binding buffer. iAoubation period of
15 min at 30 °C was given prior to each elutiorutédl protein fractions were evaluated on a
12% SDS-PAGE and pure nPRGH1 protein fractions whatyzed against the buffers
according to the next experiments.

2.2.3. Isolation of MRNA, and synthesis of cDNA

TRIzol-based method by Mergg al. was used for total RNA isolation from 7-week-
old P. roxburghii seeds with slight modifications [161]. 25 mg oflysinylpyrrolidone
(PVPP) per gram of seed was added in the extrattidfer for removal of pigments. The
obtained RNA pellet was dissolved in nuclease Wwager and the RNA purity (#0289 and
RNA vyield (Azso) were calculated spectroscopically. First strafidcONA was reverse
transcribed from total RNA using oligo (d¥)and gene specific primers as per experimental
need. Initially total RNA was denatured and to thenatured RNA following components

were added to synthesize cDNA.
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5X Reaction buffer 10l

20 mM Olgo(dT); primer/GSP 5.0
10 mM mixed dNTPs 5.0l
20 unitpul placental RNAse inhibitor 0.pl
100 unitQl Reverse transcriptase D
H,O up to 50.0l

The above reaction mixture was incubated for 90utes at 40 °C in PCR machine. After 90
min incubation, reaction was stopped by heatin@=at’C for 5 minutes. The synthesized
cDNA was cleaned and concentrated using kit (ZyneseRRrch, USA) and stored at -20 °C

for further use.

2.2.4. Cloning of PRGH1 gene

On the basis of N-terminal sequence of nPRGHIlerséwombinations of forward
degenerate primers were designed [183]. By usimegethforward degenerate primers and
reverse oligo (dTh}yadaptor primer (listed in Table 1.1), we tried &fprm 3 RACE-PCR to
get the partial gene sequence but unfortunatelidit’'t work. From the sequence alignment
of the glycoside hydrolases family 1 proteindaphorbiaceae family, we found some highly
conserved regions. Basing on two conserved regibBGORVK and YITENG) degenerate
primers were designed. FGDRVK and YITENG were usedesign degenerate forward (DP
1) and degenerate reverse primer (DP 2) respegtiVdle segment flanking by this two
amino acid stretches was amplified and sequenaedefthe downstream and upstream gene
sequence, on the basis of partial determined ntideesequence, gene specific primers were
designed. For 3’ RACE-PCR, a gene specific forwarsher (GSP 1) and reverse oligo (g5
adaptor primer were used [202]. To get the upstrgane sequence, by using specific reverse
primer (GSP 2) specific cDNA was prepared. Themested PCR was carried out by using an
N-terminal sequence based forward primer (DP 3) arspecific reverse primer (GSP 3).
PCR product was purified, cloned and sequencededBas this sequence, two specific
reverse primers (GSP 4) and nested primers (GSR®) constructed to perform 5’RACE to
get the upstream signal sequence of PRGH1 gené [R88erse transcription was carried out
with the GSP 4 primer for 5 RACE-PCR, and theltofwing nested PCR was carried out by
using GSP 5 as reverse primer and forward oligg.¢daptor primer. The 5° RACE-PCR
product was cloned and sequenced. The complete idFacquired by using GSP 6 and
GSP 7. In this amplification, cDNA was made by gsitigo (dT); primer. The PCR product
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was run on 0.8% agarose gel copolymerized withdethi bromide. The amplification
product was sequenced after ligating into pPGEM#htilg vector (0GEM-T-PRGH1).

Table 2.1List of primers used for the cloning and expres©ioPRGHL1.

Primer specification Sequence 5’- 3’
GH1nFW1 TCCTGATGATTTCATTTTTGG
GH1nFW2 AAYWSNTTYATHMGNWSNGCNTT
GH1nFWS3 GCNTTYCCNGAYGAYTTYATHTT
GHnFW4 AAYWSNTTYATHMGNWSNGCNTTYCC
DP1 CAGCCATATGTTTGGKGAYCGAGTSAAR TAY TAY
DP2 CGCACTCGAGTCAYCCATTYTCAGTAATRTA
GHSPFW1 CAAGAGCTTATGCAACTCGAGGATATGAC
GHSPFW2 GGCATTTGGATCCTATAACCTATGGTCACTATCC
GHSPFW3 CCAAAGATGCGTACAGAAATCCAACAATG
GHSPFW4 GGHAGAGGASCYAGTRTHTGGGAYACATTTAC
GHSPRV1 CATTGTTGGATTTCTGTACGCATCTTTGG
GHSPRV2 GTGACCATAGGTTATAGGATCCAAATGCC
GHSPRV3 GTCATATCCTCGAGTTGCATAAGCTCTTG
5'racel CATCTCCATTGCTGCGGTCTG
5’race2 CCTTCGTACTGGTAAGCTGC
RACE Adaptor primer CTGATCTAGAGGTACCGGATCCTTTTTTTTTTTTTTT
GHSPFW ATGATCACCATGGCTCCTCATCAG
GHSPRV1 TTAAGCGGCTGCTGATCTAATAGAATAACC
GHSPRV2 TTAAGCGGCTGCTGATC
Oligo(dT),7 Primer TTTTTTTTTTTITTTTITTTT]
PRGH1EF CAGCGCTAGCAATTCCTTCAACAGAAGTG
PRGHI1ER CTTGCGGCCGTCATGCTGATCTAATAGAATAAC

2.2.5. Construction of the expression plasmid

The ORF of prghl gene, excluding the native sigegluence was amplified from the
recombinant plasmid pGEM-T-PRGH1 by using the pranPRGH1EF and PRGHI1ER
having overhanging regions encoding Nhel and Eaglriction sites respectively. The

purified amplification product was double digestith Nhel and Eagl and was inserted in to
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pPET-28c(+) vector. Correct construction was checkgdrestriction enzyme digestion and
subsequent DNA sequencing.

2.2.6. Overepression and purification of recombinant PRGH1

The recombinant pET-28c(+)-PRGH1 was transforrmtd freshly prepareé. coli
BL21 (DE3) cells for expression of recombinant PRGHPRGH1) enzyme. The rPRGH1
was overexpressed at 16 °C for 12 hrs with @BDIPTG. Cells were harvested by using
centrifuge and kept at -80 °C until further actioBgpression and solubility of the rPRGH1
was checked by examining the supernatant and @éllgsed cells on 12% SDS-PAGE.

For the purification of histidine-tagged rPRGH1etal ion affinity chromatography
was employed. The frozen cell pellets were requdpe in buffer A [50 mM Tris-Hcl; pH
8.0, 15 mM imidazole, 500 mM NaCl, 5% glycerol (v/& mM B-ME with lysozyme (0.5
mg/ml) and 0.3 mM Phenylmethylsulphonyl fluoride damprotease inhibitor cocktail
included]. Cells were sonicated and subsequendylytbate was clarified by centrifugation.
The obtained supernatant was mixed with Ni-NTA owlupre-washed with buffer A and
extensive washing with buffer A was carried outrémnove unbound proteins. The bound
proteins were collected by stepwise elution witfifdruB [S0 mM Tris-Hcl; pH 8.0, 50 mM
imidazole, 5 mMB-ME, 500 mM NacCl, 5% glycerol (v/v)] and buffer G0 mM Tris-Hcl;
pH 8.0, 5 mMB-ME, 300 mM imidazole, 500 mM NaCl, 5% glycerol\(}}. After examining
the eluted fraction on 12% SDS-PAGE, the pure pmotections were collected together.
Further, the pure rPRGH1 was administered to TE){garse cleavage for removal of the N-
terminal His-tag at 4 °C for 12 hours and simultargly dialyzed against dialysis buffer
containing 50 mM Tris-Hcl; pH 8.0, 5% glycerol(v/VJ00 mM NaCl. A reverse Ni-NTA
column was run to remove the cleaved His-tag, @avelé protein, and the His-tagged TEV
protease. The flow through having His-tag cleaveBR@H1 was saved and concentrated by
using an Amicon Ultra concentrator with a cut o#lue of 30 kDa (Milipore, Bedford,
Massachusettes, USA).

2.2.7. Circular dichroism spectroscopy

CD study of rPRGH1 was carried out on a Chiras&incular Dichroism
Spectrometer. Far-UV CD spectra (190-260 nm) weléeaed using 1 mm path length
quartz cell at 25 °C with band width of 1 nm anudiper point was 0.5 s. The CD spectra
were analyzed using online DICHROWEB programme. Tie results were expressed in

terms of mean residue ellipticity.
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2.2.8. Oligomerization study of PRGH1

Previously, the gel filtration chromatography studhowed that PRGH1 is a
monomeric enzyme with an approximate molecular ttedd 66 kDa. Here, we analyzed the
effect of concentration on the oligomeric state tHRGH1 by using NATIVE-PAGE,
dynamic light scattering and analytical size excdnshromatography. Both the nPRGH1 and
rPRGH1 were used at two concentrations (15 andVb

(a) NATIVE-PAGE

NATIVE-PAGE was performed for various concentraoof both nPRGH1 and
rPRGHL1. Electrophoresis was conducted by usingdlyisine buffer (pH 8.3) as electrode
buffer and at a constant current of 20 mA at 4 8CAf h. Subsequently, the gels were stained

by Coomassie Brilliant Blue R-250.
(b) Analytical size exclusion chromatography

Analytical size exclusion chromatography was usedetermine the oligomeric states
of both nPRGH1 and rPRGH1. The chromatography ategn samples were performed using
Agilent Bio SEC-5 (5um, 300 A, 7.8 mm x 300 mm) HPLC column. Experimentye
carried out at a flow rate of 0.4 ml/min using 5nTris-HCI; pH 8.0, 100 mM NaCl at
room temperature. Aliquotes of 20l protein samples were injected at two protein
concentrations i.e. 15 and 4B1. A standard curve was created using bovine tHgtmagdin
(670 kDa), boviney-globulin (158 kDa), chicken conalbumin (75 kDapvime serum
albumin (66 kDa), and chicken ovalbumin (44 kDajioPto injection all samples were
filtered through 0.22m filters.

(c) Dynamic light scattering

The effect of concentration on the oligomeric sstaf NPRGH1 and rPRGH1 were
further investigated using dynamic light scatterieghniques. Samples of protein preparation
(15 and 45uM) were filtered through 0.2gm filter prior to the collection of scattering data
and transferred into a quartz cuvette and placed thermostated (22 °C) cell holder. To
determine the hydrodynamic radii of various protamples, Dynamic light scattering (DLS)
experiments were executed in laser-spectroscafiterb RINA GmbH (Berlin, Germany).
Data was analyzed by using PMgr v3.01pl7 softwaoeiged with the instrument. All the
DLS experiments were repeated ten times and amgwefalue were calculated with standard
errors.
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2.2.9. Enzyme activity assays and kinetics parameters
a) Assay using pNP-Glycosides

In our earlier study we have characterized nPRGIIng p-nitrophenyl B-D-
glucopyranosidepNP-Glc) andp-nitrophenylp-D-galactopyranosidepP-Gal) as substrate.
In the present study we have ugeditrophenyl g-D-fucopyranoside gNP-Fuc) as a new
substrate to characterized nPRGH1. The kineticarpaters like Km, Vmax, Kcat, and
Kcat/Km were determined from Lineweaver-Burk plot bsing pNP-Fuc. Recombinant
PRGH1 was assayed using all the thrpRR-GlcpNP-GalpNP-Fuc) substarate. Kinetic

parameters were determined for substrate of irtteres
b) Assay using glucooligosaccharides and nafif2Glycosides

The activity of PRGH1 on various glucooligosacates and natural substrates was
analyzed by quantifying the released glucose uglngose assay kit (Sigma). Activity was
evaluated in triplicate in 50 mM citrate phosphbtefer; pH 4.8, at 65 °C after 1 hr of
incubation. Reactions having no enzymes serveomatsats.

2.2.10. Mixed substrate analysis

By using equimolar combinations of pNP-glycosidesubstrates (pNP-Fuc/pNP-Glc,
PNP-Fuc/pNP-Gal, pNP-Glc/pNP-Gal), mutual competitistudies were carried out. The
theoretical maximal velocities for competing suatds were calculated using the equation
used in the previous study [26]. In each competistudy the molar ratio between the two

substrates was kept one.

2.2.11. Characterization of nPRGH1 and rPRGH1

The optimum pH values for the nPRGH1 activity todgapNP-Glc and pNP-Gal were
determined previously [183]. The pH profiles wenstructed by determining activity of
NPRGH1 towards pNP-Fuc and activities of rPRGHlawls all three pNP substrates. The
reactions were carried out as described in ouripuevstudy [183]. The pH stabilities of
NPRGH1 and rPRGH1 were calculated by incubating réeection mixtures without the
substrates at 37 °C for 24 hrs in a range of diffepH buffers. The residual enzymatic

activity was measured with pNP-GlIc as a substrate.

In our previous study, the optimum temperatureuesl for the nPRGH1 were

determined by using pNP-Glc and pNP-Gal as sulestrathe effect of temperature on
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rPRGH1 activities were measured by keeping the reesyat temperature starting from 25 °C
to 90 °C for 10 min and pNP-Fuc, pNP-Glc, and pNit«®ed as substrates. The temperature
optimum for the fucosidase activity of nPRGH1 wadsoastudied by using the standard
procedure. The thermostability of nPRGHland rPRGWkHs studied by incubating the
reaction mixture for 30 min, with temperatures titgrfrom 25 °C to 90 °C and the residual
activity was measured by using pNP-Glc as substriitethe experiments presented were

executed in triplicate.

2.2.12. Construction of PRGH 1 mutants

Using the QuickChange site directed mutagenedigStratagene) mutations were
performed by following the manufacturer’s instrocs. The pET-28c(+)-PRGH1 plasmid
was used for mutations. Mutations and syntheticagpnic oliginucleotide primers are
indexed in table 2.2. PCR was carried out with dfbnu polymerase, a pair of primers
designed for a particular mutation, and pET-28¢RGH1 plasmid as template. Resulted
PCR product was subjected Bpnl restriction enzyme digestion to digest the metiegla
template. XL-1 blue competent cells were transfatnveth the digested product. The
successful introductions of the desired mutatioesewerified by DNA sequencing of the
mutated constructs using pET-28c(+) specific uakrprimers. The rPRGH1 mutant
proteins were expressed, purified and assayed ing pBIP-Glc as described above for the
wild type rPRGHL1.

Table 2.2.Mutations and their respective designed primers.

Mutation Forward Primer (5’-3") Reverse primer (5’- 3")

E173N | AACAATTCCTTCCAGAGAAGT | GTCATCGGGAAAGGCACTTCTC
GCCTTTCCCGATGAC TGGAAGGAATTGTT

E389N GGACTACTTTCAATAACCCAAG | GCTCTTGGGTTATTGAAAGTAG
AGCTTATGCAACTCGAGG TCCAATACTTCACTCGGTC

N172Q | CATTACCAACAATGGATACAA | CATCTTGATTGTATCCATTGTTG
TCAAGATGATAATGGCACCGT | GTAATGTACATTGTTGGATTTC
ACC

2.2.13. Bioinformatics analysis

The primary sequence of GH1 enzymePoikranjiva roxbhurgii was retrieved from
NCBI database using accession no. AHN8564. BLASAS werformed to identify the

sequences showing significant similarities to GHhtl ahese homologous sequences were
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retrieved from NCBI database. Multiple sequencgrafient was done using CLUSTALW
taking default parameters [227]. MEGA 6 was useddostruct the phylogenetic tree with
1000 bootstrap replicates using Maximum likelihaoéthod based on JTT matrix-based
model [225]. Secondary structure predictions wavaedusing ESPript server [195]. Since
there is no crystal structure available for GH1lyene in PDB, homology modeling was done
to predict its three dimensional structure. BLAS&rgeh was done against PDB to identify the
suitable template for GH1/ homology modeling. Caystructure of Rice with PDB ID: 3PTK
was used as a template based on the 55% sequesrddyicdbetween query and template
protein sequences. Models were generated/Modelliag performed using Modeller 9.10.
Out of 10 models generated, models having lowestPBGscore were subjected for
stereochemical evaluation using WHAT_CHECK Verify 8&hd PROCHECK. Validating the
Ramachandran plots, the best model was subjectedei@y minimization using Swiss-PDB
viewer. Refined model was further verified usingFB& of SAVES server. Prosa energy
plot is also used to evaluate the model for podémirors.Molecular docking studies were
done using Autodock 4.2.5.1. The structure of ldyanolecules; 4-Nitrophenyl beta-D-
fucopyranoside, 4-Nitrophenyl  beta-D-galactopyrég®s 4-Nitrophenyl  beta-D-
glucopyranoside, D-(+)-Cellobiose, D-(+)-Cellotoand D-(+)-Cellotetraose were retrieved
from PubChem database. The energy minimized mddeHd and the ligands were prepared
for docking studies using MGL tools 1.5.6. Grid mawere computed using Autogrid4
having grid dimensions 66 x 72 x 62 A with grid sipg 0.375 A centered around the active
site. Lamarckian genetic algorithm was used forkdwe with a population size of 150 and
maximum no. of 250000 energy evaluations with maximmo. of 27000 generations. No. of
GA runs were set to be 50. After successful conpietf docking, results were sorted on the
basis of their energy profiles and the conformatitin the lowest energy was analyzed for

hydrogen bonding interactions with the protein ggtyMOL.
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2.3. Results and Discussic
2.3.1 Purification of nPRGH1

The nPRGH1 was purified to homogeneity by concalvavA-agarose affinity
chromatography. Most of the protein bound to coagalin A-agarose was eluted with 5
mM of a-D-mannopyranoside. The purified protein showed alsibgnd on SD-PAGE with
apparent molecular mass of approximately 66 kDguie 2.1). The overall yield using tt
purification protocol was ~53%The purity of PRGH1 was estimated to be ~98 folelatgr
than that of crude seed extract. This result alggests that is a glycosylated protein as it
bound to theconcanavalin A. By using this method we save theetand got high protei

yield as compared to our previous method [1
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Figure 2.1. SDSPAGE (12%wi/v) analysis of native PRGH1 purification. L1, Molésm
mass standards; L2, crude extract; L3, flowthrough;first step elution; L5 and L6, seco
step elution.

