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The ¢cDNAs for two [-glucosidase isozymes from rice (Oryza sativa L.),
designated bglul and bglu2, were cloned and sequenced. Southern analysis indicated
that bglul and bglu2 were single copy genes. Northern blot analysis indicated that
bglul was highly expressed in germinating shoot and flower, while bglu2 was highly
expressed in germinating shoot. Environmental conditions had effects on both gene
transcript levels in rice seedlings. BGlul was expressed as an active thioredoxin
fusion protein in E. coli, while most of BGlu2 was in inclusion bodies. BGlul
hydrolyzed (-(1,2), -(1,3), -(1,4) and -(1,6) -linked oligosaccharides. This enzyme
also hydrolyzed p-nitrophenol (3-D-glycosides and some natural glucosides. BGlul
showed transglucosylation activity toward oligosaccharides, p-nitrophenol [3-D-
glucoside, ethyl alcohol and pyridoxine. This enzyme was inhibited by glucono-1,5-
lactone, which also inhibited rice germination. Analysis of the rice genome database

showed 49 (-glucosidase genes, 26 of which were expressed based on EST analysis.
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Chapter I

Introduction

1.1 Overview of [3-glucosidases

B-glucosidases (f3-glucoside glucohydrolases; EC 3.2.1.21) catalyze the
hydrolysis of alkyl- and aryl- [B-glucosides, as well as diglucosides and oligosac-
charides, to release glucose and aglycone (Reese, 1977). These enzymes are found
widely in microorganisms, animals and plants, indicating their general importance to
life. Therefore, 3-glucosidase structures, catalytic properties, and biological functions
are of interest. Recently, B-glucosidases have been studied by many researchers
because of their important roles and medical, biotechnological, agricultural and
industrial applications.

In microorganisms, [3-glucosidases have an important role in biomass
conversion (the hydrolysis of cellulose and cellobiose). This process has important
applications in industry, such as the production of alcohol based fuels (Bothast and
Saha, 1997) and sugar (Woodward and Wiseman, 1982). In addition, these enzymes
have been used in degradation of polysaccharide wastes, development of novel
carbohydrate foods, and release of aromatic compounds from flavorless glucoside
precursors in wine and fruit juice processing (Riou et al., 1998).

Mammals contain two [3-glucosidases, lysosomal glucocerebrosidase and

cytosolic [-glucosidase.  Glucocerebrosidase, catalyzes the degradation of the



glycosphingolipid glucocerebroside to glucose and ceramide (Beutler, 1992). It has
an acidic pH optimum. Deficiency of this enzyme in the lysosome causes Gaucher
disease, which results from mutations in the gene encoding the enzyme that result in
altered B-glucosidase forms which lack catalytic activity or are not properly targeted
to the lysozyme. When catalytic activity of the enzyme is lacking, the accumulation
of the glycosphingolipid glucosylceramide in the lysosome of reticuloendothelial cells
occurs (Beutler, 1992). Studies have been conducted to investigate the structure-
function relationships and mechanism of catalysis in order to understand the
molecular pathology of Gaucher disease, and to use the enzyme or gene therapy for
treatment of this disease. In contrast, cytosolic [3-glucosidase, which belongs to the
glycosyl hydrolase family 1, has a very broad substrate specificity and is most active
at neutral pH. The physiological function of this enzyme is obscure, but it does
hydrolyze toxic plant glycosides found in the diet.

In plants, B-glucosidases have been implicated in several important functions,
including defense, phytohormone regulation, lignification, and release of glucose
from oligosaccharides. In defense against pathogens and herbivores, [3-glucosidases
act by releasing toxic defense compounds, such as coumarins, saponins, thiocyanates,
hydrogen cyanide, hydroxamic acids and terpenes (Bell, 1981; Conn, 1993;
Niemeyer, 1988; Nisius, 1988; Poulton, 1990; Sahi et al., 1990), and by releasing
induced factors, such as volatiles that attract parasitoids of the herbivores to attack
them (Mattiacci et al., 1995). B-glucosidases regulate the biological activity of plant
phytohormones, such as cytokinins, gibberellins, auxins and abscisic acids by
releasing active forms from inactive hormone glucoside conjugates (Gaskin and

MacMillian, 1975; Ganguly et al., 1974; Brzobohaty et al., 1994; Millborrow, 1970).