2.3.2 Cloning of the PRGH1 gene

Degenerate primers were designed based on thereedssequences of glycosi
hydrolases family 1 proteins (Euphorbiaceae family to amplify a partial sequence
PRGH1 gene. Using DP 1 and DP 2 a 693 bp ampli@moltained. Specific forward primr
and reverse primers were designed (Table 1.1) baisdetle determined 693 bp fragmen
amplify the full length ger. Approximately a 600 bp amplicon was acquiredra3” RACE-
PCR which include the " untranslated region along with poly4ail. Using the forwarc
degenerate primer (DP 3) and reverse GSP 3, a p8ftagment was obtained. Usin(
RACE-PCR a 310 bp amjcon containing the upstream signal sequence waainelok
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Finally, the complete ORF of 1617 bp was obtaingdising GSP 6 and GSP 7 primers (I
2.2 A). All the PCR products were cloninto pGEM-T vector and sequenced. Seque
analysis showed that tteequence of PRGH1 contained an ORF of 1617 bp.dEdecec
protein sequence consists of 538 amino acids wtvatained an -terminal signal sequen
of 28 amino acids as predicted by the SignallP eserhe prghl gene without sigr
sequence was cloned in p28e(+) vector Figure 2.2 B. The gene sequence was submi
to NCBI database with accession- KF006311. Nucleotide and deduced amino i

sequence of PRGH1 is shown in figure

L1 L2 L3 L4 L5 L6 L7 LS8

—> 3000bp |0

1500bp
—>1000bp
500bp
—
100bp 250bp

Figure 2.2 (A) Amplification of prghl gene. L1, 100 bp moleculaveight marker; L2, LI
and L4, different 3 RACH?CR products; L5, 5" RAC-PCR product L6, PRGH1 gene w
signal sequence; L7, PRGH1 gene without signal esezpi (B) Cloning of PRGH1 ir
expression vector. L1, 100 bp molecular weight regrk2, PCR amjification of the one o
the positive clone; L3, Nhel and Eagl digestiorthef same positive clor
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atgatcaccatggctcctcatcagaaccagtttcttctgtttattggagtatctttggte
M T T M A P H Q N Q E L L F T G Vv S L \
ctcttaagttcctatgcaacagcaaacaattccttcaacagaagtgecctttecccgatgac
L L S S Y A T A N N S F N R S A E P D D
ttcatttttggggcatccgcggcagcttaccagtacgaaggtgaagcaaacaaaagtggce
E I E G A S A A A Y Q Y E G E A N K S G
agaggcccaagcgtatgggatatcttcactcacgagtacccagagaaaataacagaccgc
R G P S v W D I E T H E Y P E K I T D R
agcaatggagatgaagcaattgatttctatcatcgatacaaggaagatattcaaaggatg
S N G D E A I D E Y H R Y K E D I Q R M
aagaatatgaatttggatgcttttagattctccatctecgtggacaagaataatacctaat
K N M N L D A E R F S T S W T R T T P N
ggccagataagtgctggagtgaatcaagaaggaatcgacttctataatgatctcattgat
G Q T S A G v N Q E G T D F Y N D L T D
gagctcatatcgaatggccttgageccttttgtgactatatttcattgggatagtccacaa
E L T S N G L E P F oV T T F H W D S P Q
ggattagaagacaaatatactggttttttaagccgtagcattgtgaaagattttcaagac
G L E D K Y T G E L S R S I \4 K D E Q D
tttgcagagctttgctataaaacttttggagaccgagtgaagtattggactactttcaat
F A E L C Y K T E G D R VvV K Y W T T F N
gagccaagagcttatgcaactcgaggatatgactcgggacttggtgcaccaggccgatgt
E P R A Y A T R G Y D S G L G A P G R C
tcagaatgggtggatcgttcatgcgaagctggaaattcagcgactgaaccatacatagtt
S E W Vv D R S C E A G N S A T E P Y I \
tctcatcatataattctecgctcatgcagcagctgtacaagtatacaggcaaaaatatcag
S H H I I L A H A A A V QO V Y R O K Y Q
gcttctcaaaatggtaagattggaataacacttaacgcttactggtacgtgceccttactcecc
A S Q N G K T G T T L N A Y W Y 4 P Y S
aacaatacggttgatgaagaagctgcccaagtagcecttttgatttctttacgggttggcat
N N T \ D E E A A Q v A E D E E T G W H
ttggatcctataacctatggtcactatccgaggaccatgcaggctttagtecggagatcga
L D P I T Y G H Y P R T M o A L V G D R
ctcccaaaattcaccgaagaagaatttatggttatcaaaggatcttatgacttccttgga
L P K E T E E E F MV I K G S Y D E L G
ttgaattattatggtgcatattatgcatattttaatgatcatccagatccaaacccgectc
L N Y Y G A Y Y A Y F N D H P D P N P L
cataaaagatacaccacagattcacatgtcaatactactgggaagcgagatggaaaacct
H K R Y T T D S H vV N T T G K R D G K P
atgggtccgcagggtaccacatcaatgtttaacatttatcecctgaggggattcgatatectt
M G P Q G T T S M F N I Y P E G I R Y L
ttgaattacaccaaagatgcgtacagaaatccaacaatgtacattaccgaaaatggatac
L N Y T K D A Y R N P T M Y I T E N G Y
aatcaagatgataatggcaccgtaccgatgagcatactceccttaatgatactcgtcggata
N Q D D N G T \% P M S T L L N D T R R T
atatactatgaaactcatcttgagaatgtcttaagatcgatcaaggagtacaatgtggat
T Y Y E T H L E N v L R S I K E Y N VvV D
gtgaaaggttttattgcatggtcatttgaggataattttgagtggtcatctggttacact
vV K G E I A W S E E D N E E W S S G Y T
caaagatttggtctctattacatagactacaaaaatcatttggaaagacatgctaaaaat
Q R E G L Y Y I D Y K N H L E R H A K N
tcaacagagtggttcacaaattttctgcagaaaaatcagtccagtactatctctgaagga
S T E W E T N E L Q K N Q S S T T S B G
tctggatcacgatggattcgtcecctttggttattctattagatcagcagccecgecttaa

s G S R W I R P F G Y S I R S A A A stop

Figure 2.3. Nucleotide and deduced amino acid sequence of PR(BEIlding signa
sequence which is underlined. PRGH1 ORF consisi$d7 bp and ' mature protein codes
for 510 amino acids resids.
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2.3.3. Overexpression and purification of Hiss-rPRGH 1

The mature PRGH1 without signal sequence was oveggoed as an -terminally
Hisg-tagged protein (rPRGHiL) as shown in figure 2.4 A. rPRGyis was purified to
homogeneity by Ni-NTA affinity chromatography. The -terminal Histag was remove
using TEV protease and, reverse*-NTA was performed to get pure untagged rPRGC
SDSPAGE analysis showed that rPRGH1 migrated with ppaeent molecular nss of
approximately 59 kDa which is similar to its caltédd molecular mass (Figure 2.4
Different p-glucosidases have been heterologously expresseE. coli, purified anc
characterized (201, 233, 251).

A B
kDa L1 kDa 11 12

97.4 S 7.4 €— e

———
66.0 -y &— Overexpressed 66.0 4= _
43.0 S PRGHI1 ;, 43.0 €— o
29.0 e 29.0 €— v
20.1 . 20.1 €—
143 14.3 €—

Figure 2.4 (A) Overexpression of rPRGHs. L1, molecular weight marker; L2, supernat
of un-induceck. coli BL21 (DE3) cell lysat; L3, supernatant of inducesl coli BL21 (DE3)
cell lysate; L4, pellet of umducedE. coli BL21 (DE3) cell lysateL5, pellet of induce(E.
coli BL21 (DE3) cell lysate(B) SDS-PAGE (12%w/v) analysis of rPRGHy;s affinity
purification L1, molecular weight marker; L2, purified rPRGg;s (~59 kDa).

2.3.4. CD measurements

An attempt was made to explicate the differencethe secondary structure
NPRGH1 and rPRGHRy using fa-UV CD. Quantitative study of the CD spectra indés
that the secondary structure of rPRGH1 slightlyedifrom the nPRGH1 (Figure 2.5). T
CD spectrum of both nPRGH1 and rPRGH1 showed themam o/ protein. The
deconvolution of CD data Wi Dichroweb program indicates the percentage ndoa coll
structures was more in case of rPRGH1. The pergentd the secondary structure
NPRGH1 elements go well with our predicted valuesnf sequence alignments and ¢
support our model. The CDkesult also suggested that the rPRGH1 maintainenhtigrity
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during the purification process. This differencévesen the two forms of the protein might be
due to post translational modification. Native PRIGHight be stabilized by the glycosylation

process. The detail study was discussed in theaeyiter.

20000
150004,
10000 \:
5000

(deg cm2 dmol-1

\. 1 1 1 B
210 220 230>

Wavelength (nm)

Figure 2.5. Far-UV CD spectrum (200-240 nm) of purified native andorabinant PRGH1
in 20 mM sodium phosphate buffer (pH 8.0).

2.3.5. Concentration-dependent oligomerization of the nPRGH 1

We analyzed the profile of two different concetitnas of purified nPRGH1 by 8%
native-PAGE. The sample with iV of protein showed a single band corresponded to
molecular mass of ~66 kDa but the sample withul¥6 of protein showed several closely
stacked bands with slow mobility (Figure 2.6). TW®RGH1 protein samples having
concentration of 15 and 48V were subjected to gel filtration chromatography using
analytical HPLC. nPRGH1 with 1M concentration was eluted essentially as a sipghk
at 15. 084 min when applied to gel filteration cotlu(Figure 2.7 A). This peak corresponded
to 66 kDa mass (according to molecular mass stdsflavhich is similar to monomeric
PRGHL1. In contrast, when nPRGH1 with 4l concentration was applied to the column, it
was eluted as different peaks around 11.417 miresponded to masses around 660 kDa
(Figure 2.7 B). This value corresponds similarite tliecameric mass of nPRGH1. DLS study
also supports this data. At low concentration ti@rtddynamic diameter of the enzyme was
18.5 £ 1.75 which corresponds to the monomeric fdoah at higher concentration the
hydrodynamic diameter changed to 67.93 + 2.59 spoeds to a decameric form (Table 2.3).
These results suggest that at low concentrationGHPRexists as a monomer and when the
concentration increases the monomeric form chatgésgher oligomeric forms. However,

this concentration dependent oligomerization didifect the activities of enzymes. Several
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proteins having this type of noentration dependent oligomerization were repodadier
(14, 119, 162).

66 kDa

Figure 2.6 (A) NATIVE-PAGE (8%w/v) analysis of NPRGH1 at 48V (B) NATIVE-PAGE
(8% wiv) analysis of nPRGHat 45uM.
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Figure 2.7. Effect of concentration on oligomeric |perty of nPRGH1. Gel filtratio
chromatogram showing the elution profil(A) nPRGH1 at 15uM concentration, an(B)
NPRGH1 at 45uM concentration. The column was calibrated with ecalar weigh
standards as described in methods se

Table 2.3.Hydrodynamic diametersdy) obtained from DLS studie

Concentration Size (hydrodynamic approximate molecular me
(uM) diameter) d (nm)
15 18.5+£1.75 ~66kDa
45 67.93+2.59 ~660 kDa
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2.3.6. Substrate specificity and kinetic parameters

Generally glycosyl hydrolase family 1 enzymes slzgowide range of enzyme activity,
so we have used various substrates to characténize enzyme. The specificities of
recombinant PRGH1 against different substratesshosvn in table 2.4. The result showed
that the enzyme was active agaipSiP substrates as well as natural substrates. Tzigre
was best active againstnitrophenylp-D-fucopyranosidegNP-Fuc), with relative activity of
122% and also very active agaifisD-glucopyranosidepfNP-Glc) andp-nitrophenyl 3-D-
galactopyranosidegplP-Gal) with relative activity of 100 and 83% resipecly. The kinetic
parameters of NPRGH1 and rPRGH1 against chromogeitistrates are presented in table
2.5. The results showed that both nPRGH1 and rPR@i& maximally active againpNP-
Fuc, with KealKm values of 3.21 x T0and 2.49 x 1brespectively. Our study showed that
PRGH1 is a broad speciffgglucosidase enzyme. Like PRGH1 several ppaglucosidases

show weal-galactosidase activity [59, 242].

Table 2.4.Relative hydrolytic activity of purified recombinePRGH1 enzyme with various
substrates.

Substrate Relative activity (%)

Recombinant PRGH1 expressed iik. coli

p-nitrophenyl substrates

p-nitrophenylp-D-glucopyranoside 100
p-nitrophenylp-D-galactopyranoside 73
p-nitrophenylB-D-fucopyranoside 122
Glucooligosaccharides and natural g-D-Glycosides

Cellobiose 62
Cellotriose 41
Salicin 23
Lichenan 13
Amygdalin 31
Laminarin 19
Arbutin 28
Laminarin 21
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Table 2.5.Kinetic parameters of nPRGH1 and rPRGHL1 enz

Substrate Ky, (MM) Vma(pkat/mg) Keat(S)) KeadKm (M5 )
Native PRGH1

pNP-Glc 0.53 0.181 12 2.27x 10" [183]
pNP-Gal 0.61 0.112 7.39 1.15x 10 [183]
pNP-Fuc 0.46 0.222 14.77 3.21x 10" (In this study)
Recombinant PRGH1 expressed iEE. coli

pNP-Glc 0.58 0.157 10.39 1.79x 10" (In this study)
pNP-Gal 0.68 0.088 5.82 8.57x 10 (In this study)
pNP-Fuc 0.51 0.192 12.71 2.49% 10" (In this study)

2.3.7. Competition analysis with mixed substrates

To determine whether nPRGH1 has one or | active sites for the hydrolysis
pNP-Glc, pNP-Gal, and pNP+uc, the competition kinetics with mixed substratesre
studied. The theoretical maximum velocityey,) with the mixture of both substrates w
obtained from Lineweav-Burk plot and the expenental maximum velocity for eac
reaction determined from the equation applicable dompeting substrates. When t
substrates are catalyzed in a single active sg@xiperimental maximal velocity decided w
the combination of both the substrates t coincide with the theoretical maximum veloc
calculated from the equation relevant for competsulpstrates, and the total rate of
reaction must be less than the sum of the rateh@fréactions measured with separ:
substrates [26]. The resuhows that all the three substrates compete fosdnge active sit
in PRGH1 enzyme (Table 2.¢

Table 2.6.Competition analysis with mixed substr.

Substrate mixture Ve Vi T Viasp Viro

ukat/mg ukat/mg ikat/mg
JNP-Fue (A) + pNP-Gle (B) 0198 0403 0202
NP-Fue (A) + pNP-Gal (B) 0180 0334 0175
pNP-Gle (A) + pNP-Gal (B) 0.156 0.293 0.149
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2.3.8. Effect of pH and temperature on enzyme activity

Previously, the optimum pH for glucosidase anagalsidase activity was determined
as 4.6 and 4.4 respectively. The optimum pH for ftlesidase activity for nPRGH1 was
found to be 4.6 (Figure 2.8 A). rPRGH1 follows tb@&me pattern as nPRGH1. Both the
enzyme was quite stable over a broad pH range ®ftat.8.0 with 70% retention of the
original catalytic activity againgtNP-Glc, but below pH 4.0 the activity declined ddyc
(Figure 2.8 B). The optimal temperature for all theee activities was found to be 65 °C and
both the enzyme followed the same pattern. Thembdgy experiments showed that both
the enzyme was fairly stable over a broad temperatange of 25-70 °C, and the enzyme
activity reduced above 70 °C (Figure 2.9). The ltedearly demonstrated that recombinant
enzyme is more sensitive towards the high temperatdoth nPRGH1 and rPRGHL1 are
thermostable enzymes retaining more than 90% afiel &8ivity at 60 °C respectively. Thus
both the enzyme could be used in bioethanol proaluend food processing industries. Post
translational modification might play a role towsrthe thermostability behaviour of this
enzyme, which is characterized in the next chapteermozymes are utilized in various
industries [20]. Thermostability study with fungiblucanase [180] and human aquaporin 10
protein [178] showed that glycosylation affects thermostability of the proteins. Compare

to this several cold active glycosidases are apornted [45].
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100- —— Fucosidase

Relative activity (%)
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o
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B
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—— nPRGH1
1004 -—- rPRGH1
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Figure 2.8. The effect of pH on the nPRGH1 activigg), nPRGH1 and rPRGH1 stability
(B). For stability assay, the purified enzymes werilrated at different pH at 37 °C for 1 h
and residual activity was measured. Results ar@atbeage of triplicate and the bars indicate
the standard error.

—— nPRGH1
100- -—- rPRGH1

60+

Relative activity (%)
N
o
1

N
<

o

I I I I
20 30 40 50 60 70 80 90 100
Temperature (°C)

Figure 2.9.The effect of temperature on the stability of nPRGahd rPRGH1. For stability
assay, the purified enzymes were incubated atrdiffeaemperatures at pH 4.6 for 30 min and
residual activity was measured. Results are theageeof triplicate and the bars indicate the
standard error.
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2.3.9. Characterization of mutant proteins

Three PRGH1 mutants were constructed and verifigdcontaining single codon
mutations and overexpressed and purified as destibmaterials and methods section. The
activity of each mutant protein was measured byngipNP-Glc as substrate. Mutation of
catalytic nucleophile (E389) and catalytic acidb@5173) decreases the activity (Table 2.3).
These two residues are known to play the most itapbrole during hydrolysis. Mutation of
E173 to Asn yielded enzyme with 21 fold reductiamgheir relative activity and a larger
reduction was observed in case of mutants at EB®8®ation of another active site residue
(N172) decreases the activity significantly (TaBI8). This mutation studies confirmed that
these residues are very important in the catalysisess. Several such studies were done to
find out the active site residues pfglucosidases [254, 241, 234]. Confirmation of &es

active site residues also helped in the dockindistu

Table 2.7.Mutations and their relative activity.

Mutation Relative activity (%)

wild type 100 =+ 1.67
E173N 4.7+1.35
E389N 0.32+0.04
N172Q 21.65 + 2.58

2.3.10. Homology search and ProtParam analysis

The mature amino acid sequence of PRGH1 belortgi@jycosyl hydrolase family 1
(Figure 2.3) consists of 510 amino acids with adfpted molecular weight of 59 kDa and an
isoelectric point of 5.45. BLAST sequence similaniesults displayed significant homology
with beta-Glucosidases from various sources and algh myrosinases (Figure 2.10).
PRGH1 showed 43 to 55% identity with different plarglucosidases, 46% with myrosinase
from Snapsis alba, 35% with humans, 39-41% with fungi and less tB8% with bacteria.
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Figure 2.10.Homology search done against Protein Data Bamgus{CBI BLASTp.

2.3.11. Multiple sequence alignment analysis

The amino acid sequence alignment of PRGH1 witimdiogous glucosidases
revealed conservation of the catalytic acid/basgdue Glul73 and nucleophile Glu389 as
shown in Figure 2.11. The residues making the glgcbinding site in PRGHL1 i.e. GIn23,
His127, Trp128, Asnl72, GIn446 and Trp447 are asoserved. Some of the aglycone
binding residues like Asn314, Tyr316 and Trp439 als® conserved (Figure 2.11), while
there are distinct changes at the other aglyconéirg regions which help in determination
of the specificity of these enzymes. Moreover, theognition of the sulphate group of
substrate by myrosinase is mediated by two basicues i.e. Argl94 and Arg259, highly
conserved among the myrosinases and are absentthren©-glycosidases. In addition,
Trpl42 is thought to be involved in substrate redtgn in myrosinase as it forms van der
Waals contacts with the sulphur molecule of thegtydic bond [23]. However, PRGH1 is an
O-glycosidase possess one of the conserved Arg\igd80 along with the Trp128 which
might help them in hydrolyzing S-glycosides. Earkd¢so Os4Bglul2, an O-glucosidase has
been biochemically proved to show thioglucosidageiéy also on the basis of the homology
of the covalenta-2-fluoroglucoside (G2F) complex of Rice Os4Bglui@ that of S-
glucosidasé. alba myrosinase [204].
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CLUSTAL 2.1 nultiple sequence alignnent

Ri ce AVADWPKPNW.G- - - - - === - - = - - - GL SRAAFPKRFVFGTVTSAYQVEGVAASGGRGP 46
Cs3bgl ub - - - SFTMAQQXSGG - ------------ GLTRGSFPEGFVFGTASAAYQYEGAVKEDGRGQ 43
PRGHL ~ —-e------ N SFNRSAFPDDFI FGASAAAYQYEGEANKSGRGP 35
Cs4bgl u12 AVADI TSL YKKAGSAAAPFAYNSAGEPPVSRRSFPKGFI FGTASSSYQYEGGAAEGGRGP 60
1MYR - DEEI TCQENNPFTCG - - - - - - - NTDGLNSSSFEADFI FGVASSAYQ EGTI G - - RGL 48
. * ** ek k * %
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PRGH1L SWWDI FTHEYPEKI TD- RSNGDEAI DFYHRYKEDI QRVKNVNL DAFRFSI SWIRI | PNGQ 94
Os4bgl ul2 SI WDTFTHQHPEKI AD- RSNGDVASDSYHL YKEDVRL MKDMGVDAYRFSI SWIRI LPNGS 119
1MYR NI V\DGFTHRYPDKSGPDHGNGDTTCDSFSYV\Q(DI DVLDELNATGYRFSI AWSRI | PRGK 108
:**** . .:*********
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1MYR DLCFEEFGDSVKYV\LTI NQL GSALBAPGRCSPTVDPSCYAGNSSTEPY! VAH 228
:.** ***** .* ** ** * % %
Rice NFLL SHAAAVARYRTKYQAAQQGKVG VL DFNWEAL SNST- EDQAAAQRARDFHI GAYL 277
Cs3bgl ub HFI LAHAAAAS| YRTKYKATQNGQLG AFDVMAFEPNSNTT- | DI EAAKRAQEFQLGWFA 278
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Figure 2.11.Multiple sequence alignment of PRGH1 with othgrcgbkyl hydrolases shows
the conserved catalytic acid/base, nucleophilic giydone residues highlighted in yellow
colour. Aglycone residues are highlighted in greer the conserve8. alba myrosinase
residues responsible for sulphate recognition laogvs in red colour.
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2.3.12. Phylogenetic tree

The dataset used for phylogenetic tree includepB8ein sequences from plant,
bacterial, fungal, human glucosidases and alsoresinases from plant and insect. PRGH1
glycosyl hydrolase shows maximum homology to plgigtosyl hydrolases and myrosinases
and phylogenetic tree further supports the BLAS&rge The glycosyl hydrolases from
plants, fungi, bacteria make different clusters aral grouped into 4 major groups. Group 1
consists of PRGH1 along with other plant glycosytiolases including both O- and S-
glycosyl hydrolases. This phylogenetic tree furtb@nfirms that myrosinase (S-glycosidase)
and defence related cyanogefiglucosidase (O-glycosidase) are derived from amom
ancestor as reported in literature [23]. InterggyiPRGH1 showing maximum homology to
Os4Bglul2 (55%) is present very closest@lba myrosinase (46%) clustered within Group 1
in the phylogenetic tree. Thus PRGH1 sharing a comancestor with myrosinase might
also have specialized in plant defence mechani&mip 2 consists of fungal, insect as well
as humarg-glucosidases, while bacterial and archgeglucosidases constitute Group 3 and
Group 4 (Figure 2.12).

2.3.13. Secondary structure analysis

Secondary structure analysis was done using ESRhmh showed that the overall
structures are conserved with the presence of dlptlisle linkage. It reveals that PRGHL1 is

ana/p protein as shown in Figure 2.13.
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Camellia sinensis

—— Rauvolfia serpentina
—— OsdBglu12

Trifoliumrepens

Group |

Pulranjiva roxburghii GH1
Sinapsis Alba
— Sorghum bicolor

——— Zea mays

—— Triticum aestivum

—— Secale cereale

—— 0s3BGlu6

—— Qs3BGIu7

—— Phanerochagte chrysosporium

—— Trichoderma reesei G ro UP I I

Homo sapiens

—— Neotermes koshunensis

Brevicoryne brassicae -

—— Batillus circulans subsp. alkalophilus

—— Paenibacillus polymyxa

—— Halothermothrix orenii H 168

Clostridium cellulovorans

Group llI

Thermotoga maritima MSB8

Micrococeus antarcticus

—— Thermus thermophilus

—— Streptomyces sp.
Lactococeus lactis

Escherichia coli

— Streptococcus mutans

— Lactobacillus plantarum

—— Pyrococeus furiosus

—— Themosphaeraaggregans Gro up Vv

—— Sulfolobus solfataricus

L Acidiiobus sp. -

Figure 2.12.Phylogenetic tree of PRGH1 and other related sempsewas constructed by t
maximum likelihood method using MEGA
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Figure 2.13.Secondary structure analysis by ESPri-helices are represented as squig
while B-sheet are represented as arrows, TT repref-turn, disulphide bond as green i
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2.3.14. Structural analysis

In order to investigate the structural diffeces that bring about changes in subsi
specificity, homology modeling of PRGH1 was donengsModeller 9v10. The model wit
the lowest dope score was subjected to energy naaition where PROCHECK, Veri-3D
and WHATCHECK were used for the validatiof the model. Procheck analysis of PRG
model showed 99% residues in the favourable regidhe overall structure of PRGH1
(B/a)s barrel similar to other glycosyl hydrolases [20Z4he catalytic acid/base resid
Glul73 and nucleophilic residue Glu389 placed at the bottom of a cleft at the carboxy
of 4"and 7" p-strands. The active site pocket of PRGHL1 is shagetiextended loop regiol
which join thea-helices and th@-strands of thef{a)s fold: loop A (Serl8Asp70 flanked b
B1, al), loop B (Glul73Fhr207 surrounded b4, a4), loop C (Tyr31- Pro366 flanked b
(6, a6) and loop D (Asn39@&sp408 amongsp7, a7) as shown in Figure 2.14. Loop
contains the conserved disulphide bridge Cy- Cys200 and also contributes to -
aglycone binding @cket. Loop C also forms the part of the aglycomeding site anc
surrounds the active site. Loop C contains 2 exgsadues in PRGH1 as compared to the |
Os4Bglul2 and 0s3ZBglu7 [35, 20

Cys192-Cys200

" Loop D

Figure 2.14. The ribbon demonstration of the PRGHL1 strre. The catalytic acid/ba:
Glul73 and the nucleophilic Glu389 present on fhgosite sides of the catalytic pocket
shown as blue sticks. Four loops regions are atgdighted along with the disulphide brid
(Cys192€ys200) present in loop
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This extra residue insertion in loop C is howevenilar to the Zea mays ZmGlul and
Sorghum bicolor SbDhrl andS. alba myrosinase [23, 239]. The two amino acids longer C
loop contributes to its narrow and restricted gai@lpocket of PRGH1 as compared to the

more open and extended active sites in RiceOs4Rgundl OsBglu7.

The retention of the enzyme activity up to 70 Wing to the thermostable nature of
the enzyme is also contributed by the presenceiofenous salt links and hydrogen linkages
in addition to the single disulphide bridge. Theutphide bridge between Cys192-Cys200 is
preserved in the plants secretory pathway andigsagtycosyl hydrolase enzymes known till
now. Out of total 28 arginine residues, 22 direddym salt linkages with the oppositely
charged amino acids. 16 of 21 lysine residue @hétdm 14 histidine residue participate in
salt bridge interactions. Of 34 aspartate residoal; 1 does not participate in salt bridge
interaction. 23 of 30 glutamate residues also feath bridges. This is in contrast to the Rice
Os4Bglul2 and Os3Bglu7. In Rice Os4Bglul2, 18 oh&%nine residues, 15 of 30 lysine, 3
of 10 histidine, 15 of 27 aspartate and 15 of 2Qaghate participate in salt bridge interaction
with 2 disulphide bonds rendering it stability @-20 °C for 60 minutes [204] while
Os3Bglu7 loses its activity after 40 °C owing tcsder ionic interactions with only 1
disulphide bond [35]. In Os3Bglu7, only 8 out of &fginine residue, 5 out of 25 lysine
residues, 3 out of 11 histidines, 14 from total24f aspartate residues and 4 out of 12
glutamate residues form salt interactions. Thes®ia contribute to the stability of PRGH1
with its maximal activity at 65°C for 20 minutesdafurther activity is retained up to 70°C.

2.3.15. Active Site analysis

The active site of PRGHL1 is deep and narrow stliat the bottom of a cleft bounded
by carboxy terminal ends @fstrands. The catalytic acid/base Glul73 and npbié®residue
Glu389 are placed on the opposed sides of theytiatglocket approximately 5 A apart.
Exceptionally, the active site of PRGH1 has a i&stn in the cleft as seen in the surface
view of the protein-ligand complex (Figure 2.15 Ahis is due to the longer side chains of
Met361 and Argl80 being present close togetherhatentrance of the active site. On
superimposition of PRGH1 on 3PTQ and also throu@ANMesults, it is clear that Trp365 (in
3PTQ) has been replaced by Met361 and Asn186 by8&d204]. Trp365 is conserved
residue in all O- Glycosyl hydrolases and play imgat role in glycone and aglycone moiety
binding. In fact, this Trp is so important that#én be used for the structural classification of
glycosyl hydrolases depending upon its orientatibthe active site [10]. However, PRGH1

lacking this conserved Trp is similar to S-glyc@sds i.e. Myrosinases as they also lack this
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Trp [23]. This modification in t& shape of active site might play a crucial roleubstrate
selectivity. Although PRGH1 has a wider active &ite due to this cleft there is a hindrai
at the entry of the catalytic site which restricsatry of bulky oligosaccharides

oligosacchades with a large aglycone moie

Unique catalytic pocket
. B N

Figure 2.15. (A) Surface view of PRGH1 showing the active site poeki¢h its ligand ~
nitrophenyl beta-DglucopyranosidepNP-GIc) (B) and its comparison to Os4bglul2 fr
Rice (3PTQ) with its ligand 2, -Dinitrophenyl 2-deoxy-2-fluor@-D-glucopyranosidt
(NPG).

2.3.16. Docking Studies

There is no crystal structure of PRGH1 alone ocamplex with substrates report
till date. Therefore, to know the structural detadlf ligand protein binding, -nitrophenyl
beta-D-fucopyranoside plP-+uc), <nitrophenyl beta-D-glucopyranosidepNP-Glc), 4-
nitrophenyl beta-DyalactopyranosidepNP-Gal), 4- D-(+)-Cellobiose, D-(+{-ellotriose anc
D-(+)-Cellotetraose were docked on to the active siterafyme. Standard relaxed ch
conformations of thee ligands retrieved from PubChem were used fokidgclt was founc
that nonreducing glycosyl end of these ligands docked atsdime position as the gluco
residue at subsitel-in 2RGM which further confirms the accuracy ofckimg studies a

shown in Figure 2.16.
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Figure 2.16. Docking studies have been validated via structswakerimposition of PRGF-
Glucose complex (green), with Rice BGlul G2F-deoxy-2fluoro-glucose) complex
(2RGM; pink).

On dockingpNP-Fuc to the active site of the enzyntlee fucose moiety occupied t
subsite-1surrounded by 6 residues namely GIn23, His127, Tgr35lu389, Glu446 an
Trp447. ThepNP-Fuc was found in strained conformation hydrogen bonttectatalytic
acid/base Glu173. The distance cel of Glul73 to O1 and O2 of fucose was 2.67 A
2.94 A and which can be reasonably a good distimgarotonation by the catalytic acide2
of Glul73 hydrogen bonds with O1 and O2 at 3.38 ffl 8.43 A respectively. Lik
myrosinases, O2 group is recized by Asn172 ND2 (3.27 A). O3 of fucose was loggm
bonded to GIn23 €1 (2.¢ A), His127 N2 (3.04A) and Trp447 Ie1 (3.2 A). Further, O4
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group linked with the GIn23 #2 (3.04 A) via hydrogen bond, Glu446D(3.34 A) and
Trp447 N1 (3.07 A). TheTrp439 AL binds to the O6 group (3.09 A). Trp447 indolegrin
also forms a hydrophobic stacking interaction wiltie sugar as seen in other glycosyl
hydrolases as well. The carbonyl carbon C6 of tleede lies at a hydrogen bonding distance
from the Glu446 @2 (2.79 A), suggesting it would hydrogen bond te @6 if it would have
been there in fucose. The docking score for thigarmation was -6.42 kcal/ mol. Many of

these interactions are conserved with other glydogyrolases.

With the same docking parameteptyP-Glc andpNP-Gal were also docked onto
PRGH1 active site. The docking scores were -6.@# kaeol and -5.86 kcal/ mol respectively
for pNP-Glc andpNP-Gal. In contrast t@NP-Fuc, pNP-Glc occupied the active site of
PRGHL1 in a relaxed chair configuration. This tréosi from a strained to a bit relaxed
conformation at subsite -1 might be responsibledes activity towards the glucose moiety.
In pNP-Glc, @1 and N2 of GIn23 hydrogen bonds to the O3 (2.77 A) andgisup (2.88
A). The Glu446 ®1 and @2 hydrogen bonds to the 04 (3.32 A) and 06 grou@l(A) of
glucose moiety. In addition, 8 of Trp439 hydrogen bonds to O4 (2.93 A) and tbfat
Trp447 interacts with O3 (2.82 A). The Trp44#INdoes not interact with the O4 group as in
case ofpNP-Fuc. The O3 group points towards the2Nf His127 at a distance of 3.71 A,
incapable of forming a hydrogen bond. In the comp&ul73 @1 hydrogen bonds to 1-OH
group at 2.91 A and Glu389¢D and @2 hydrogen bonds to O1 group (2.57 A and 2.90 A)
placing the glucose moiety ready for protonatiod aacleophilic attack. Glu173&2 linked
by hydrogen bonds to O2 at a distance of 3.21 A.

On dockingpNP-Gal,pNP-Gal occupies the same space and conformatioh@éP-
Glc. The O2 group interacts with the Asn172 ND2 (). The O3 group is in hydrogen
bonding with GIn23 @1 (2.8 A), His127 N2 (2.99 A) and Trp447 NE1 (3.31 A). The 04
group interacts with Trp4474d (2.98 A) and GIn23 &2 (2.89 A). The Glu446 €1 and @2
hydrogen bonds to the 04 (3.47 A) and 06 group3(ARof galactose moiety. Unlike the O4
in pNP-Glc, O6 group binds to the Trp432IN(2.77 A). The Glul73 €1 interacts with O1
and 02 at 2.8 A and 2.96 A andwith O2 at 3.47 A respectively.

The relative activity of the enzyme towards thésee substrates is determined by the
interactions between Glu446 and 40H and 60H. Thisamate forms a bidentate hydrogen
bonding network with the 4-OH and 6-OH group atssigb-1. This glutamate side chain can
adopt its position to an axial O4 retaining theligbito recognize galacto-configured

substrates due to its conformational freedom. Thenge of OH4 from equatorial to axial
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position decrease$é interaction with Glu446 while the hydrogen bawdinteraction witl
GIn23 is almost unaffected. This explains the taat PRGH1 preferpNP-Glc substrate than
the pNP-Gal. However it may be interesting to note tlpNP-Fuc although galacto-
configured but is still preferred orpNP-Glc by the enzyme. It may be thought that
interaction with Glu446 and-OH destabilizes the enzynsetbstrate complex which might
the basis for high activity on fucosides which labhke 60H group. The binding energies
the pNp-Fuc,pNp-Glc andpNp-Gal further proves that PRGH1 has higher activityfucose
as compared to the glucose and galactose moietlyaagn in figure 2.17. This has also bt
reported earlier in Rice Os3Bglu6 [2]

Three activities of PRGH| and its preference

_ His127 ‘
GIn23 His127 ASn172  aeni72 Gln23 His127
*n Gln23 Asn172
! . g;.' N '.‘j ‘1
) LF] - g
o Glu173  Pres . X )

Gludde Gludde

‘\

Glul73 Glul73

(2]

Figure 2.17.The docking of th pNP-Glucose, pNpucose and pMGalactose with PRGH1
along with their binding energies and interactiardges

Cellobiose, Cellotriose and Cellotetraose were aesoked to know the basis
decreased activity of the enzyme with increasehairclengh and also to know the locatio
of B-1, 4- connected glucosyl residues at subsites +1, +2+@n(Figure 2.18). Cellobios
docked with docking energy -5.63 kcal/ mol while cellotriose with a docking se@f-2.12
kcal/mol. The highest total dockingore of cellotetraose (+5.19 kcal/mol) further irati&s
its poor binding with the enzyme. Interactions whke norreducing glycosyl residue remai
almost conserved and few new hydrogen bondingdaotiems are observed at subsites +1
and +3. The acte site of the enzyme is not very efficient to @wenodate the lon

oligosaccharides like Cellotetraose as shown ré@.18
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Decrease in efficiency with increase in length of oligosaccharides

Figure 2.18.Cellobiose, Cellotriose and Cellotetraose were ddatnto the PRGHL1 to knc
their fitting into the active site.
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2.4. Conclusion

The Putranjiva roxburghii B-glucosidase gene was cloned and submitted to NCBI
with the accession no. KF006311. TRaylucosidase (PRGH1) enzyme was expressed in
prokaryotic system and purified to homogeneity bynplying Ni-NTA affinity
chromatography. Oligomerization study showed thahigher concentration this enzyme
forms a mixture of different oligomers with moleaulweight around ~660 kDa, which
corresponds to the decameric mass of the enzyme.ehzyme shows activity towards aryl
as well as glucooligosaccharides and natguiatGlycosides. Mixed substrate kinetics proves
that all the three chromogenic substrate are cagdlyin a single active site. Mutational
studies were done to find out the catalytic acisiéband catalytic nucleophile. Expression of
GHL1 in seed environment is favored by the masslyeogylation, reduced exposed surface
owing to oligomerization, a disulphide bond, saltdhges and main chain stabilization by
hydrogen bonds between main chain and acidic/besscdues. These factors make it
extremely stable suitable for the dehydrated emvirent of the seed. The presence of various
salt bridges and a conserved disulphide bond mikas extremely thermostable enzyme.
Multiple sequence alignment shows the conservaifoglycone binding residues in PRGH1
i.e. GIn23, His127, Trp128, Asnl72, Glul73, Glu3&n446 and Trp447. Some of the
aglycone binding residues like Asn314, Tyr316 anpdB9 are also conserved. ESPript and
modelling studies shows that it is affp protein with an [{/a))s barrel structural fold similar to
other glycosyl hydrolases. Glycosyl hydrolasesvéetetaining double-displacement reaction
mechanism including two carboxylate residues wi&h€l73 acts like a catalytic acid and
Glu389 acts as a nucleophile. Glul73 acts as amathg agent for the aglycone leaving
group in the glycosylation step and and as a depabing agent of water in deglycosylation
step while Glu389 attacks on the anomeric carbendisplacing the aglycone moiety and
forming a covalent intermediate. Interestingly, 16 acts as an important catalytic residue
involved in hydrogen bonding in all the complex@te Glu446 is conserved among all
glycosyl hydrolases and this further suggestsithaight play an essential role in hydrolysis
mechanism. The active site of PRGHL1 is unique inrfgpa restriction in the active site due to
the longer side chains of Met361 and Arg180 beireggnt close together at the mouth of the
active site which might be responsible for theididtsubstrate specificity of PRGH1 and also
its decreased affinity towards longer oligosacatesi Biochemical data revealed that PRGH1
shows preference fquNP-Fuc followed bypNP-Glc and then bypNP-Gal. This has been
proved through bioinformatics analysis also. Thélsee substrates recognized by the

enzymes differ in their OH positioning and it cae proposed that the enzyme tolerates
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equatorial position of the 4-OH group more thanakial position givingpNP-Glc preference
over thepNP-Gal. However, in caspNP-Fuc, since it lacks the 6-OH group and thus the
hydrogen bonding interaction with Glu44&2 PRGHL1 lacks the conserved Trp365 (3PTQ)
present in all the O-glycosyl hydrolases. S-glydases also lack this conserved Trp. The
closeness of PRGH1 @ alba myrosinase in phylogenetic cluster along with covestton of
some myrosinase aglycone residues like Argl80, Z8pduggests that PRGH1 might also
show mechanisitic similarity to myrosinase and hgdrolyze thioglucosides. PRGH1 might
be evolving evolutionary from an O-glycosidase tmgaan S-glycosidase for the plant
defence mechanism against the toxic products aedobly the plants and also generated

during mastication.
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3. ROLE OF N-LINKED GLYCOSYLATION ON THE STABILITY  AND ACTIVITY
OF PRGH1 ENZYME

3.1. Introduction

Nascent proteins undergo various post transldtiomadifications like proteolysis,
acetylation, lipidation, formylation, methylationubiquitination, phosphorylation and
glycosylation before transforming into a mature tpimo. Post translational modification
(PTM) involves the attachment of various functiormabups like phosphate, acetate or
biomolecules like carbohydrates, lipids to increéise protein diversity and its function.
Glycosylation is one of the main PTM which involvdse addition of sugar moiety to
proteins. Carbohydrates act as the glycosyl dontewthe acceptors are proteins whose
hydroxyl or other functional groups accept the oasugrate units ranging from
monosaccharides to complex polysaccharides. Glatsy occurs in the Endoplasmic
reticulum (ER) or Golgittans-, medial-, or cis-) cisternae lumen. Glycosylation is a highly
ordered reaction occurring in almost each orgaritem archaea, eubacteria and eukaryotes.

The carbohydrate-peptide bond is divided into aasi groups depending on the
oligosaccharide attachment and the nature of bbinely are N-linked glycosylation, O-linked
glycosylation, glypiation, C- linked glycosylatiorphosphoglycosylation. N-linked i.e.
Asparagine linked or the O-linked (Serine/Threortyeroxyl group) are the most common
modes of glycosylation commonly seen in secretoy surface proteins. Both the N- and the
O-linked glycosylation are considerably differemirh each other like the O-linked glycans
are short and are added one by one in contrastetdNtlinked glycans which involves the
addition of a 14 residue preformed glycan.