Leah et al. (1995) and Hrmova et al. (1998) found that barley [B-glucosidase (BGQ
60) hydrolyzed cellobiose, laminaribiose and other short-chain polysaccharides
produced by cellulases and [(-glucanases. [3-Glucosidases are also critical for
activation of lignin precursors, release of plant volatiles from their glycoside storage
forms, and metabolism of many other important natural products (Esen, 1993; Svasti
et al., 1999; Geerlings et al., 2000).

Substrate specificity of B-glucosidases has been the subject of extensive
research over the past decade. There are various natural substrates of -glucosidases,
such as steroid B-glucosides, the [B-glucosyl ceramides of mammals, the cyanogenic
B-glucosides of plant secondary metabolism and oligosaccharide products released
from digestion of the cellulose of plant cell-walls (Clarke et al., 1993). In fact, -
glucosidases from different sources have similar specificity for glycone (glucose) and
some non-physiological aglycone moieties, such as p-nitrophenol (Esen, 1993).
However, in plants, the aglycone specificity of [-glucosidases has been well
established by numerous studies (e.g. Babcock and Esen, 1994; Hosel and Conn,
1982; Hughes and Dunn, 1982). The aglycone moieties, which are important for the
specificity of plant [-glucosidases, include plant hormones, hydroxamic acids,
flavonols, cyanoglucosides and mandelonitrils (Smitt and Van Staden, 1978; Campos
et al., 1993; Cuevas ef al., 1992; Niemayer, 1988; Conn, 1993). Since, as mentioned
above, these aglycone moieties are implicated in a number of functions in plant
metabolism it should be emphasized that the aglycone is important in determining the

specificity of B-glucosidases in plants (Hosel and Conn, 1982).



1.2 Catalytic mechanism of [3-glucosidases

B-glucosidases fall into related groups called glycosyl hydrolase (GH)
families, with most plant 3-glucosidases characterized so far falling in GH Family 1
(Henrissat, 1991; Henrissat and Bairoch,1993, 1996). Several structures have been
solved for GH family 1 enzymes, which are ([3/a)g barrels with the catalytic acid-base
and catalytic nucleophile, used for hydrolysis with retention of anomeric
configuration, on [3-strands 4 and 7, respectively (Barrett et al., 1995; Jenkins et al.,
1995; Henrissat et al., 1995). The substrate binding site lies in a funnel-shaped
pocket on the C-terminal end of the (3-barrel, and residues found in this region dictate
the substrate-specificity of the enzyme (Barrett ef al., 1995; Burmeister et al., 1997,
Czjzek et al., 2000, 2001). This specificity may be quite broad or narrow both in
terms of aglycone and glycone moieties, but 3-D-glucose and [3-D-fucose are generally
the most active glycones (Esen, 1993).

This structural organization is also found in F-xylanases, [3-galactosidases
(family 2), bacterial chitinases (family 18), and [3-glucanases (family 17) (Herrissat et
al., 1995; Perrakis et al., 1994, Jenkin et al., 1995). However, the catalytic region in
both bacterial chitinase and barley glucanases (1-3, 1-4-B-glucanase isoenzyme EII
and 1-3--glucanase isoenzyme GII) is different. Their active sites are in the form of
grooves or channels located across the C-terminus of the barrel (Varghese et al., 1994,
Perrakis et al., 1994). Retaining glycosidases catalyze a two-step reaction by
employing a mechanism involving a covalent glycosyl-enzyme intermediate formed
and hydrolyzed with acid/base catalytic assistance via oxocarbenium ion-like