The carbohydrate units added act as signals ®trinsport of proteins from ER to
the targeted organelle. In addition, glycosylatimas lot of impact on antibodies, help in
recognition of proteins, cell-cell adhesion. Antlyo glycosylation is a common post
translational modification which plays a crucialeran its effector function [187, 270]. It was
found that deglycosylated antibodies in comparigoithe glycosylated forms have altered
intrinsic properties like the molecular hydrodynannadii increased after deglycosylation.
Moreover, the deglycosylated protein is more promeproteolytic cleavage and has less
thermal stability than its glycosylated form. Degigylated antibodies also had higher
aggregation rates. Therefore, glycol-engineering pimduce antibodies with specific
glycoforms is a trendy field nowadays to incredse therapeutic value of the antibody as

aglycosyl antibodies are only studied when effexfanction is not desired.
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N-linked glycosylation in plants play importantles for proteins right from their
conformation, folding, stability from proteasescation to their biological function. In fact
glycosylation is such an important aspect of proteiaturation that many studies are
undergoing to know the effect of alterations ofoglgylation mechanism on plants with the
help of N-linked glycosylation and its processin@ibitors, mutation of Asn residue whose
amino group participate in N-glycosylation.

N-linked glycosylation help in attaining the bigloal activity of the protein like in
case of jack bean lectin. It is produced as antiveaglycosylated pro-Con A protein [33]
which can be converted into its active functiormahf having lectin activity called as the Con
A protein. This activation process involves the fioygsis of the glycopeptide bond of pro-
Con A and can be done with the help of deglycosylaénzymes called as EndoH [190]. In
fact, N-glycosylation is also needed for the tramtation of Con A to the storage vacuole as
well as for its regulation of lectin activity. Thégvour the functional stability of the enzyme
as seen in case of stem bromelain frAnanas comosus, where deglycosylated bromelain
show decreased enzyme activity and less stabilithe organic solvents as compared to the
glycosylated forms [115]. The oligosaccharide sitiains in the N-linked glycans are also
involved in the secretion of glycoproteins into thdracellular part as seen in the case of cell
wall B-fructosidase in carrot [64, 65]. Due to the renadtk N-linked glycosylation capacity
of plants, they can be considered as an altern&dat for the production of recombinant
therapeutic proteins as seen in case of N-linkgdoglylation in phytohaemagglutinin i.e.
PHA from common bean calld®haseolus vulgaris. N-glycans of PHA are found to mature in
a natural manner in transgenic and other diffeegptression system of plants as is clear from
the glycans retrieved from bean and other recommibisaurces [191]. Plants can also be used
as other organisms for therapeutic glycoproteirdpction by knocking out the N-glycan
processing genes specific to plant or by inserthrey machinery required for the addition,
synthesis of human sugars and their transport [81].

Our earlier study targeted on the detection andigbacharacterization of a heat
resistance family 1 glycoside hydrolase enzyme (RRGhaving bot$- galactosidase arfi
glucosidase activities [183]. This native form bistenzyme was sourced from the seeds of
Putranjiva roxburghii plant. It is a medicinal plant belonging Eoiphorbiaceae family. The
main purpose of this study is to make a comparisemveen the native (glycosylated) and
deglycosylated form of this enzyme and to eluciddie effect of glycosylation on the

stability of the enzyme.
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3.2. Materials and Methods
3.2.1. Purification of enzyme

For the purification of native glycosylated PRGHiEinity chromatography using
concanavalin A-agarose resiwas employed. The detailed procedure was desciibede

previous chapter.

3.2.2. Removal of N-linked glycosylation

N-linked glycans were removed by using PNGase Eyme (NEB). The
deglycosylation of native enzyme was carried ogbeding to the manufacturer’s instruction
with slight modifications. 2@l of PNGase F enzyme (500,000 units/ml) was incedbatith
10 mg of PRGH1 at 37 °C for 36 hrs. Fresh PNGaseZyme (500 units/ml) was added in
every 12 hrs. Native PRGH1 without PNGase F serasdcontrol. At the end of the
incubation, the reaction mixtures were analysedl2¥ SDS-PAGE. After deglycosylation
reaction the protein sample was applied to gelafittn chromatography to obtain purified
deglycosylated PRGH1. The fractions containing ylsagylated protein was collected and
concentrated.

3.2.3. Carbohydrate estimation

To determine the carbohydrate content of bothglyeosylated and deglycosylated
protein preparation, the phenol-sulphuric acid rméthas described by Dubois and co-workers

was followed [54].

3.2.4. Enzyme activity assays and kinetics parameters

The enzyme activity of deglycosylated PRGH1 enzgmehe aryl glycosides such as
p-nitrophenyl$-D-glucopyranoside pNP-Glc), p-nitrophenyl$-D-galactopyranosideplNP-
Gal) andp-nitrophenylf-D-fucopyranoside gNP-Fuc) were assayed at same condition as
described previously [183]. The kinetics parametegse determined from Lineweaver-Burk
plot by using these substrates. The activity oflymgylated PRGH1 enzyme was compared

with the glycosylated form of the enzyme.

3.2.5. Effect of temperature and pH

The temperature optima of deglycosylated PRGH1 deisrmined by the activity on
pNP-Glc as substrate. The enzymatic activity waayess$ by incubating the reaction mixtures

at different temperature ranging from 10 °C to 90 With 5 °C increments. The
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thermostability of glycosylated and deglycosylaf@GH1 was studied by incubating the
reaction mixture for 30 min, with temperatures iaggfrom 10 °C to 90 °C. The standard
assay procedure was followed by usippigP-Glc as substrate. All the above experiments

presented were performed in triplicate.

For optimal pH determination, deglycosylated PRG¥#E assayed in 10 mM Britton-
Robinson buffer, with pH values ranging from 3.0 Xb.0 at 37 °C usingNP-Glc as
substrate. The pH stability was determined by datmg the residual enzyme activity after

incubation at 37 °C for 1 h in suitable buffer.

3.2.6. Effect of alcohols

The effects of alcohols (methanol, ethanol anddpanol) on the enzymatic activity
of both glycosylated and deglycosylated PRGH1 wsiglied. The enzymes were co-
incubated with different concentrations (0-30%)atfohol for 30 min and residual activity

was measured by usipiNP-Glc as substrate.

3.2.7. Proteolysis studies

Glycosylated and deglycosylated PRGH1 were useg@rateolysis studies. Both the
forms of this enzyme were incubated with two dif@rproteases separately with molar ratio
of 50:1 for 1 hr at 37 °C. Trypsin and papain wiaibated with different forms of PRGH1
in 50 mM Tris-HCI; pH 8.0, 10 mM CaglSDS-PAGE analysis was performed to examine

the extent of proteolysis in different forms of PRG

3.2.8. Circular dichroism spectroscopy

Circular dichroism studies of both glycosylated ateblycosylated PRGH1 were
carried out on a Chirascan CD Spectrometer (Apdikdtophysics Ltd., Surrey KT22 7PB,
UK). Far-UV CD spectra (190-260 nm) were recordsoh@ 1 mm path length quartz cell at
25 °C with band width of 1 nm and time per poinsv@e5 s. The secondary structure content
of both the form of enzyme was evaluated in 20 ndthgsium phosphate buffer at pH 7.4.
The CD spectra were interpreted using online DICMWEB programme. The CD results

were expressed in terms of mean residue ellipticity

3.2.9. Fluorescence measurements

For the intrinsic fluorescence experiments, a spéaorometer (Horiba Jobin Yvon,
Model FL3-21) controlled by peltier thermal accegs® (Model LF1-3751) was used. For
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this experiment, both the glycosylated and deglyledsd protein samples (bM) were
excited using an excitation wavelength of 295 nm emission spectra were measured in the
range of 300-450 nm using 5 nm slit widths for bektitation and emission. The protein
samples were prepared in buffer containing 20 mM-HCI; pH 8.0 and background signal

obtained with buffer was subtracted for data evadna

3.2.10 Recombinant PRGH1 production in Saccharomyces cerevisiae

For the production of glycosylated recombinant PRGnzyme, the@rghl gene was
cloned and overexpressed3accharomyces cerevisiae. The detail procedure is described in

next chapter.

3.2.11. Generation of site-specific glycosylation mutant constructs

Site directed mutagenesis was performed using QoekChange Site-Directed
Mutagenesis Kit (Stratagene) by following the instions of manufacturer. The yXYNSEC-
PRGH1 plasmid (described in the next chapter) wsedufor mutations. Mutations and
respective synthetic mutagenic oligonucleotide prsrare listed in table 3.1.

Table 3.1.Mutations and their respective primers and thel ladphabets denote the mutated
codon.

Mutation Forward Primer (5’-3’) Reverse primer (5’- 3)

N5Q AACAATTCCTTCCAGAGAAGTGCCTT | GTCATCGGGAAAGGCACTTCTCTGGAAG
TCCCGATGAC GAATTGTT

N29Q CGAAGGTGAAGCACAGAAAAGTGGC | CTGCCACTTTICTGTGCTTCACCTTCGTA
AGAGGCCCAAGC CTGGTAAGC

N253Q | GCCTTACTCCAGAATACGGTTGATG | CTTCATCAACCGTATTCTGGGAGTAAGG
AAGAAGCTGCCC CACGTACCAG

N374Q | CGATATCTTTTGAGTACACCAAAGA | GTACGCATCTTTGGTGTACTGCAAAAGA
TGCGTACAGAAATCCAAC TATCGAATCCCCTC

N397Q | CAAGATGATCAGGGCACCGTACCGAT| GCTCATCGGTACGGTGCCTGATCATCTT
GAGCATACTCC GATTGTATCC

N407Q | GAGCATACTCCTTAGGATACTCGTC | GTATATTATCCGACGAGTATCCTGAAGG
GGATAATATACTATGAAAC AGTATGCTCATCGGTAC

N472Q | GACATGCTAAACAGTCAACAGAGTG | GTGAACCACTCTGTTGACTGTTTAGCATG
GTTCACAAATTTTCTGC TCTTTCCAAATG

PCR was carried out with Phusion polymerase, a g@aprimers designed for a particular
mutation, and yXYNSEC-PRGH1 plasmid as templatee PCR product was subjected to
Dpnl restriction enzyme digestion to digest the metiegdaemplate. Digested product was
used to transform XL1-Blue competent cells. Thecsssful introduction of the desired

mutation was verified by DNA sequencing of mutatastructs. Recombinant PRGH1 mutant
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proteins were expressed, purified and assayed asriloed above for the wild type
recombinant PRGH1.

3.2.12. Bioinformatics analysis

Since there is no crystal structure available fRGPI1 enzyme in PDB, homology
modeling was done to find the tertiary structureRRRGH1 using Rice (PDB Id: 3PTK)
Os4bglul2 as a template as described in Chaptdol2cular docking of the oligosaccharide
was done using Autodock 4.2.5.1. The structurehefligand molecule Man3GIcNAc2 i.e.
(D-Manpu1-3[D-Manpl-6]D-Man@1-4DGIcpNA@1-4DGIcpNAc1l-OH) was made using
Glycam Carbohydrate builder (http://glycam.org/8soiolecular-dynamics/oligosaccharide-
builder/build-glycan?id=1). The energy minimized drvb of GH1 and the ligands were
prepared for docking studies using MGL tools 1.53id maps were computed using
Autogrid4 having grid dimensions 66 x 72 x 62 Awirid spacing 0.375 A centered around
the active site. Lamarckian genetic algorithm wssdufor docking with a population size of
150 and maximum no. of 250000 energy evaluationth vmmaximum no. of 27000
generations. No. of GA runs were set to be 50.rAftecessful completion of docking, results
were sorted on the basis of their energy profiles the conformation with the lowest energy

was analyzed for hydrogen bonding interactions withprotein using PyMOL.

75



Role of N-linked Glycosylation on PRGH1

3.3. Results and Bscussiot
3.3.1. Protein purification and deglycosylation

The native glycosylated PRGH1 was purified to hoemmgty by employing
concanavalinA affinity chromatography (discussed in the pregiothapter). This rest
shows that native PRGH1 is a glycosylated prot&irlong incubation of PRGH1 wi
PNGase F enzyme resulted the deglycosyaltion ofen@RGH1. SD-PAGE analysis under
reducing cadition indicate' in that deglycosylated PRGH1 migrated with an appe
molecular mass (Mr) of 60 kDa (Figure 3.1). Thigedence of molecular masses between
glycosylated and deglycosylated PRGH1 suggestet RNGase F enzyme successfl
cleave the Ninked sugar moieties. This result was further rgjthered by the fact that
deglycosylated PRGH1 didn’t bind to concanavalimmétrix. Deglycosylation was furth
confirmed by estimating the carbohydrate fractiopm Bhenc-sulphuric acid method.
Prevously many researchers have used PNGase F enzyramtwe the glycan moieties

glycoprotein successfully [85, 22¢

~66kDa——

~60 kDa——> w—

Figure 3.1. Deglycosylation of native PRGH1 enzyme by using R F. Lanel
deglycosylated PRGH1; Lane 2, Glycosylated PRC

3.3.2. Differencesin the catalytic activities

Table 3.2 shows both forms of this protein followd® same pattern in substr
preferences. The glycosylated form of this protefows a slight higher affinity towar:
substrates as deglycosylated form haser Km than the glycosylated form. The values
Vmax for glycosylated PRGH1 & significantly higher than theorresponding max values for
deglycosylated PRGH1. These results suggest teatdtive site architecture of the enzy
mightn’t have changed much by virtue of deglycosylation. However, theatgic activity

may be changed owing to the topological eff

76



Role of N-linked Glycosylation on PRGH1

Table 3.2.Kinetic parameters of glycosylated and deglycdsd@RGH1 enzyme.

Substrate  Kn (MM)  Vmad(pkat/mg) Keat (SY) KeadKm (Ms?)

Glycosylated (Native) PRGH1

pNP-Glc 0.53 0.181 12 2.27 x40
pNP-Gal 0.64 0.112 7.39 1.15 x*10
pNP-Fuc 0.46 0.216 14.32 3.11 ¥'10
Deglycosylated PRGH1

pNP-Glc 0.57 0.139 9.26 1.62 x*10
pNP-Gal 0.69 0.080 5.30 7.68 x°10
pNP-Fuc 0.49 0.171 11.33 2.31¥10

3.3.3. Effect of temperature

PRGH1 is a thermostable enzyme having optimum ¢eatpre at 65 °C.
Deglycosylated PRGH1 follows the same pattern véth overall less activity at each
temperature (Figure 3.2 A). At the optimum tempamtthe deglycosylated enzyme showed
1.4 fold less activity than the glycosylated enzyidere glycosylation is not required for the
activity of the enzyme but required for optimal ireation. Thermostability experiments
showed that the glycosylated enzyme was fairlylstafeer a broad temperature range of 20-
70 °C, and the enzyme activity reduced above 70 HGwever, the activity of the
deglycosylated enzyme reduced sharply above 45TRE.result clearly demonstrated that
deglycosylation preparation is more sensitive tolsathe high temperature. Similar study
with fungal B-glucanase [180] and human aquaporin 10 protein8][1showed that
glycosylation affects the thermostability of theofgins. Thermal stability of proteins were

also studied by using differential scanning caletiry [16].
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Figure 3.2.The effect of temperature on the glycosylated aglytosylated PRGH1 activity
(A) and stability (B). Solid circles denote glyctated PRGH1 and open circle denotes
deglycosylated PRGH1. For stability assay, thefigarienzymes were incubated at different
temperatures at pH 4.6 for 30 min and residualiigtivas measured. Results are the average
of triplicate and the bars indicate the standardrer
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3.3.4. Effect of pH

The optimum pH for th@NP-Glc activity of glycosylated PRGH1 was studieeioa
pH range of 3.0 to 11.0 at 37 °C. As shown in fguhe enzyme retained most of its original
activity at pH 5.0-6.0 with optimum at pH 4.6 (Figu3.3 A). At optimum pH the
glycosylated PRGH1 showed 1.5 fold more activityarththe deglycosylated PRGHL1.
However, at the extreme ends of the pH i.e. pHaB® 9.0 both forms of the enzyme showed
similar activity. The deglycosylated PRGH1 enzynmewss a similar trend with an overall
less activity at every pH. In addition to this agter pH the activity of deglycosylated
PRGH1 decreased sharply. The effects of variousqrHbe stability of recombinant PRGH1
were checked (Figure 3.3 B). Both the forms of pmstein were relatively stable over a pH
range of 4.0 to 8.0.
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Figure 3.3. (A) The effect of pH on the glycosylated and deglytateg PRGH1 activity.
Solid circles denote glycosylated PRGH1 and opestecdenotes deglycosylated PRGH1.
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Relative activity (%)
(o))
e

Figure 3.3.(B) The effect of pH on the glycosylated and degbydated PRGH1 stability.
Solid circles denote glycosylated PRGH1 and opedecidenotes deglycosylated PRGHL1.
For stability assay, the purified enzymes were liated at different pH at 37 °C for 1 h and
residual activity was measured. Results are theageeof triplicate and the bars indicate the
standard error.

3.3.5. Effects of alcohols

The effect of lower chain alcohols was studiedifgubating both the glycosylated
and deglycosylated PRGH1 enzyme with various canagons of alcohols. The result
showed that at a fixed concentration, the actigitypoth the form of enzyme decreases with
increase in the length of the hydrocarbon chaithefalcohol (Figure 3.4). It can be seen that
low concentration of methanol has stimulatory dffes both the preparation. From all the
above experiment, it can be noticed that the degllated form of the enzyme has relatively
lower activity than the glycosylated form. Likewjghis same trend is repeated here. So, it
can be concluded that alcohols have no drasticteffipon deglycosylation unlike the stem

bromelain enzyme sourced frolnanas comosus [115].
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Figure 3.4.Effect of alcohols on relative activity of bothygbsylated (solid structure) and
deglycosylated (empty structure): methanol (ciraéhanol (triangle), 1-propanol (square).
Results are the average of triplicate and the ibdisate the standard error.

3.3.6. Effect of glycosylation on protease susceptibility

We have carried out limited proteolysis of bdtle glycosylated and deglycosylated
PRGHL1 in order to determine if unglycosylated PRGBIInore susceptible to proteolytic
degradation than the glycosylated counterpart. fdsellt showed that the unglycosylated
PRGH1 was quite sensitive to proteolysis againsttito proteases we have used at 1:50
molar ratios. However, native glycosylated PRGHZX ¥aund to be completely resistance to
proteolysis (Figure 3.5). Proteolysis is an impatrtaean to study the structural instability of
the proteins imposed due to the deglycosylationcgss. Studies reported that ‘protein
resistance to proteolytic attack increases wittcaisformational rigidity and vulnerability to
proteolysis reflects the segmental mobility’ [68), 6L03]. Proteolysis study showed that
glycosylated PRGHL1 is highly resistance to proteolgtegradation which precisely suggests
that the structure of native glycosylated PRGH1qiste compact and rigid than the
deglycosylated counterpart. Thus it can be condutat the conformation of both forms of
this protein is different as showed by differenaegproteolysis sensitivity. This result was

further strengthened by the CD study.
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1 2 3 4

Figure 3.5. Proteolysis studies of both glycosylated and degytaied PRGH1 in th
presence of protease. Lane 1, glycosylated PRGH1 twypsin; Lane 2, deglycosylatt
PRGH1 with trypsin; Lane 3, glycosylated PRGH1 witdpain, Lane 4, glycosylated PRG
with papain.