transition states (Withers, 2001). In the first part of the catalytic cycle, one Glu



residue on [3-strand 7 acts as a nucleophile toward the anomeric carbon (C-1) of the
substrate and forms a covalent glycosyl-enzyme intermediate, and the second Glu on
B-strand 4 donates its proton to the leaving aglycon. To regenerate free enzyme, the
second Glu acts as a base catalyst to activate a water molecule, which performs a
nucleophilic attack on the covalent glycosyl-enzyme intermediate, releasing the
glucose and regenerating the nucleophilic Glu carboxylate (Withers, 2001).

Three-dimensional structures of several of these glycosyl-enzyme complexes,
along with those of Michaelis complexes, have been determined through X-ray
crystallographic analysis, revealing the identities of important amino acid residues
involved in catalysis (Davies and Henrissat, 1995, McCarter and Withers, 1994).
They reveal the involvement of the carbonyl oxygen of the catalytic nucleophile in
strong hydrogen bonding to the sugar 2-hydroxyl for the [-retainers or in interactions
with the ring oxygen for a-retainers. The glucose ring in the —1 (cleavage) site in the
intermediates formed on several cellulases and a B-glucosidase adopts a normal *C;
chair conformation (Figure 1.1). By contrast the xylose ring at this site in a xylanase
is substantially distorted into a >°B boat conformation (McCarter and Withers, 1994).

Although the mechanism of catalysis and the roles of the two catalytic
glutamates has been extensively studied, the determination of the precise substrate
specificity, including the site and mechanism of aglycone binding still remain. Until
recently, there was little or no information as to how [[1-glucosidases recognize their
substrates and interact with them, specifically the aglycone moiety (Verdoucq et al.,
2003).

The recently resolved crystal structures of maize [3-glucosidase 1 (Czjzek et

al., 2000, 2001) identified the amino acids within the active site that are involved in



glycone recognition and binding (Q38, H142, E191, E406, E464 and W465). The
major mechanism of aglycone recognition and binding appears to be aromatic
stacking and Trinteractions between aromatic aglycones and the above-mentioned
amino acids. Several other amino acids (e.g., P377, D261, M263, A467 and Y473)
were also identified to be potentially involved in substrate specificity (Czjzek et al.,

2000).

Figure 1.1 Generally accepted endocyclic pathway of the double displacement

mechanism proposed for retaining (3-glucosidases (Esen, 1993).



1.3 Substrate specificity of plant glycosyl hydrolases

The fundamental factors determining substrate specificity of enzymes are
conformational and chemical complementarity between the substrate and its binding
site on the enzyme (Hrmova and Fincher, 2001a). Hrmova and Fincher (2001a)
compared the protein structures of plant glycosyl hydrolases and explained how their
structures can be related to the substrate specificities. The difference of substrate
specificity between endohydrolase, exohydrolase, and [3-glucosidase is derived from
the shape of their binding sites. Endohydrolases usually have substrate binding
grooves or depressions that extend across their surface, and the catalytic amino acid
residues are located in the substrate-binding cleft. As a result, the endohydrolase can
essentially bind anywhere along the polymeric substrate and hydrolyze internal
linkages. In contrast, an exohydrolase has a substrate binding site in a shape of a
dead-end tunnel, slot, or funnel shape. Substrate specificity depends on how the
substrates can fit into the substrate-binding pockets to contact the catalytic amino acid
residues at the bottom of funnel (Hrmova and Fincher, 2001a, 2001b). The tight
specificity of [3-glucosidase may be due to its much longer binding site than
exohydrolase. [-glucosidase has a substrate binding site in a shape of shallow coin
slot in which only two glucosyl residues of the substrate can fit. So, most 3-glucan
substrates can penetrate to the bottom of the slot, while the majority of the
polysaccharide substrate remains outside the enzyme. This tolerance of a wide range
of substrate shapes is reflected in the broad substrate specificity of this enzyme

(Hrmova and Fincher, 2001a).



1.4 Plant B-glucosidase purification and characterization

B-glucosidases have been isolated and characterized at the biochemical and
DNA levels in many species of plants, both from dicots and monocots. Most 3-
glucosidases isolated from dicots so far, including Trifolium repens (Kakes, 1985),
Brassica napus (Hoglund et al., 1992) and black cherry (Poulton and Li, 1994) are
localized in the cell wall or vacuole, while the enzyme isolated from Polygonum
tinctorium are localized in the plastid (Minami et al., 1997). In addition, most dicot
B-glucosidases have been shown to be glycosylated (Esen, 1993). Most [3-
glucosidases isolated from monocots, including sorghum (Thayer and Conn, 1981),
oat (Nisius, 1988) and maize (Esen, 1992) are localized in the plastid. The endosperm
specific B-glucosidase from barley seems to be an exception which has a 24-amino
acid-long signal peptide for ER targeting (Leah et al., 1995). Complete cDNA and
deduced amino acid sequences of plant [3-glucosidases have been determined from at
least 14 different species (e.g. Arabidopsis thaliana, white clover, cabbage, Brassica
napus, sweet cherry, black cherry, sweet almond, cassava, costus, maize, sorghum,
barley, oat, Thai rosewood and rice). Comparison of amino acid sequences of these
B-glucosidases has shown that their similarity ranged from 35-90% depending, in
some cases, on evolutionary distances amoung taxa. For instance, the deduced amino
acid sequence of maize B-glucosidase showed 70% identity with dhurrinase from
sorghum (Cicek and Esen, 1998), 55% identity with oat, and 47% identity with
Prunus serotina, respectively. The similarity between the sequences of plant [3-
glucosidases cannot be used to infer the specific functions of enzymes, because only

small sequence differences affect substrate specificity of the enzymes (Esen, 1993).



1.5 Purification and substrate specificity of rice 3-glucosidases

In rice, one of the first report of B-glucosidase activity was by Palmiano and
Juliano (1973). They tested the crude extracts of germinated seedlings of rice
(cultivar IR8) using the synthetic substrate, pNP [3-D-glucoside, to quantitate [3-
glucosidase activity. The results showed that enzyme activity increased during
germination of rice seeds and was highest in the fifth day after germination.

Rice [B-glucosidase, hydrolyzed conjugated gibberellin from dwarf-rice (O.
sativa cv. Tan-ginbozu), was partially purified by Schliemann (1984). The
purification involved extraction, 90% ammonium sulfate precipitation, and CM-
Sephadex C-50 chromatography. Schliemann found four different activity peaks with
pNP [B-D-glucoside. It was also found that [3-glucosidase activity in dwarf rice
increased with germination time. He stated that the highest activity hydrolyzing
conjugated gibberellin (-D-glucoside was in ungerminated seed; this activity
decreased as the seeds began to germinate. The enzyme hydrolyzed GAg-O-2-
glucoside eight times faster than it did GAj3-O-2-glucoside. In contrast, enzyme
activity hydrolyzing pNPG increased during germination up to 10 days after
imbibition, and then decreased, indicated for the presence of the other isozymes found
during rice germination. His investigation suggested that the GA-glucoside B-D-
glucosidase may be involved, along with a-amylases, in the breakdown of
carbohydrates during the early stage of germination.

Iwami and Yasumoto (1986) found that rice bran [-glucosidases can
hydrolyze pyridoxine-B-D-glucoside. First, the rice bran was defatted using cold

ethanol and extracted with phosphate buffer pH 6.8. The purification steps involved
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40-70% ammonium sulfate cut, DEAE Sephadex column (anion exchange
chromatoghraphy), and CM-Sephadex column (cation exchange chromatography).
The enzymes bound to the resins were eluted with an ionic strength gradient of acetate
buffer pH 5.3. Iwami and Yasumoto found three peaks of rice [3-glucosidase activity
on the basis of their isoelectric point (plI) value, which were 5.6, 6.7, and 8.2,
respectively.