3.3.7. CD spectra of glycosylated and deglycosylated enzyme

The effect of deglycosylation on the secondarycstme of PRGH1 was examined
far UV CD studies. The far UV CD spectrum showeel¢his minor difference between 1
two forms of this prot@ (Figure 3.6). It was observed that deglycosglaprocess resulted
a decrease of the ellipticity suggesting little foomational changes upon deglycosylati
This study is supported by other reports; theyestaflycosylation didn’t alter the sendary
conformation of the protein in a significant manf@&r37, 115]
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Figure 3.6.Far UV, CD spectra of glycosylate——) and deglycosylate¢ = - ) PRGHL1.
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3.3.8. Intrinsic fluorescence of glycosylated and deglycosylated PRGH 1

We measured the fluorescence of the intrinsic togipan residues of both
glycosylated and deglycosylated PRGH1 to know thefarmational changes induced by
deglycosylation. Compared to the glycosylated fothe deglycosylated form of PRGH1
displayed a 1.13 fold increase in emission intgrait342 nm and a red shift of ~3 nm in the
emission maximum (Figure 3.7). The shift and therease in the emission peak may be due
to change in the micro-environment of the chromepghogroups because of the
deglycosylation. This result showed that tryptophaesidues got exposure upon
deglycosylation and they migrate from a more hyHodpc core to a less hydrophobic
environment. This result strongly suggests thatigmificant conformational change of
PRGH1 enzyme follows the deglycosylation of thetg@ro which precisely suggests the
compact and rigid structure of native glycosylatealy be changed to a comparatively flexible
structure upon glycosylation. Fluorescence studies human thyroglobulin showed a

significant change in conformation upon deglycosgta[82].
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Figure 3.7. Effect of glycosylation on the intrinsic fluorescence esioa spectra of
glycosylated (solid circle) and deglycosylated (opsrcle) PRGH1. The experimental

conditions are described under materials and methblde emission intensity unit is counts
per second (CPS).
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3.3.9. Identification of N-linked glycosylation sites on PRGH 1 by mutagenesis

The PRGH1 enzyme was successfully expresseSaccharomyces cerevisae and
purified to homogeneity (detail in the next chaptéfhe molecular weight of purifie
recombinant PRGHL1 is 6 kDa (similar to native PRGH1hence contain -glycosylated
sugars. PRGH1 contains 7 potentia-linked glycosyléion sites (As-X-Ser/Thr) as
predicted by using online tools. These include dbparagines at positions 5, 29, 253, .
397, 407 and 472. These sites are mostly consarvedant B-glucosidases. Individual
mutant constructs were generated at eacttive Ndinked glycosylation site. These muta
allow for accuracy in determining whether an indual site is utilized for -linked
glycosylation. The asparag residues were mutate glutamine and transformedto
Saccharomyces cerevisiae. Each mutted protein was purified and subjected to analiggi
SDSPAGE. The assumption was that there would be k liticrease in electrophore
mobility in a mutant PRGH1 as compared to the VARGHL1 if the mutated sites were-
linked glycosylated in the wi PRGHL1. Result shows that three of seven mutantbieadh a
slight greater mobility i.e. decrease in molecutass (Figure 3.8). Each purified protein \
assayed by usingNP-Glc as substrate to further verify that the pudfigrotein was ou

target. ®veral such mutational studies were carried otrame the I-linked sites [30, 145].

123 45 67 8910

k1 —> ° .-
-

Figure 3.8.Effect of site specific -linked glycosylation mutants on glycosylation. Lahet
and 6 are wild type; Lane 2, 3, £-10 are mutants with mutations at, 253, 397, 374, 407,
472 and 5 sites respective

3.3.10. Bioinformatics analysis

The biochemical studies on PRGH1 revealed thr-glycosylation sites with As«-X-
Ser/Thr motif areglycosylated. These sites are Asn29, Asn253 and3®&nTherefore t
know their location on the model and further studg tilycosylation behavior and hot
helps from proteolysis, modng of PRGH1 and its docking with the high mannssactures
found in plants is done (Figure 3.9). All the thghgcosylated asparaginesidues are seen on
the loop regions and the surface view also indec#tat they are exposed rather than bt
inside which makes them excellent candidate foccagylation. The glycan structure i
Man3GIcNAc2 i.e. (D-Manpul-3[D-Manml-6]D-Man#31-4DGIcpNAPB1-4DGIcpNAcl-
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OH) forms hydrogen bonding interactions with theo@sed asparagines. There are reg
that glycosylation hinders the biological activdf/the protein, however none of the poter
sites mentionedhere interferes with the active site residudigure 3.9. However,
glycosylation is of great importance in term of biiaing the PRGH1 structure ar
preventing it from proteolysis. Presence of theasugoieties at the surface of the enzy
may preventhe proteases to cleave the glycosylated PRGH Inesv

Figure 3.9. Docking of the glycan MansGIcNAc;) (Mars.gGIcNAc,) (D-Manpol-3[D-
Manpu1-6]D-Man@1-4DGIcpNA®B1-4DGIcpNAc1-OH) with PRGH1 on the glycosylatic
sites Asn29, Asn253 and Asn397. The glycan stracimd the glycosylation sites are shc
in sticks with carbon colored green, Nitrogen blmd oxygen red color. he catalytic
acid/base Glul73 and catalytic nucleophilic resiie389 are shown in sticks in orar
color.
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3.4. Conclusion

Glycosylation, one of the most complex and comrRdMs, is of immense interest
for its role in many biological functions such asdl signaling, molecular recognition, and
immune defence. In addition to this, it has suldféects on the various physiological
activities like immunogenicity, solubility, circulary half life and thermostability. The aim of
this investigation was to examine the role of ghpdation for the stability and its
consequence effect on the activity of a very effiti thermostableB-glucosidase from
Putranjiva roxburghii plant (PRGH1). We successfully produced deglyaisd PRGH1 by
using PNGase F. We compared the activities of lbotims of this enzyme under various
conditions like different pH, temperature and aldsh The result showed that
deglycosylation decreases the overall activityhef PRGH1. At higher pH the deglycosylated
PRGH1 showed a sharp decrease in activity. Theaetyre profile of both the glycosylated
and deglycosylated enzyme clearly reflect that ggytated form of this enzyme have greater
stability at higher temperature. Altogether, thdaéa reflects that the carbohydrate moieties
contribute to the stability of the native proteinaking it more resistance to different
denaturants. Spectral properties of both glycosglaind deglycosylated enzymes showed
that the conformation of the native protein chantged certain extent after removal of the N-
linked sugars indicating the possible effect of cglgylation on local and/or global
conformational dynamics of proteins. Proteolysiadgt along with the spectral studies
suggests that the structure of native glycosyl®&B&H1 is quite compact and rigid than the
deglycosylated counterpart. Mutagenesis studiedwshohat out of seven potential
glycosylation site three sites were glycosylatedidifional studies will be required to
determine how each mutation affects the stabilitg activity of the enzyme. Overall, our
results suggest that N-linked glycosylation is esgential fof3-glucosidase enzyme activity

but it is important for stability of the enzyme fine optimal activity.
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4. CLONING, EXPRESSION, PURIFICATION OF PRGH1 ENZYM E BY USING
YEAST SYSTEM AND ITS APPLICATION FOR BIOETHANOL PRO DUCTION

4.1. Introduction

Cellulose is the most abundant polysaccharidehereairth and virtually an unlimited
source of renewable bioenergy. However, in the ratesef suitable treatment, a huge amount
of industrial and agricultural insoluble cellulosiaste has accumulated, becoming a cause of
environmental pollution [31]. The production of Fugthanol from this cellulosic biomass
remains a highly attractive one in terms of envmental, commercial and social
sustainability [63]. Sugars for the fermentationgass are accessed from cellulosic material
through chemical or enzymatic hydrolysis. The enatyenhydrolysis of cellulosic biomass
involves conversion of biomass to reducing sugams] the subsequent conversion of the
reducing sugars to ethanol. However, this proceseiy costly owing to the recalcitrance of
cellulose, resulting the low yield and high costtieé enzymatic hydrolysis process [157].
Microbial cellulolytic enzyme complex consists tirée basic types of enzymes, including
cellobiohydrolases (EC 3.2.1.91), endoglucanases 82.1.4) andp-glucosidases (EC
3.1.2.21), which work synergistically to degradéutese to glucose. Cellobiohydrolases and
endoglucanases synergistically degrade native losfluto generate cellobiose, which is a
strong product inhibitor of both the enzymes [1B6¢lucosidases cleave tRel,4-glycosidic
linkage of cellobiose to generate D-glucose. TheefB-glucosidases not only catalyze the
final step of cellulose degradation, but also alke cellulolytic enzymes to function more
efficiently by relieving the cellobiose mediatedhiipition [216]. However, cellobiose is
consistently accumulated owing to the we@iglucosidases activity of most microbial
cellulases making cellobiose hydrolyzation the -tiambdting step during this enzymatic

hydrolysis process of the cellulosic biomass [217].

One-step conversion of cellulosic biomass to Ihiaebl with an organism capable of
cellulose degradation and efficient fermentatioon@olidated bioprocessing-CBP) may offer
cost reductions of bioethanol production [157]. @i¢he most effective ethanol-producing
yeasts,Saccharomyces cerevisiae, has several advantages including (i) natural sbimss in
industrial process (ii) simplicity in genetic mauigtion (iii) larger cell size, which simplify
their separation from the culture broth (iv) remmste to viral infection and (v) commonly
regarded as safe (GRAS) status due to its longcedsm with the food and beverage
industries [87]. Despite of these advanta§eserevisiae has a major drawback due to its

inability to degrade cellobiose and longer chaifloesligosaccharides efficiently and these
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are the dominant soluble by-products of cellulogdrblysis. Therefore, construction pf
glucosidases overproducing strain is an importaategy to enhance the efficient utilization
of cellobiose. Great efforts have been made t@iyEaily engineefS. cerevisiae to grow on
cellobiose by expressing heterologopiglucosidases genes. Mostlf;glucosidase from
bacterial and fungal origin have been transfereed. tcerevisiae enabling the growth on
cellobiose [86, 159, 236], but no effort has beadenwith the efficient plarfi-glucosidases

till date. Enzyme thermostability is crucial duritige saccharification step because steam is
always used to make the substrates more approporagnzymatic hydrolysis process [150].
ThermostableB-glucosidases can be used in the saccharificationegure without a pre-
cooling process.

Our previous study focused on the identificatiord gartial characterization of a
thermostable family 1 glycosyl hydrolase enzyme @PR) which was sourced from
Putranjiva roxburghii plant [183].P. roxburghii is a medicinal plant fronfcuphorbiaceae
family. In this study, theorghl gene was overexpressed under the control of th€lPG
promoter and terminator i cerevisae. The enzymatic properties of the purified
recombinant PRGH1 were characterized. The abitityhe sustain growth of the obtained
strain on cellobiose as sole carbon source wasestushder aerobic conditions. To the best
of our knowledge, it is the first report where anglp-glucosidase gene was used to engineer

S cerevisiae for better utilization of cellobiose.
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4.2. Materials and Methods
4.2.1. Microorganism strains and culture conditions

E. coli strain XL1-Blue (Stratagene) was used as hostnsfoa maintenance and
amplification of constructs. Luria-Bertani mediu20P] was used to cultivate the bacterial
strain, and 10@ug/ml of ampicillin was added for selecting transfiant.S. cerevisiae Y294
was cultured in YPD medium (1% yeast extract, 2¢tqee, 2% glucose) at 30 °C. Selective
synthetic complete (SC) medium (2% glucose. 0.6 2#&s¥ nitrogen base [HiMedia, India]
containing amino acid supplements) was used toctsedd maintainS cerevisiae

transformant.

4.2.2. Recombinant vector construction

The enzymes for amplification, restriction digestand ligation were purchased from
NEB. The yXYNSEC vector, pDF1 plasmid a&l cerevisiae Y294 strain were kindly
provided by Prof. Willem Heber van Zyl, Stellenbleddniversity, South Africa. Previously,
we have cloned the 1617 Bpglucosidase gengrghl, into the pGEM-T vector and the gene
sequence was submitted in the NCBI Gene Databatiktive Accession no KF0O06311. The
ORF of PRGH1 gene without native signal sequence waplified by PCR from the
recombinant  plasmid pGEM-T-PRGH1 by using the préne set 5'-
GAGCTCGCGAAATTCCTTCAACAGAAGTG-3 and 5'-
CGGAAGATCTTAAGCGGCTGCTGATCTAATAG-3' having overhamgg regions
encoding Nrul and Bglll restriction sites respeelw The purified PCR product was digested
with Nrul and Bglll and was ligated to Nrul/Bgllite of yXYNSEC vector, which enabled
the fusion ofprghl gene to xyn2 secretion signal fromrichoderma reesei. The detall
construction of the multi-copy, yeast expressioat@eyXYNSEC was described by Rooyen
et al. [236]. Correct construction was confirmed by niesbn digestion and subsequent DNA

sequencing. The resulting construct was designa{&NSEC-PRGH1.
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Figure 4.1.Plasmid map of yXYNSEC [236].

4.2.3. Yeast transformation and FUR1 gene disruption

S cerevisiae Y294 was transformed with the yXYNSEC-PRGH1 plasrby the
dimethyl sulfoxide-lithium acetate method descriliydHill et al. [98]. Transformants were
screened and maintained on"$Emedium. Further confirmation of the transformativas
done with PCR. To ensure autoselection of the UR&&Ang yXYNSEC-PRGH1 plasmid in
non-selective medium, disruption of the uracil gitazibosyltransferase (FUR1) gene in the
S cerevisiae Y294 transformants was performed by using pDFEmld [133]. Furl::Leu2

autoselective transformants were screened oHS&medium.
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Figure 4.2. Schematic representation of the disruption of t&®E gene in the genome £-
glucosidase producing cerevisiae strain, figure adopted from reference no. 1

4.2.4. Purification of recombinant PRGH1

The autoselectiviS. cerevisiae Y294 transformantsvere inoculated onto a defin
solid medium with cellobiose as the sole carborr@aurhe plate was incubated for 2 d
and then overlaid with 0.8% agar containing mM 4-methylumbelliferyl$-D-
glucopyranoside (MUG). After that, the plate wasuipated t 5C °C for 15 min and the

colonies withB-glucosidase activity was monitored under UV ligssg nm).

For protein purification, autoselectivS. cerevisiae Y294 cells with strongp-
glucosidase activity were grown iiL of defined medium with cellobio as the sole carbon
source at 30 °C for 48 h. The supernatant of thteireuwas separated from the cellular i
by centrifugation for 5 min at 5000 X g. The sumamt was utilized as crude enzyme for
purification. The supernatant was percolatewough filter paper and concentrated up tc
mL using a 10 kDa cutoff Amicon Uli-15 concentrator (Millipore, Bedford, Massachust¢
USA). The concentrated supernatant was precipitatedincreasing concentration
ammonium sulfate at 4 °C. The resul precipitates containing most amount of enzyme \
collected by centrifugation, dissolved in distilledter and dialyzed against 50 mM "-HCI;
pH 8.0 and loaded on a DE.-Sepharose column pesguilibrated with the same buffer. T
column was washed eensively with 50 mM Trig4CI; pH 8.0 to remove unbound prote
and bound proteins were eluted with step gradremh 0 to 0.3 M NaCl. Homogeneity of t
each faction was analyzed by 12% S-PAGE. The pte and active fractions wereoled,
dialyzed andcconcentrated by Amicon Ultra (10 kDa MWC
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4.2.5. SDS-PAGE and MUG-zymogram analysis

SDS-PAGE was performed with a 12% polyacrylamidd gsing the method
described by Laemmli [134]. The samples were intatb&r 5 min at 95 °C in the presence
of 10% SDS and 0.59%-ME before subjected to SDS-PAGE. The gel was sthiwith

Coomassie Brilliant Blue R-250 and subsequentlyasiesd with destaining solution.

The B-glucosidase activity of the purified enzyme waseadwed by the zymogram
assay with 4-methylumbelliferyp-D-glucopyranoside (MUG) as substrate by using 6%
native PAGE. The gel was run for 3 h at a constantent of 10 mA at 4 °C. After
electrophoresis, the gel was repeatedly rinsed wligiilled water and 50 mM citrate
phosphate buffer; pH 5.0 before being overlaid Wit mM MUG in same buffer, and
incubated at 50 °C for 10 min. The fluorescencapco was visualised under UV 365 nm,

and subsequently gel was stained with CoomassikaBtiBlue R-250.

4.2.6. Circular dichroism spectroscopy

Circular dichroism study of purified recombinanR®H1 was carried out with a
Chirascan Circular Dichroism Spectrometer (Appltbtophysics Ltd., Surrey KT22 7PB,
United Kingdom). Far-UV CD spectra (190-260 nm) eveollected using 1 mm path length
quartz cell at 25 °C with spectral band-width ofirh and time per point was 0.5 s. Protein
concentration was kept 0.2 mg/ml and the protempta was filtered using 0.4%6M filter
prior to use. The CD spectra were analyzed usiligeeDICHROWEB programme. The CD

results were expressed in terms of mean residipdi@atly.

4.2.7. Substrate specificity

After optimising the purification of recombinant BR1 enzyme, the substrate
specificity of the purified enzyme was determin€de enzyme activity on the aryl glycosides
such as p-nitrophenylf-D-glucopyranoside, p-nitrophenylf-D-galactopyranoside, p-
nitrophenylg-D-fucopyranoside angb-nitrophenylg-D-cellobioside were assayed at same
condition as described previously [183]. The kicetparameters were determined from
Lineweaver-Burk plot by using these substrates. Stlestrate specificity of recombinant
PRGH1 towards different glucooligosaccharides ldedlobiose, cellotriose, cellotetrose,
cellopentaose, trehalose, lactose and maltose ameatyzed by quantifying the released

glucose using glucose (HK) assay kit (Sigma). Farrttore, the natural substrates like
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amygdalin, arbutin, laminarin, genistin, daidgirgentiobiose and quercetin3b-glucoside
were also assayed at the same condition.

4.2.8. Effect of temperature and pH on enzyme activity

The temperature optima of recombinant PRGH1 wasriehned by the activity on
cellobiose as substrate. The enzymatic activity wasayed by incubating the reaction
mixtures at different temperature ranging from @t 90 °C with 5 °C increments. The
thermostability was determined by measuring thedoves activity of recombinant PRGH1
after incubating the enzyme at different tempeesu(l0 °C-90 °C) in 50 mM citrate
phosphate buffer; pH 5.0 for 1 h. For optimal pHedaination, recombinant PRGH1 was
assayed in 10 mM Britton-Robinson buffer, with p&ues ranging from 3.0 to 11.0 at 65 °C
using cellobiose as substrate. The pH stability deiermined by calculating the residual

enzyme activity after incubation at 65 °C for Ifsuitable buffer.

4.2.9. Effect of inhibitors and additives

The inhibitory effect of N-bromosuccinimide (NB&hnd s-gluconolactone on the
activity of the recombinant PRGH1 towards the sulbstcellobiose were determined by
incubating 1 mM inhibitor with Jumol of enzyme at 37 °C for 10 min. Similarly, théeets
of additives were assessed by evaluating enzymeitpdn the presence of various metal
ions, EDTA, DMSO, Triton X-100, Urea, DTT, Guanidihydrochloridep-mercaptoethanol,
and SDS. The effects of alcohols were studied bincobating the enzymes with different
concentrations of alcohol for 30 min and residudivdty was measured by using cellobiose

as substrate.

4.2.10. Shake-flask fermentation of cellobiose

AutoselectiveS. cerevisiae Y294 transformants were used in SSF experimenmtst, F
the transformants were pre-cultured overnight irDYilRedium, harvested by centrifugation
for 5 min at 3000 X g at room temperature, resultetl pellet was twice washed with
sterilized distilled water, resuspended in a medrontaining cellobiose as single carbon
source and finally inoculated into fermentation med Initial cell density was adjusted to an
ODgoo of 0.05. Flask fermentation experiments were peréa using 50 mL of medium
containing 20 g/L of cellobiose as sole carbon s®un 250 mL flask at 30 °C with an
agitation speed of 200 rpm under an aerobic candifThe medium was supplemented with

different amino acids according to the auxotrophégjuirements and to increase the
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heterologous protein expression as per Rooyen.dRa6]. The growth curve, cellobiose
consumption, and ethanol production of this culives determined at O, 6, 12, 18, 24, 30, 36,
42 and 48 hrs. The cell density was measured bgguspectrophotometer at 6Q0

Cellobiose and ethanol concentration were detemn@isedescribed below.

4.2.11. Simultaneous saccharification and fermentation (SSF) assays with cellulosic
substrates

Equivalent SSF experiments were carried out batge in 250 mL conical flasks
with CMCl/rice straw/sugarcane bagasse as singlbonasource. Both rice straw and
sugarcane bagasse were alkali pre-treated withedilNaOH (0.5%) for 30 minutes at 100
oC. After NaOH pre-treatment the solid mass wasaisgpd from the liquid fraction, then
washed several time with running water to neutealiee pH followed by a final rinse with
distilled water and dried to constant weight aP60 The conical flasks were loaded with 10 g
of dry cellulosic mass (both alkali treated/norategl) and 70 mL of 50 mM Sodium
phosphate buffer; pH 5.0 and the media sterilized24 °C for 20 min. Prior to the SSF
process the cellulosic masses were pre-treated avittellulosic load (20 FPU/g of dry
cellulosic mass) and incubated at 45 °C for 24 la irotary shaker at 100 rpm. Then the
temperature of the media was cooled down to 30fCSacerevisiae Y294 transformants
suspension was added aseptically to the mediunthen8SF was run for 72 h. Samples were
taken at 0, 4, 8, 12, 18, 24, 30, 36, 42, 48, gH,7and analyzed for cellobiose, glucose and
ethanol. In all SSF experiment, parenlcerevisiae Y294 was used in corresponding
experiment as a control. Cellobiose, glucose ahdnetl concentration were determined with
a Shimadzu HPLC chromatograph equipped with aceW@index detector using a Bio-Rad
Aminex HPX-87H column. The column temperature wasmained at 50 °C and water was
used as mobile phase at a flow rate of 0.5 mI"mfilter paper unit was calculated by the

protocol described by Ghose [75].
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4.3. Results and discussic
4.3.1. Construction of recombinant S. cerevisiae strain expressing f-glucosidase

The B-glucosidase gene from plant sourdPutranjiva roxburghii) was amplified
excluding the native secretion signal. The primeeye designed on the basis of ¢
sequence data available in (bank with the Accession nEF00631.. The B-glucosidase
gene prghl) was cloned in frame with thT. reesel xyn2 secretion signal into yXYNSE
vector under the transcriptional control of PGKbmnoter and terminator for constituti
expression. This obtain yYXYNSEC+PRGH1 plasmid was used to transfoS. cerevisiae
Y294 to Uracil prototrophy (Ui"). The S cerevisiae Y294 (Ure") transformants showed

ura

strong luminescence around the colonies under g lbn SC"“selection plate when MU
was used as substrateut the nativeS cerevisiae Y294 strain did not show a clear zc
(Figure 4.3. PCR with DNA from transformants confirmed theegence of yXYNSE-
PRGH1 plasmid. The FUR1 gene of transformants wasigted to generate autoseleci
strains. This delatn was confirmed with PCR and the pareiS. cerevisiae Y294 was used
as reference. Therefore, the PRGH1 gene was attdohtbe xyn2 secretion signal seque
[133] and expressed constitutively from a high copynber yeast expression vector. -
expresion is under the transcriptional control of thekAGoromoter and terminator of
cerevisiae. The xyn2 signal was attached for ssfglesecretion of the target enzyme to

growth medium [197].

Figure 4.3.Expression oprghl gene inS. cerevisiae Y294.S. cerevisiae Y294 transformants
(peripheral colonies) showed tf§-glucosidase activity when MUG was used as subs!
Native S cerevisiae Y294 (center colony) didn't show any significan@-glucosidase
activity.
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4.3.2. Purification of recombinant PRGH1 expressed in S. cerevisiae

The recombinant PRGH1 was expressed constitutiveier PGK1 promoter iiS
cerevisae Y294. The protein was secreted to extralar fraction of culture. At €%
ammonium sulphatemost of the PRGH1 enzyme was precited out. These resultir
precipitates were used for further purificationdescribed in materials and method sec
and the recombinant PRGH1 was purified to homodgn€&he recombinant PRGH1 enzyi
was prified 25.23 fold with a 54.% yield against ellobiose as the substrate. 1
purification results were summarized in Table 4rid ahe SD-PAGE pattern of eac
purification step was shown in figure 4.4 A. Likestenzyme, severfi-glucosidases purifie

by using several complicated chromatograpteps [260].

Figure 4.4 (A) SDS-PAGE (12%w/v) analysis of recombinant PRGH1 purification. L&n:
molecular weight marker; Lane 2, concentrated calgupernatant of nativS cerevisiae
Y294; Lane 3, concentrated culture supernatanecdmbinaniS. cerevisiae Y294; Lane 4
last fraction of gradient ammonium sulphate preatpmn (60%); Lane 5 and Lane 6, 200 r
NaCl fraction from DEAE; Lane 7, cell lysates ofcoenbinantS. cerevisiae Y294. (B)
Electrophoretogram of the purified recombinant PR(in the native pagdC) Zymogram of
the purified recombinant PRGHL1 in the native pagth wlifferent fluorescence substrat
Lane 1, MUG as substrate; Lane 2, MUGA as substiasme 3, concentrated cultL
supernatant of nativ@ cerevisiae Y294,
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Table 4.1 Summary of purification of recombinant PRGH1 sesuleby recombinanS
cerevisiae Y294.

Purification Total protein ~ Total activity*  Specific activity *  Recovery rate  Purification
Steps (mg) (V) (Ulmg) (%) (fold)
Supernatant 148.3 194.7 1.31 100 1.0

Concentrated supernatant  117.3 179.6 1.53 92.24 1.16
Ammonium 228 143.6 6.29 73.75 4.80

sulphate precipitation

DEAE-Sepharose

chromatography 32 105.8 33.06 54.34 25.23

*The activity was given for thp-glucosidase only.

4.3.3. SDS-PAGE and zymogram analysis

SDSPAGE analysis under reducing condition indicateat tecombinat PRGH1 was
migrated with an apparent molecular mass (Mr) okb@. However, Nativ-PAGE analysis
showed that recombinant PRGH1 exists in higherrastigomeric states (Figure 4.4 B). C
previous study with native PRGH1 (purified from milasource) ccfirmed that at high
concentration of this enzyme it exists in differeigomeric forms (Second chapter). Af
Native-PAGE, thep-glucosidase ang-galactosidase activity of the purified recombin
PRGH1 was observed with-methylumbelliferyl p-D-glucopyranoside (MUG) and -
methylumbelliferyl B-D-galactopyranoside (MUGA) respectively used as satest. The
result showed that the enzyme was able to hydrdbyth the substrates, since clear be
were observed under UV 365 nm after incubation uf€g4.« C), but the fluorescenc
intensity was higher when MUG was used as subsindieating it has mor@-glucosidase
activity thanp-galactosidase. However, no fluorescent band degdleghen crude extract

nativeS. cerevisiae Y294 was used in this zymcam assay (Figure 4.4 C, lane

The secreted recombinant PRGH1 has a molecular ofiags6 kDa, which is simile
to the protein sourced from tlPutranjiva roxburghii, but a 7 kDa difference was obsen
when compared to the protein overexpressed irbacterial host (Second chapter). Th
results clearly suggest that in tS cerevisiae host the protein was able to glycosylate
part of post translational modifications. H-level secretion of heterologous gene produc
S cerevisiae is mediatd by the hydrophobic -terminal extension of the polypeptide [13

This leader peptideanslocates the protein fraGolgi complex to culture medium via plast
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membrane. Studies suggest that the hydrophobic X¥E@etion was cleaved on the
carboxylic side of Lys-Arg dibasic cleaving site ting KEX2 protease @. cerevisiae[197].

4.3.4. Circular dichroism study

The CD spectrum between 190 and 240 nm indicigtdithelix is the principal type
of secondary structure in the recombinant PRGHlyraezand structural integrity is well
maintained throughout purification (Figure 4.4). eTldeconvolution of CD data with
DichroWeb program indicates that thehelical andp-sheet contents were 35% and 21%
respectively. The percentage of the secondarytatei@lements well support our sequence
based model. This result was also coinciding withgpectrum result of plant sourced protein
[183]. The CD result also suggested that the enzymaentained its integrity during the

purification process.
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Figure 4.4. Far-UV CD spectrum (190-240 nm) of purified recombinant@*R in 20mM
sodium phosphate buffer (pH 8.0).

4.3.5. Substrate specificity and kinetic parameters of recombinant PRGH 1

Glycosyl hydrolase family 1 enzymes show a wideggeanf enzyme activity, so that
we have used various substrates to characterigeettiyme. Purified enzyme was used in
enzyme assays. The specificities of recombinant IPR@gainst different substrates are
shown in table 4.2 and 4.3. The result showed thatenzyme was active agairstiP
substrates as well as natural substrates. Thisvenmas best active againshitrophenylp-

D-fucopyranosidegNP-Fuc), with relative activity of 132% and alsayweactive againsf-D-
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glucopyranosidepNP-Glc) andp-nitrophenylp-D-galactopyranosideplNP-Gal) with relative
activity of 100 and 80% respectively. Boghnitrophenylg-D-cellobioside pNP-Cel) and
cellobiose also efficiently hydrolyzed by this enmsy. But, the recombinant PRGH1 showed
more activity againspNP-Fuc andpNP-Glc (analogue of cellobiose, consisting of two
glucose moiety linked by th@-1,4-glycosidic linkage) than theNP-Cel (analogue of
cellotriose, consisting of three glucose moietkéid by theB-1,4-glycosidic linkage). The
recombinant PRGH1 had no significant activity on CMmaltose, sucrose, trehalose,
melibiose, nigerose, xylan, laminarin or lichenansabstrates. The enzyme could hydrolyze
the cellooligosaccharides, but the activity decedagradually as the chain length increased.

Salicin was hydrolyzed efficiently by this enzyme.

The hydrolysis rate at different concentrationsvafiouspNP substrates confirmed
that the recombinant enzyme follows Michaelis-Merkaetics. The Km and V¥.xvalues for
different pNP substrates and cellobiose obtained from LineeeBurk plot and the results
are shown in table 4.4. The values were obtainel@ustandard assay conditions. Kag/Kn,
values clearly demonstrate that the enzyme hdstlsfigigher affinity towardpNP substrates

than cellobiose.

With respect to their specificiies of substratespst of the p-glucosidase
characterized till date can be categorized inteehgroups: (i) showed high specificity
towards arylp-glucosides (i) known as cellobiases, hydrolyzeoeoligosaccharides and
cellobiose (iii) hydrolyzes both type of substraf@8]. Our study showed that PRGHL1 is a
broad specifi§-glucosidase enzyme. The analysis of kinetic pataraeshowed that PRGH1
is much more competent at the hydrolysi3ajlucosidase an@-fucosidase substrate than
the B-galactosidase substrate. This enzyme able to y® cellobiose at a significant rate,

which is most important from the commercial poihview.
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Table 4.2Relative hydrolytic activity of purified recombineRRGH1 enzyme with various
chromogenic substrates.

Substrate Relative activity (%)
p-nitrophenylp-D-glucopyranoside 100
p-nitrophenylp-D-galactopyranoside 78
p-nitrophenylp-D-fucopyranoside 132
p-nitrophenylp-D-cellobioside 36
p-nitrophenylB-D-xylopyranoside 3
o-nitrophenyp-D-galactopyranoside <0.001
p-nitrophenylp-D-manopyranoside < 0.001
p-nitrophenyla-D-glucopyranoside <0.001
p-nitrophenyla-D-galactopyranoside <0.001

Table 4.3Relative hydrolytic activity of purified recombineRRGH1 enzyme with various
disaccharides and natural substrates.

Substrate Relative activity (%)
Cellobiose 100
Cellotriose 66
Cellotetrose 54
Cellopentaose 42
Trehalose <0.001
Maltose <0.001
Sucrose <0.001
Trehalose <0.001
Melibiose <0.001
Nigerose <0.001
Xylan <0.001
Laminarin 29
Lichenan 19
Amygdalin 54
Arbutin, 47
Salicin 38
Laminarin, 32
Gentiobiose 47
Quercetin 33-D-glucoside 28
Esculin 43
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Table 4.4Kinetic parameters of recombinant PRGH1 enzyme.

Substrate Km (MM) Keat (S%) KeadKm (Ms?)
pNP-Glc 0.52 11.73 2.26 x40
pNP-Gal 0.65 7.95 1.22 x40
pNP-Fuc 0.47 14.05 2.99 x40
pNP-Cel 3.11 7.3 2.34 x30
Cellobiose 1.26 7.88 6.25 x10

4.3.6. Effect of metal ions, inhibitors and other reagents on recombinant PRGH 1 activity

Most of the divalent metal ions and EDTA had ngndicance effect on enzyme
activity. However, Zf" and Hg" ions have the inhibitory effect diglucosidase activity.
NBS completely abolished the function of the enzyand a significance loss in activity was
observed in case ob-gluconolactone. The addition of SDS resulted insignificant
improvement on the activity, whereas DMSO and Trid-100 resulted in slight activity
enhancement. The effect of lower chain alcohols stadied by incubating the enzyme with
various concentrations of alcohols. The result gbthat the enzyme was very stable against
ethanol and 1-propanol and at low concentratiorharedl showed stimulatory effect (Table
4.5). In the presence of the metal ions the dgtivi the enzyme remains unaltered except
some. This seems to be an advantage for the immlugtocess as the presence of various
metal ions in the natural feedstocks can’t hintierdctivity of the enzyme. In the presence of
reducing agent the activity of the enzyme didn’tréased significantly indicating that Cys
don’t play any role in the catalysis. Two well dBished inhibitors i.e. N-bromosuccinimide
and é-gluconolactone inhibited the activity of PRGH1dirates that this enzyme isfa
glucosidase rather than an exoglucanase. Diffezle@mical reagents altered the activity of
the enzyme. This enzyme showed resistance towatdma. DMSO and 10% ethanol
enhanced PRGHL1 activity. Some other study alsorteghdhat alcohols act as an activator

owing their glycosyltransferase activity [101, 194]
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Table 4.5.Effects of metal ions, chelating agent, chemicarag and organic solvents on the
enzyme activity of recombinant PRGH1 enzyme.

Effectors Concentration Relative activity (%)
No additive - 100+45
Metal ions

Mg** 1mM 98.5+5.1
Mn?* 1mM 103.7 £ 4.9
ce* 1mM 101.3 £6.1
Ni* 1mM 90.0 £3.1
co 1mM 97.1+2.8
zZn? 1mM 38.5+35
B 1mM 102.5 +3.7
Hg™ 1mM 48.8+7.6
Fe* 1mM 115.2 £ 1.5
P 1mM 107.7 2.1
Surfactants

SDS 1mg mt 117.6 +5.8
Triton X-100 10mg mt 110.0+1.3
Chelating agent

EDTA 10mM 100.2+4.9
Chemical agents

B-mercaptoethanol 1mM 94.3+4.7
DTT 1mM 96 .2+ 3.8
Urea 5mM 98.4 +3.3
Hydrochloride guanidine 10mM 91.7+6.2
DMSO 10% (v/v) 114.1 + 3.7
Inhibitors

N-bromosuccinimide 1mM 19.9+5.3
d-gluconolactone 5mM 53.0+3.7
Organic solvents

Ethanol 10% (v/v) 99.4+44
Ethanol 25% (v/v) 52327
1-propanol 10% (v/v) 93.7+1.38
1-propanol 25% (v/v) 40.4+4.3
Methanol 5% (v/v) 119.2 +3.8
Methanol 10% (v/v) 103 +£5.7
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4.3.7. Effect of pH and temperature on enzyme activity

The optimum pH for the cellobiose activity of redoinant PRGH1 was studied over a
pH range of 3.0 to 11.0 at 65 °C. As shown in fguhe enzyme retained most of its original
activity at pH 5.0-6.0 with optimum at pH 5.0. Té#ects of various pHs on the stability of
recombinant PRGH1 were checked (Figure 4.5 B).rAfteubating the enzyme at different
pH for 1h the residual activity was measured. Tieyme was quite stable over a broad pH
range of 4.0 to 8.0; retained 70% of original catalactivity against cellobiose but below pH
4.0, the activity declined quickly. Under optimaH pcondition, the purified recombinant
PRGH1 had an optimum temperature of 65 °C. Theteffetemperature on enzyme activity
and stability are shown in Figure 4.6. Thermosigbéxperiments showed that the enzyme
was fairly stable over a broad temperature randef0 °C, and the enzyme activity reduced
above 70 °C. Unlike to this enzyme several colivadi-glucosidases were reported earlier
[15, 52, 251, 252].

Result showed that it was active in wide pH amdgerature range. Thermostability is
a significant character d¥-glucosidase during the enzymatic conversion ofob&se to
reducing sugars. Generally, during saccharificastep steam is applied on the biomass to
make it easier for degradation. A thermostable emz\like PRGH1 along with other
themostable enzymes can be used after the hedgpgasoiding the pre-cooling process,
hence reducing processing time, decreasing conginim saves energy, and enhancing the
guality and yield of fermentation [150].
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Figure 4.5.0Optimal pH (A) and pH stability (B) of purified rembinant PRGH1 enzyme.
The relative activities d¥-glucosidase against cellobiose are expressedresnage
normalized to the sample with the highest actiintgach test.
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Figure 4.6. The effect of temperature on the purified recombin@RGH1 activity (solid
circles) and stability (open circles). For stapiltssay, the purified enzymes were incubated
at different temperatures at pH 5.0 for 1 hour mesidual activity was measured.

4.3.8. Fermentation of cellobiose by recombinant S. cerevisiae

Under aerobic condition, flask fermentation wagied out to investigate the ability
of recombinan®. cerevisiae Y294 to produce ethanol from the minimal mediataomnng 2%
(w/v) cellobiose as a sole carbon source. In thlauge condition, the growth profile of both
native and recombinar® cerevisiae Y294 was compared and the result confirmed that th
recombinantS cerevisiae Y294 culture showed a better growth profile inl density (Figure
4.7.). Figure 4.8 and 4.9 demonstrates the rateldbiose consumption, and subsequently
ethanol production respectively. The concentratiohgylucose decreased with time and
consequently the ethanol concentration increasedase of recombinai® cerevisiae Y294
culture, the highest ethanol concentration was 405 which was 2.9 fold higher when
compared to nativ&. cerevisiae Y294 (used as control), grown in the same comlititotal
cellobiose consumption was observed for the recoantistrain after 36 h, with consumption
rate of 0.55 g cellobiose/L h, yielding 0.20 g etbidg cellobiosep-glucosidase are strongly
inhibited by glucose which is the end product ollat®ose hydrolysis. In this cellobiose
fermentation experiment, no significant amount licgse accumulated during fermentation

suggesting the efficient conversion of glucoseheyyeast.

The growth curve suggest that the recombisanérevisiae Y294 was able to grow in

cellobiose medium owing to the overexpressior@flucosidase genes. cerevisiae have
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very fast carbon flux in the glycolysis processgewlglucose was used as the carbon source.
Cellobiose, which is a dimer of glucose, was priedicto be used in similar manner as
glucose by the host. But, the utilization of celts® seems to be slower than the glucose. It
was also found that in the cellobiose medium thecgpgage of higher metabolites of
glycolysis were at elevated level [116]. In shd&sk culture, the recombinaBt cerevisiae
Y294 was able to ferment the cellobiose more dfitly. This result suggested the possible
use of this new construct in SSF procé&serevisiae is well characterized previously, where
large scale bioreactor were scaled up from shalsk {28].
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Figure 4.7. The growth profile of native (circle) and recombndtriangle) S. cerevisiae
Y294 on defined medium with cellobiose as sole carsource.
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Figure 4.8.Comparison of cellobiose consumption between agtircle) and recombinant

(triangle)S. cerevisiae Y294. Results are the average of triplicate aedoirs indicate the
standard error.
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Figure 4.9. Comparison and time course of ethanol productietween native (circle) and
recombinant (trianglep. cerevisiae Y294. Results are the average of triplicate ardlthrs
indicate the standard error.