B-glucosidase, Fr-1 and Fr-2, were partially purified from 4- to 5-day old rice
seedlings by Muslim (1995). The purification comprised of extraction with 100 mM
citric acid-200 mM sodium phosphate pH 5, cryoprecipitation and CM-Sephadex
column chromatography using pNP-glucoside hydrolysis for detection. The pl value
of Fr-1 was estimated to be 9.42, while Fr-2 was 10.08. The both enzyme fractions
exhibit subtle differences with respect their broad substrate specificity with various
glycosides, though their exact functions were not identified.

Akiyama et al. (1998) purified a cell wall-bound [3-glucosidase, which had a
pl of 10, from germinating rice and determined its N-terminal amino acid sequence
(44 residues). The activity of B-glucosidase increased more than eight-fold within
five days of germination. Akiyama et al. also tested the substrate specificity of the
purified enzyme and showed that rice [3-glucosidase had a relatively broad substrate
specificity towards [3-linked small oligosaccharides. So, it seems that one possible
function of the enzyme might be further hydrolysis of oligosaccharides released from
cell wall B-glucans during germination.

Based on the investigation of Esashi et al. (1991) one rice [-glucosidase

appears in vitro to be a cyanogenic [3-D-glucoside [B-glucosidase. They showed that
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the B-D-glucosidase activity of a crude enzyme fraction from rice seeds hydrolyzed
cyanogenic [3-D-glucosides such as amygdalin, prunasin, and linamarin; and the
activity was increased dramatically as germination progressed. They stated that the
cyanogenic glucoside may not be the only substrate. This observation needs to be
confirmed, as Conn (1993) remarked that native substrate and homogeneous enzymes
are required in order to obtain an unequivocal result.

Based on these works, it is obvious that rice [3-glucosidase consists of more
than one form. Although the occurrence of the enzyme in rice tissues is correlated
with growth and development, fundamental information about its structure,
physiological function, natural substrates and the mode of regulation of its expression

is lacking.

1.6 Environmental effects on plant B-glucosidase expression

B-glucosidase has recently been found to be differentially regulated in
response to various environmental conditions (Malboobi and Lefebvre, 1997,
Kawasaki et al., 2001). Environmental conditions which have effects on plant [3-
glucosidase gene expression have been investigated by some researchers. Hosel ef al.
(1987) found that different isozymes of dhurrinase in sorghum seedling occurred in
different growing conditions. Dhurrinase I occurred in shoots of seedlings grown in
darkness, in contrast, dhurrinase Il occurred in green shoots of young seedlings grown
in light. Malboobi and Lefebvre (1997) identified through differential screening of a
cDNA library groups of genes that were induced at high levels under phosphate

limiting conditions in Arabidopsis thaliana. 1t was also found in the same study that
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the expression of one [-glucosidase in A. thaliana was induced in phosphate
starvation and was also repressed by heat shock and anaerobic conditions, but it was
not significantly induced by high salinity or nitrogen or sulfur deprivation. Kawasaki
et al. (2001) found that (-glucosidase genes transcript levels increased when rice
seedlings were grown under salinity stress in a salt-tolerant rice cultivar (Pokkali), but

not in a salt-sensitive cultivar (IR29).

1.7 Glycosides

A glycoside is a compound formed between a furanose or pyranose sugar and
one or more nonsugar (aglycone) compounds through a glycosidic linkage (Noggle
and Fritz, 1976). The glycoside structure is an ether-like compound containing a
group or a molecule with a nucleophilic atom which is usually an oxygen atom. The
linkage between the glycone and the aglycone through an oxygen atom yields O-
glycosides, i. e., C-O-C. Less commonly, the nuclephilic atom is carbon, giving rise
to the C-glycosides in which the sugar-aglycone linkage is C-C. When the
nucleophilic atom is nitrogen or sulphur, N-glycosides and S-glycosides are obtained,
giving rise to C-N-C or C-S-C, respectively.