4.3.9. Simultaneous saccharification and fermentation of cellulosic substrates with the
recombinant S. cerevisiae Y294

In the current SSF experiments, both treated antdleated different cellulosic
biomasses were applied to 12 h enzymatic prehysisylafter which the concentrations of
cellobiose and glucose were evaluated. NaOH pegrarent was found to be more effective
for cellulase activity in case of rice straw angawane bagasse, while cellulase activity was
independent of this alkali treatment when CMC wseduas substrate (Table 4.6).

Table 4.6. Concentration of cellobiose and glucose after evatic prehydrolysis of both
untreated and alkali treated cellulosic substratesnperature: 45 °C; agitation speed: 100
rpm; time duration: 24 hrs.

Cellulosic substrate Cellobiose (g ) Glucose (g
CMC 0.11+0.02 23.39+0.90
Untreated rice straw 7.61+0.25 31.68 +2.83
Alkali treated rice straw 13.78 £ 0.47 49.20 £ 3.41
Untreated sugarcane bagasse 12.62 + 0.68 48.93 + 3.65
Alkali treated sugarcane bagasse 2258 £0.21 66.29 + 2.56

107



Application of PRGH1 for Bioethanol Production

Commercial cellulases are usually used for comgprtellulose to cellobiose or other
oligosaccharides. Despite the fact that theselesks possesses high exo-and endo-glucanase
activity, but show very lowB-glucosidase activity. Since, prehydrolysis of reteaw and
sugarcane bagesse generate glucose and signiicamint of cellobiose, recombina8t
cerevisiae Y294 was used for efficient consumption of celts@ and efficient bioethanol
production. Cell density, concentrations of glucesel ethanol were used to estimate the
efficiency of SSF. The recombinaft cerevisiae Y294 produced more ethanol from the
cellulosic biomass (of rice straw/sugarcane bagasseompared to the natige cerevisiae
Y294. Pre-treatment of the biomasses had signifieanfluence on ethanol production was
due to high concentration of glucose in fermentimgdium. As expected, sugarcane bagasse
was the best substrate for SSF as the pre-treatamehthydrolysis process synergistically
produced more fermentable sugar and subsequently production of ethanol (Table 4.7).
The time course of ethanol production from CMC ali@li treated feedstocks were shown in
Figure 4.9.

Table 4.7.Remaining concentration of cellobiose and glucarseé ethanol production at the
end of SSF process.

Cellulosic substrate

Cellobiose (g 'Y

Glucose (g L)

Ethanol (g L™)

CMC 0.00 0.28 13.69 +1.43
Alkali treated rice straw 0.00 0.39 32.48 + 2.64
0.00 0.46 53.95+2.72

Alkali treated sugarcane bagag

Se
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Figure 4.10. Time course of second generation ethanol produdtiom different cellulosic
substrates in shaken flask. Results are the aveshdeplicate and the bars indicate the
standard error.

For all of the cellulosic substrates, the cellskiavas completely converted into the
glucose after 40 h of inoculation, indicating thiéiceency of pB-glucosidase. The overall
statistics of cellobiose consumption and ethanoldpction is shown in Table 4.7. Alkali
treated sugarcane bagasse was found to be theubss$tate for the SSF. Figure 4.11 showed
the time course of cellobiose and glucose consum@nd the production of ethanol in case

of the SSF using sugarcane bagasse.
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% -=- Cellobiose
E M  —— Ethanol
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@ —
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©
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Figure 4.10.SSF of sugarcane bagasse by the recombiarerevisiae Y294 harbouring
Putranjiva roxburghii B-glucosidase gene for second generation ethanduption in shaken
flask. Results are the average of triplicate aedows indicate the standard error.
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In the current SSF process we have used commerelallose enzyme for the
conversion of cellulose to cellooligosaccharides esllobiose. Though this cellulose enzyme
has significant endo- and exo-glucanase activityhiag very low-glucosidase activity. This
is the bottle neck of the whole process. Henceis inecessary to add commercia
glucosidase or transforrglucosidase gene into the fermenting host. Fa& thason, we
have successfully expressed a pugiucosidase gene in ti& cerevisiae Y294. The result
showed that almost all cellobiose and glucose weesumed. The efficiency of the
production of ethanol can be improved by employamgerobic system, immobilizing the
genes in the yeast cell surface and increasingdpg number oprghl gene in the host cell.
Prehydrolysis of cellulosic materials has genergiedose as well as cellobiose. Cellobiose
was consumed during SSF process. This confirmedptigducosidase enzyme is relatively
resistance to the presence of glucose, which i&keaufibr ap-glucosidase as most of tife
glucosidase enzyme is hindered by the presencéuocbdse [179]. The difference in glucose
production between these three cellulosic substnates due to the architecture of substrates
[100, 218, 219]. Overall, the SSF result point that, the recombinarf. cerevisiae Y294
strain expressing th@-glucosidase gene has great potential for bioetharomluction from

the natural wastes by the SSF process.
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4.4. Conclusion

The hydrolysis of cellulosic biomass and its effex conversion to bioethanol by
using engineered microorganisms is a very potedtcast effective strategy. The hydrolysis
of cellobiose and cellooligosaccharides to gludogg-glucosidase enzyme is the key step
towards the saccharification of cellulose. Thglucosidase enzyme relieves the feedback
inhibition on cellobiohydrolase and endoglucanasgsosed by cellobiose. We successfully
expressed a plarfi-glucosidase gene (PRGHL1) in tBecerevisiae Y294 and studied the
properties of the enzyme. The optimal pH and teatpes of the enzyme activity was found
to be 5.0 and 65 °C respectively indicating thigyame is a thermostable enzyme with
preference towards moderate acidic condition. Tieyme showed broad substrate specificity
and was able to hydrolyze cellobiose significanilite enzyme showed resistance towards
alcohols, suggesting the enzyme can be used inefegation industry more efficiently. The
recombinantS. cerevisiae Y294 harbouringprghl gene showed better growth profile,
cellobiose consumption and ethanol production. dditeon to this, complementing with
commercial cellulose enzyme the recombin&tcerevisae Y294 was used in SSF
experiment using CMC, rice straw, sugarcane bagasseole carbon source. Although
different B-glucosidase genes were used to improve the effigiof SSF, this is the first
report where a plant thermostable efficinaglucosidase gene was used for SSF process.
Using complex cellulosic substrates significant antoof second generation ethanol was
produced in shaken flask fermentation process.yidld of the bioethanol can be improved
by scaling up the process for bioreactors. Theystiemmonstrated the feasibility of using the

B-glucosidase gene to enhance the second genecatlalosic ethanol production.
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5. CHARACTERIZATION OF A HAD-FAMILY PHOSPHATASE ENZ YME FROM
STAPHYLOCOCCUS LUGDUNENSIS

5.1. Introduction

The haloalkanoic acid dehalogenase superfamily (BADnamed after its first
archeal enzyme member; 2-haloacid dehalogenasé eénaymous size with its members
present in all the living organisms [102]. Dehalogees are the enzymes used for
detoxification of the halogenated compounds. Thggrdlyse the carbon-halogen bond using
water for the nucleophilic substitution and congétan important reservoir for detoxifying
these halogenated pollutants from the environmeADSF constitute different enzymes like
dehalogenase, phosphatase, phosphonatgs@hosphoglucomutase and ATPases.
Phosphatase forming the majority in HADSF can varyigure from 30 in prokaryotes to
200-300 in the eukaryotes [3]. They help in phospts transfer reactions by transferring the
phosphate group to an Asp as an active site residddumerous HAD superfamily
phosphatases share the same function while thigimnas from different species, however
some members act differently [102].

HADSF phosphatases have a typical Rossmann fdldavcentraB-sheet. Like other
Rossmann folds, the active site is formed by theer@inus end residues of the centfpal
sheet. The location of the substrate binding sitalso common among the enzymes having
this Rossmann fold and is present in a loop betwsteand S1 and the helix next to it.
However HADSF has two distinct structural motiferfr Rossmann fold family enzymes
called as Squiggle and a Flap and are used foriraggudifferent conformations during
catalysis [3, 24, 153].

There is very less homology between the family imers but still they have four
conserved motifs with five catalytic residues whichm the active site [230]. These motifs in
the Rossmann fold form a common catalytic core alsd stabilize the reaction phospho-
intermediates with the help of electrostatic intécms. HADSF members have a shared
reaction mechanism with aspartate present in Motised as a nucleophile [4]. They require
Mg2+ ion as a cofactor for its activity and forms aspartyl-phosphate intermediate during
the reaction. This phosphoryl group is then trameteto a water molecule resulting in the
formation of an alcohol [153].

HAD superfamily members have a broad substrateifsgiy range due to the
presence of an additional region called Cap donwalrich provides extra surface for
interacting with the substrates. HAD members cadibigled into three subfamilies based on

the location and nature of fold of Cap domain. @uobly | i.e. C1 is present between the
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motif | and I, while subfamily Il i.e. C2 is presebetween the motif Il and Ill. Subfamily III
are called as CO as they have no cap domain. Hmergement of the cap domain results in
two different conformations called the open anddlosed states with solvent exposure in the
open state and exclusion in the closed state [24].

Saphylococcus lugdunensis, first described in 1988 by Freney et al, is
coagulase-negative staphylococci. Lugdunensis spé@s been named after the French city,
called Lyon where it first originated [71]. It oasunaturally as part of human skin flora but
can cause various serious infections like osteatigje$epticaemia, peritonitis, arthritis and
violent endocarditis [8, 146, 198]. Unlike otherlmgalase negative species, it can also cause a
serious infection after cataract surgery calledoptitalmitis. Major infections are found on
skin or in blood stream, soft tissues and prosthégivices. This chapter discusses cloning,
expression and characterization of a HAD family rojase enzyme oftaphylococcus
lugdunensis (SHFD) and it'sin silico studies to construct its three dimensional moadel a
trace its evolution. Crystallization studies of IHWwere also done using the Hampton crystal
screens series and also the manual prepared sol@lFD belongs to subfamily IIB of

HADSF and possesses phosphatase activity.
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5.2. Materials and Methods
5.2.1. Chemicals and Enzymes

Isopropyl B-D-1-thiogalactopyranoside (IPTG), Phenylmethylswpyl fluoride
(PMSF), Inhibitor cocktail, Nickel NTA affinity behand Imidazole were purchased from
Sigma-Aldrich. Gel filtration protein marker was rphased from Biorad. dNTPs mix,
Restriction enzymes (Nhel and Xhol), TagDNA polyass and Ligase were purchased from
NEB.

5.2.2. Cloning of SHFD genein expression vector

SHFD gene was amplified from genomic DNA Sflugdunensis using PCR. Gene
specific primers flanked with restriction sites warsed for the amplification primers. The
forward primer having Nhel restriction site and ttewerse primer having Xhol site were
designed to code for 280 amino acids. The primsesl are as following:

SHFD Forward-5-CAGCGCTAGCATTAAAGCAATATTTTTAGATATGG-3

SHFD Reverse-5-CGCACTCGAGTCAAAATCTATCTGCTAAATAAC-3’

PCR condition used for the amplification were mditdenaturation for 4 minutes at 94 °C,
followed by 30 cycles as per 94 °C for 30 secon88°C for 1 minute/ 72 °C for 1 minute
trailed with a final extension cycle at 72 °C fd@ thinutes. PCR product was analysed on 1%
agarose gel and sharp expected bands were puiifiedgel using Invitrogen gel extraction
kit. The purified fragment and the vector, pET-28cfere digested with restriction enzymes
Nhel and Xhol and digested DNA were again gel pedif Ligation was done using the
digested gene and the vector. The ligation prodiast transformed into DH5host cells and
the positive clone was screened using plasmid DalA &emplate for PCR with gene specific
primers and also by restriction digestion. Clonivegs further confirmed by sequencing using

T7 promoter and T7 terminator as universal primers.

5.2.3. Overexpression and purification of recombinant SHFD

The recombinant plasmid pET-28c(+) having SHFDeihsvas transformed intB.
coli Rosetta cells for expression of SHFD protein inghesence of antibiotics i.e. kanamycin
(30 ug/ml) and chloroamphenicol (3gg/ml). In order to optimize SHFD overexpression,
different concentrations of IPTG (0.1-1.0 mM) widlifferent temperatures (16-37 °C) and
different time intervals were used. Optimized ox@ression condition was found to be 16 °C
with 200 uM IPTG. Rosetta cells harbouring pET-28c(+)-SHFD raveharvested by
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centrifuging at 5,000 rpm for 10 min at 4 °C antl pellets were stored at -80 °C until further

processing.

In the course of purification of SHFD, frozen cpBllets were thawed on ice and
resuspended in 50 mM Tris-HCI; pH 8.0 buffer havé#ti mM NaCl, 10mM imidazole and
5% glycerol(v/v). Lysozyme (0.5 mg/ml), Phenylmdgwphonyl fluoride (0.3 mM) and
protease inhibitor cocktail were also added afsuspension of harvested frozen cells. Cells
were lysed on ice using sonicator with a pulse @fséconds on and 30 seconds off for 12
times and lysate was clarified by centrifuging 40D0 rpm for 60 minutes at 4 °C and
supernatant was loaded onto Ni-NTA column pre-dopaited with the above lysis buffer.
Protein was eluted using an imidazole gradient®@frBvl and 250 mM and eluted fractions
were analysed on 12% SDS-PAGE. The fractions havag pure protein were pooled
together for dialysis against buffer containingr@® Tris-HCI; pH 8.0, 150 mM NaCl, 5%
glycerol, 1 mM DTT. N-terminal His-tag on the pugel SHFD protein was also removed
along the dialysis by subjecting it to TEV protedsagestion at 4 °C for 16 hours. Reverse Ni-
NTA chromatography was done in order to removeuheleaved SHFDcleaved His-tags
and the His-tagged TEV protease. The flow throughtaining the untagged SHFD was
collected for further use. The flow through and ¢h&ed fractions were also run on 12% SDS

gel for confirmation of His-tag cleavage.

5.2.4. Gdl filtration chromatography

For further purity and oligomeric state determio@t the concentrated untagged
SHFD 3mg/ml) was loaded on to the HiLoad 16/60@e8dex 200 pg size gel filtration
column (GE Healthcare) equilibrated with runningfeu(25 mM Tris-HCI; pH 7.4, 150 mM
NacCl, and 5% glycerol). Flow rate of 0.5 ml ifiwas used for protein elution. Proteins were
collected in 2 ml fraction and homogeneity of eddkction was analyzed on 12% SDS
PAGE. Standard marker of Bio-Rad gel filtration tzoning bovine thyroglobulin (670 kDa),
bovine y-globulin (158 kDa), chicken ovalbumin (44 kDa),ré® myoglobin (17 kDa) and
vitamin B12 (1.35 kDa) was applied to the columrdemsimilar conditions in order to

generate a standard curve for determination o&ticerate molecular mass of SHFD.

5.2.5. Circular dichroism spectroscopy

Circular dichroism (CD) study was carried out orChirascan Circular Dichroism
spectromemter (Applied Photophysics Ltd., SurreKTPB, United Kingdom). Far-UV CD

spectra (190-260 nm), at 25 °C were recorded invlpath length quartz cell with band width
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of 1 nm and time per point was 0.5 s. The puripeotein (4uM) was buffer exchanged into
20 mM sodium phosphate buffer (pH 7.4) for use h&periments. Three consecutive scans
were collected in order to reduce the random efrbe buffer baseline was subtracted from
the protein spectra in order to obtain the finactpa. The secondary structure predictions
were done using DICHROWEB program [152]. The reswf CD measurements were

expressed as mean residue ellipticity (MRE) in cregdmol™.

5.2.6. Kinetic studies

Phosphatase activity of SHFD was checked usingrppmenyl phosphatglNPP) as
substrate. All the reactions were carried out thead mean was taken as the data point. The
assay mixture consisting of 15 mM MgQ0 pg diluted SHFD enzyme in 50 mM Sodium
acetate buffer (pH 5.0) was kept for incubatior2at’C for 5 minutes. The substrate i.e. 10
mM pNPP was added to initiate the reaction and aftemifiutes incubation at 25 °C, the
reaction was terminated using 0.2 M NaOH (1 ml)e Bppendorfs containing the reaction
mixture were centrifuged and supernatant was usedeasure the liberatgenitrophenol at
405 nm using Beckman UV-Vis spectrophotometer.ddition, enzymatic activity was also
checked in the presence of EDTA (15 mM) using thmes assay conditions as mentioned.
One unit of phosphatase activity was termed as atmafuSHFD enzyme needed to convert 1
millimole of the substrate pNPP to its product penitrophenol per second under the above
mentioned experimental conditions. In order to walie the K, and \ha different
concentrations of the substrate pNPP (0 to 20 mMjewused for assay for a particular

enzyme concentration (2@ diluted SHFD).

5.2.7. Effect of temperature and pH on enzyme activity

The optimum temperature of SHFD was determinedhbyactivity on p-nitrophenyl
phosphate@NPP) as substrate. The enzymatic activity was askhy incubating the reaction
mixtures at different temperature ranging from ©t®& 60 °C with 5 °C increments. The
thermostability was determined by measuring theduved activity of SHFD after incubating
the enzyme at different temperatures (10 °C-608GD mM Sodium acetate buffer; pH 5.0
for 1h. For optimal pH determination, SHFD was gssgan 10 mM Britton-Robinson buffer,
with pH values ranging from 3.0 to 10.0 at 25 °@Ghg-Nitrophenyl phosphate@NPP) as
substrate. The pH stability was determined by datmg the residual enzyme activity after

incubation at 25 °C for 1 h in suitable buffers.
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5.2.8 Crystallization of SHFD

SHFD crystallization experiments were performedngisthe sitting-drop vapor
diffusion method with a series of crystal scregdanipton Research, USA). For this 1 ul of
untagged SHFD protein (10 mg fland 1 pl of reservoir solution, were placed itfite wells
and mixed well as a drop without bubble formatiénrther, the plates were covered with
sticky tapes to protect from dryness, dust and obiat contamination. The crystal plates
were placed at 4 °C and 20 °C in a vibration frieaneber for crystal development and were
checked for crystal formation at the regular insdsvof 5 days using a microscope (Leica,

Singapore).

5.2.9. Multiple sequence alignment

SHFD amino acid sequence retrieved from NCBI waslas a FASTA sequence for
BLASTp homology search. Sequences showing sigmificamilarities to SHFD hydrolase
enzyme were aligned using ClustalW [227] takingadéf parameters. This alignment was

enriched with its secondary structure using ESR1ip5].

5.2.10. Phylogenetic analysis

MEGA version 6 was used to construct phylogenetee tfrom the amino acid
alignments using the Maximum Likelihood method loase the JTT matrix-based model
[225]. The bootstrap statistical analysis (1,008lications) was used to test the reliability of
the branching tree.

5.2.11 Structural modeling

The three dimensional model of SHFD was construaiéid the help of Modeller9v10
program using the crystal structure of a sugar pha® phosphatase BT4131 from the
bacterium Bacteroides thetaiotaomicron VPI-5482 (PDB Id: 1YMQ) as a template. The
model structures were visualized by PyMol [45]. Test model was analysed on the basis of
its stereochemistry using PROCHECK [140].
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5.3. Resllts and discussiol
5.3.1. Cloning of SHFD gene

Genomic DNA ofS lugdunensis has been used for the amplification of SHFD ¢
using gene specific forward and reverse primer$ pduct of 840 bp encoding 280 am
acids was obtained as shown below gure 5.1 A.SHFD gene was cloned pET-28c(+)
with the help of sticky end ligation created bytnesion digestion. The colonies obtain
through antibiotic resistance were screened withhlp of PCR and restriction digesti
Both PCR and restrictic digestion show the presence of an appropriate laar8#10 bp a

shown in figure 5.2 B.

A L1 L2 B L1 L2 L3

—>1500bp
1500b
—>500bp
500bp
—>100bp 100bp

Figure 5.1. (A) PCR amplification of SHFD from the genomic DNA Saphylococcus
lugdunensis. L1, DNA amplification product; L2, 100 bp moleaul weight marker(B)
Cloning of SHFD. L1, 100 bp molecular weight marke®, PCR amplification of the one
the positive clone; L3, Nhel and Xhol digestiortlod same positive clone

5.3.2. Purification of SHFD

A ~34 kDa protein was expressed in RosE.coli strain and prified using Nickel-
NTA column. Cells were lysed by sonicator and thetgogn was found to be in the solul
fraction after centrifugation. The supernatant witie protein was loaded onto -
equilibrated nickel affinity column and was purdieising 5t mM and 25( mM imidazole
gradient. The purified protein was analysed on BDP& which further confirms its molecul
weight i.e. ~34 kDa as shown in figure 5.4. There aeveral reports that HADS

phosphatase members like BT2127, BT4131, Aralsess similr molecular masses [78,
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102, 154]. Histagged SHFD was also subjected to reverse nickehwitography to get tr
untagged SHFD which is used for assay and cryssilin experiment

L1 L2 L3 L4 L5 L6 L7 L8

97kDa «— |

66kDa €

43kDa «—

29kDa «—

Figure 5.2. SDS-PAGE (12%w/v) analysis of SHFD affinity purificatianL1, moleculat
weight marker; L2, flowthrough; L3, supernatant; &4d L5, wash; L6; L7 and L8, purifie
SHFDyis (~34kDa).

5.3.3. Gdl filtration chromatography

Gel filtration chromatography was further done irer to get the pure untagg
SHFD proteinand to determine the oligomeric property of SHFDhtdgged SHFD o
loading to the column eluted as a single peak téhelution volume of 87 ml (Figure 5.4
This peak corresponds to a molecular mass«~32 kDa as per the standards used
calibration.It also further corroborates that SHFD exists asomomeric protein in solutic
state which is similar td. thetaiotaomicron VPI-5482 BT4131 andB. thetaiotaomicron
BT1666. Both of them are monomeric proteins of kBia as conrmed by gel filtratior
studies [153, 154].
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Figure 5.3. Gel filtration chromatogram showing the elution fgeoof SHFD on FPLC ge
filtration column (HiLoad 16/60 Superdex 2(

5.3.4. Circular Dichroism study

FarUV CD spectrum in the range of 1-240nm was used to determithe secondary
structure content of SHFD in 20mM phosphate buffafd 7.4). Exploration of CD dal
showed that SHFD is aw/8 protein with 37%a helix and 23%3 sheets. These results
consistent with the already reported HAD fey hydrolase crystal strtures [153, 154, 246].
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Figure 5.4.FarUVCD spectrum (19-240 nm) of purified SHFD in 20mM sodium phospr
buffer (pH 7.4). The SHFD spectrum shows charasties of amf protein.
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5.3.5. Kinetic studies using pNPP as the substrate

The phosphatase activity of SHFD was measuredyysWPP as the substrate. All the
reactions were done in triplicate to avoid any eraod further average was taken for
perfection. SHFD follows Michaelis-Menten kinetifte hydrolysing its substrate pNPP at
different concentrations. TheKand \nax values for hydrolysing the pNPP by SHFD was
found using 0 to 10 mM concentrations of pNPP fromeweaver-Burk plot. The values
obtained for kK, and Vihaxare 0.32 mM and 0.36 U/mg respectively. Thg flor pNPP was
found to be 21.43 + 0.88sand theke./Kn value is 66.96 mMs™ The kinetics parameters
showed that it is a very active enzyme which cadrblyze the phosphate linked bond
efficiently. This enzyme is much faster than alseagported phosphatises. The, ldnd ka
for pNPP in AraL phosphatase are 50.00 + 23.32 mifl @012 + 0.0006™s Thekea/Km of
AraL towards pNPP is 0.24'%1™ [78]. In addition, it was seen that magnesium isn i
essential for SHFD phosphatase activity as addafdBDTA, a chelator for Mg ion did not
permit the phosphatase activity as also seen mabAral [78].

5.3.6. Effect of pH on enzyme activity

High intensities of the phosphatase activitieseafeund in the pH range of 4.0 to 6.0.
At pH 3.5 and 6.5 the enzyme retains 20% of itevitgt The enzyme activity increases from
pH 3 to 5 with peak activity at pH 5.0 and it deges beyond pH 5.0 at 25 °C. The enzyme
lost its activity in the pH range of 7.0 to 10.HFD can also be called as an acid phosphatase
due to its maximal activity at pH 5.0 i.e. in thadac range like the acid phosphatase from
Vignaradiate (mung bean) seeds [221]. This optimal pH has atentsimilar to the earlier
isolated three acid phosphatases from Wheat Geheselthree isoenzymes have pH optima
as 5.5, 4.5 and 4.0 [240]. However, it is in costtta the neutral phosphatase Aral fr8m
subtilis which has optimum activity at pH 7.0 [78]. The gkhbility study shows that this

enzyme is relatively stable in the pH range 0ft4.0.0.

121



Characterization of SHFD
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Figure 5.5. Optimal pH (solid circles) and pH stability (openates) of purified SHFD. Th
relative activities of the enzyme against PNPPexy@essed as percentage normalized t
sample with the highest activity in each test. Resare the average of triplici and the bars
indicate the standard err

5.3.7. Effect of temperature on enzyme activity

Enzyme activity was noted at different temperatuagging from 1-60 °C in Sodium
acetate buffer pH 5.0. The enzyme was found tocheeaat broad range i.e. -40 °C. SHFD
retains 20% residual activity at °C which further increases with the temperatute2s °C
and thereafter, the enzyme activity decreased montisly and abolishes almost completel
55 °C. The optimal temperature for enzyme activity vfound to be 2 °C at pH 5.0.
However, this result is in contrast to the AralL tneluphosphatase where no activity
detected at 25C. AraL and the mung bean acid phosphatase harefisantly higher
temperature optima than SHFD and are thus consl as thermolabile enzym[78, 221].
Result clearly shows it is relatively more activelow temperatuis which make it a novel
acid phosphatase. Thermostability assay showedath&iwer temperature the enzyme

stable.
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Figure 5.6. The effect of temperature on the purified SHFD \aigti (solid circles) anc
stability (open circles). Results are the averdgeigicate and the bars indicate the stanc
error. For stability assay, the purified enzymesenacubated at differd temperatures at p
5.0 for 20min and residual activity was measu

5.3.8. X-ray crystallography study

To get the crystal of SHFD, a number of the Hampenes crystal screens a
manually made buffered salts were used. The ceysthISHFD were deloped by sitting
drop method in 0.0%1 calcium chloride dihydrate, C M sodium acetate trihydrate and 1!
viv MPD after 30 days of incubation ¢ °C (Figure 5.7). Xy diffraction was not success
due to the problem in indexing. The crystallizatiocess to get good quality diffractal
crystals of the SHFD is still in progre

Figure 5.7.Single crystal of SHFD.

5.3.9. Homology search using NCBI

Amino acid sequence similarity search was carrigdusing NCBI BLASTp. BLAST
results showed that gein belong to the HA-like superfamily i.e. Haloacid dehalogenr-
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like superfamily. SHFD showed significant similgrito the HAD subclass Il sugar
phosphatase Bt4131 froBacteriodes thetaiotaomicron VPI-5482, HAD-like phosphatase
Yida from Escherichia coli, Haloacid Dehalogenase-Like Hydrolase frokiebsiella
pneumonia and Bacillus subtilis, hydrolase fromLactobacillus brevis. It showed 28%
identity with HAD subclass Il sugar phosphataselBtfromB. thetaiotaomicron VPI-5482,
29% with Yida fromE. coli, 24% with Haloacid Dehalogenase-Like Hydrolasemfr.
pneumonia, 22% with Haloacid Dehalogenase-Like hydrolasenfi& subtilis and 25% with
hydrolase froni. brevis.
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Figure 5.8.Homology search done against Protein Data Banlgus(®BI BLASTp.

5.3.10. Multiple sequence alignment

Mutiple sequence alignment (MSA) with homologouaDHfamily phosphatases and
hydrolases show significant similarities and difieces. SHFD possess the four conserved
loops containing the four motifs of HAD superfamiljhese motifs have certain signature
sequences which are boxed in figure 5.9. The cwadecatalytic residues in SHFD are
aspartate10 and aspartate1?2 in loop I, threonireg#)ine45 in loop I, lysine210 in loop IlI
and aspartate233, asparagine 236 and aspartate®3pilV. It is proposed that Asp10 will
act as a nucleophilic residue resulting in the fation of an aspartyl-phosphate intermediate
while the second Asp i.e. Aspl2 acts as an acid/batalytic residue positioned by loop Il
residue Arg45 as seen in caseéBothetaiotaomicron VPI-5482 [153]. Thr43 is said to help in
binding the phosphoryl group whereas Lys210 hetpsrienting the Asp for nucleophilic
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attack as well as for shielding the charge on thgatively charged phosphate moiety. The

motif IV conserved residues helps in the binding tofactor metal ion necessary for the

SHFD activity. Thus these four loops present indbiee domain are conserved in the HADSF

and are responsible for orientation, binding antvation of the phosphate moiety for

transfer. The core domain also prepares the nueikeofor attack on phosphoryl moiety.
Motif |
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Figure 5.9. Multiple sequence alignment of SHFD with HAD superily members. Four
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5.3.11. Secondary structure analysis

Secondary structure of SHFD was predicted usingrigSBerver as seen in FigL
5.10. SHFD contains 37%-helices, 23%-strandedsheets and 36% coil region. SHFD is
a/p protein with 1Qu-helices and 1B-sheets which further corroborates with the CD ts:
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Figure 5.10.Showing secondary structure analysis by ESPa-helices are represented
squiggles whilg3-sheet areepresented as arrows, TT repres@risn.

5.3.12. Phylogenetic analysis

Phylogenetic analysis of SHFD along with the otk&D family hydrolases an
phosphatases was done using MEGAG6 server to tifaee éevolutionary among ther
Phylogenetic tree dissted them into two major groups which have a comrancestra
evolution. SHFD was found to cluster closely wilte tsugar phosphatase Bt4131 frB.
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thetaiotaomicronVPI-5482 (Figure 5.11). However, Haloacid Dehaloger-Like Hydrolase
from K. pneumonia andB. subtilis form a distinct grouj

70 | Staphylococcus lugdunensis HKU09-01

44 Bacteroides thetaiotaomicron VPI-5432

| Escherichia coli

96 L Lactobacillus brevis

Klebsiella pneumoniae subsp. pneumoniae Mgh 78578

Bacillus subtilis

P
0.2

Figure 5.11.Phylogenetic tree of SHFD and other related se@sen@s constructed by t
maximum likelihood method using MEGA6. The numbeverhead and under the branc
are determined by bootstrap analysis to t out the confidence levels of the relations
among these paired sequences. The tree is drasoale, with branch lengths being meast
in the number of substitutions per ¢

5.3.13. Threedimensional modd and its verification

The three dimensiohanodel of SHFD was constructed using crystal stnec of a
sugar phosphate phosphatase BT4131 from the hauotBacteroides thetaiotaomicron VPI-
5482 (PDB Id: 1YMQ) as a template by Modeller9.14. Otiit6 models, the best model w
preferred using PRAEECK program of SAVES. The predicted model conswtslO o-
helices and 1B-sheets. Like other HADSF members, the SHFD pratesomposed of tw
domains i.e. a bigger and a smaller domain. Thgdsigomain represents the conserved
region comprisingour loops that surrounds the active site. It igilhg a modified Rossmar
fold with six strande@-sheets surrounded by si-helices. The smaller domain covers
active site and is linked to this core domain wiltle help of two additiongb-sheets. This
smaller domain also called as the Cap domain goresble for the substrate specificity
HAD family. The Cap domain is a mixeds domain withapp (afap) app topology which is
also seen in subfamily IIB of HADSF. Thus SHFD dam classified as a bfamily IIB

phosphatase.
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Figure 5.12.Three dimensional model of SHFD. The catalytic kesidues are shown in r
sticks.
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5.4. Conclusion

SHFD from Saphylococcus lugdunensis belongs to a Haloacid dehalogenase
superfamily. SHFD gene with ~840 bp has been clanadi overexpressed i coli. The
enzyme with a molecular mass of ~32 kDa has besfigaLiusing Nf*-NTA affinity and gel
filtration chromatography. SHFD shows phosphatasieity with an optimum temperature of
25.0 °C. SHFD is an acid phosphatase with an optirptd of 5.0. The kinetic parameters
(Km= 0.32MM Vinax = 0.36 U/mgkea = 21.43 + 0.85" andkeafKm = 66.96 mM's™) indicate
that it is a very efficient enzyme. SHFD is a mixégl protein as predicted by the ESPript and
CD spectrum. Multiple sequence alignment showsctiveservation of nucleophilic Aspl0,
acid/base catalyst Aspl2, phosphate binding Sexd@, many other catalytic residues like
Arg45, Lys210, Asp233, Asn236 and Asp237. SHFD te@ domain protein, with a larger
core domain comprising four conserved loops summgthe active site. The core domain
also has a modified Rossmann fold with six strarfiletieets surrounded by sixhelices. It
is responsible for binding, reorienting of the phleate group along with the co-factor fllg
and also in preparing the Aspl0 for the nucleophattack. The smaller Cap domain has a
app(apap)app topology which further classifies it as an subfigriB phosphatase.
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CONCLUSIONS

CLONING, EXPRESSION, CHARACTERIZATION AND BIOINFORMATIC
STUDIES OF PUTRANJIVA ROXBURGHII FAMILY 1 GLYCOSYL HYDROLASE
(PRGH1)

A 66 kDa native protein, with3-fucosidase,p-glucosidase, ang-galactosidase
activities, was purified and characterized fromdseef Putranjiva roxburghii. Thep-
fucosidase activity of PRGH1 was found to be oné&efhighest among related plant
B-glucosidase enzymes.

The Putranjiva roxburghii p-glucosidase gene was cloned and submitted to NCBI
with the accession no. AHN8564.

Thep-glucosidase (PRGH1) enzyme was expressed in prati@system and purified
to homogeneity by employing Ni-NTA affinity chronography.

Oligomerization study showed that at higher comegion this enzyme forms a
mixture of different oligomers with molecular wetggimilar to the decameric mass of
the enzyme.

This enzyme shows activity towards aryl as welgagooligosaccharides and natural
B-D-Glycosides.

The pH optima values of both the native and recoanti enzymes towardg-
fucosidase an@-glucosidase activity was found to be 4.6 wherbaspH optima for
B-galactosidase activity was found to be 4.4.

The optimum temperature was found to be 65 °C #&medthermostability studies
showed that recombinant protein was more susceptilhigher temperature than
native protein.

Mixed substrate kinetics proved that all the thpB#> substrates were catalyzed in a
single active site.

Mutational studies showed that Glul73 and Glu38%eweatalytic acid/base and
catalytic nucleophile respectively.

Bioinformatic studies revealed that the presencevafious salt bridges and a
conserved disulphide bond makes it an extremelyrtbstable enzyme.

Multiple sequence alignment shows the conservatioglycone binding residues in
PRGHL1.

The active site of PRGH1 is unique in having driegon in the active site due to the

longer side chains of Met361 and Argl180 being preskse together at the entrance
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of the active site which might be responsible fog tistinct substrate specificity of
PRGHL1 and also its decreased affinity towards longigosaccharides.

e Bioinformatic studies revealed the cause substpa¢derences of PRGH1 towards
pNP substrates.

* Bioinformatic studies proposed that PRGH1 mightelelving evolutionary from an
O-glycosidase towards an S-glycosidase for thetlafence mechanism against the
toxic products absorbed by the plants and alsorgeeteduring mastication.

* PRGH1 can be utilized for different valuable apgticns in the development of new
biofuel feed stock, processing of cellulose andolse containing byproducts in food

industry, agriculture, beverages and in medicindustry as an enzyme additives.

ROLE OF N-LINKED GLYCOSYLATION ON THE STABILITY AND ACTIVITY
OF PRGH1ENZYME

e Glycosylation, one of the most complex and commdMPis of immense interest for
its role in many biological functions such as sgjnaling, molecular recognition, and
immune defence.

* Deglycosylated PRGH1 was produced by using PNGasezZyme and sugar was
estimated by using phenol-sulphuric acid method.

» Deglycosylation decreases the overall activityhef hative PRGH1 enzyme.

* Glycosylation contributes to the stability of thetime protein making it more
resistance to different denaturants i.e. tempezapt and alcohols.

» Proteolysis study along with the spectral studigggssts that the structure of native
glycosylated PRGHL1 is quite compact and rigid tthendeglycosylated counterpart.

* Mutagenesis studied showed that out of seven patehycosylation sites, three sites
were glycosylated anth silico studies predicts that all the glycosylation siese
present at the surface of the enzyme.

* Bioinformatic studies reveled that glycosylation wlot interfere with the active site
residues of PRGHL1.

e Overall, our results suggest that, N-linked glydaBgn is not essential fofi-
glucosidase enzyme activity but it is important &ability of the enzyme for the

optimal activity.
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CLONING, EXPRESSION, PURIFICATION OF PRGH1 ENZYME BY USING
YEAST SYSTEM AND ITSAPPLICATION FOR BIOETHANOL PRODUCTION

* The hydrolysis of cellulosic biomass and its effextconversion to bioethanol by
using engineered microorganisms is a very potethicast effective strategy.

e Theprghl gene was cloned in yXYNSEC vector under the trnapsonal control of
PGK1 promoter and terminator for constitutive esgren.

* To ensure autoselection of the URA3-bearing yXYNSHRIGH1 plasmid in non-
selective medium, disruption of the uracil phosgimsyltransferase (FUR1) gene in
the S cerevisiae Y294 transformants was performed by using pDF&mld.

e Recombinant PRGH1 was overexpressed Sincerevisiae Y294, purified and
biochemically characterized.

* The optimal pH and temperature of the enzyme agtwas found to be 5.0 and 65 °C
respectively indicating this enzyme is a thermdst&nzyme with preference towards
moderate acidic condition.

* The enzyme showed broad substrate specificity aamsl able to hydrolyze cellobiose
significantly.

» The enzyme showed resistance towards alcoholsgstigg the enzyme can be used
in fermentation industry more efficiently.

* Inhibitors like N-bromosuccinimide andétgluconolactone inhibits the activity of the
PRGH1 enzyme.

* The recombinant. cerevisiae Y294 harbouringorghl gene showed better growth
profile, cellobiose consumption and ethanol produncthan the nativés. cerevisiae
Y294, when cellobiose was used as sole carbon esourbe highest ethanol
production was 4.05 g/L for recombingBtcerevisiae Y294 culture, which was 2.9
fold higher than the nativ@ cerevisiae Y294.

 Complementing with commercial cellulose enzyme, tbeombinantS. cerevisiae
Y294 was used in SSF experiments using CMC, ricawstsugarcane bagasse as
carbon source. Sugarcane bagasse was the bestwibst SSF as the pre-treatment
and hydrolysis process synergistically produced eméermentable sugars and

subsequently more production of ethanol.
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CHARACTERIZATION OF A HAD-FAMILY PHOSPHATASE ENZYME FROM
STAPHYLOCOCCUS LUGDUNENSIS (SHFD)

* SHFD gene having ~840 bp has been cloned and qwexssed irk. coli.

« The enzyme with a molecular mass of ~32 kDa has Ipegified using Ni*-NTA
affinity and gel filtration chromatograptand biochemically characterized

« SHFD shows phosphatase activity with an optimumptnature of 25 °C and an
optimum pH of 5.0.

« SHFD is a M§" dependent enzyme having kinetic parametéfs:(0.32 MM Vinax =
0.36 U/mg,keat = 21.43 + 0.85" and keafKim = 66.96 mM's?) indicating that it is a
very efficient enzyme.

 SHFD is a mixed/p protein as predicted by the ESPript and CD spettru

* Multiple sequence alignment shows the conservaifarucleophilic Asp10, acid/base
catalyst Aspl2, phosphate binding Ser43, and mahgrocatalytic residues like
Arg45, Lys210, Asp233, Asn236 and Asp237.

 SHFD is a two domain protein, with a larger corendan comprising four conserved
loops surrounding the active site.

 The core domain also has a modified Rossmann fotd six strandedp-sheets

surrounded by sig-helices.
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