The sugar component of glycosides is usually D-glucose, although D- and L-
galactose, D-mannose, D-fucose, and L-rhamnose have also been found. Some
pentoses, for example, D- and L-arabinose, and D-ribose, have also been detected. In
some glycosides the glycone part is present as disaccharides or, in some case, as

trisaccharides.
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1.8 Transglycosylation activity of B-glucosidase

Like other glycosidase enzymes some -glucosidases may catalyze reverse
hydrolysis and transglycosylation, leading to synthesis of oligosaccharides, and alkyl
glucosides (Makropoulou ef al., 1998; Fischer et al., 1996; Svasti et al., 2003).
Transglycosylation, which is kinetically controlled, is much faster than reversed
hydrolysis which is thermodynamically controlled, and reactions generally take a few
hours rather than days.

Transglycosylation involves the use of a reactive glycosyl donor to generate a
steady state concentration of the glycosyl-enzyme intermediate, which can be
intercepted with a second sugar acceptor molecule rather than water (Withers, 2001).
The transglycosylation mechanism was described by van Rantwijk et al. (1999).
Transglycosylation according to reaction (1) is based on monopolization of the

catalyst by a reactive glycosyl donor.

Glycosyl-OR' + R OH - Glycosyl-OR? + R' OH (1)

Because the reaction is controlled kinetically, it becomes possible to overshoot
the equilibrium conversion of reactant into product (van Rantwijk et al., 1999). As
the reactant is consumed the concentration of the product will peak when its rates of
synthesis and dealkylation become equal; at this point kinetic control is lost and the
reaction should be stopped before thermodynamic control takes over and the product

undergoes enzymatic hydrolysis (Figure 1.2).
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Figure 1.2 Kinetics of hydrolysis or glycosyltransfer reactions catalysed by a plant
family 1 [-glucosidase (Hrmova et al., 2002). After the enzyme containing a
noncovalently bound glucose (Glc) product in the active site (E ~ Glc) binds the first
molecule of substrate (S), the Michaelis complex (E - S) is formed (K;) and the Glc
product of the previous reaction is released from the active site. In the second step,
the glycosidic bond is cleaved (K3), and the aglycone part of the substrate becomes
attached covalently to the enzyme to produce a metastable covalent glycosyl-enzyme
intermediate (E .Glc). At the same time, the aglycone part of the substrate (A) is
released. In the third step, the covalent glycosyl enzyme intermediate is subjected
(K3) to cleavage by a water molecule (H-OH), and a noncovalent E ~ Glc product
complex is formed, which is ready to interact (K;) with the second substrate molecule
(S) to generate the next Michaelis complex (E —S), and again, the Glc molecule (Glc)
is released from the active site. Alternatively, in the third step, the covalent glycosyl-
enzyme intermediate (E . Glc) can be cleaved by an activated substrate molecule (R-

OH), leading to glycosyl transfer product (E ~ Glc-OR), which remains noncovalently
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bound to the enzyme and is released (K4) when a second substrate molecule
approaches the active site and forms the next Michaelis complex (E —S) (Hrmova et

al., 2002).

1.9 The rice genome

Rice (Oryza sativa L.) was the first grass species to have its genome
sequenced and, thereby, has become a model system for genomics research. Factors
contributing to the choice of rice include the comparatively small size of the rice
genome, the synteny of its genome with those of other cereals, the availability of
densely populated molecular maps containing more than 2,300 DNA markers, well-
characterized YAC and BAC libraries, large-scale analysis of expressed sequence tags
(ESTs), the vast amount of genetic resources (mutant markers, genetic stocks, wild
species, mapping populations, introgression lines) and the comparative ease of
transformation (Khush and Brar, 2001).

There are four draft genome sequences available. The first rice genome
sequence of Oryza sativa subsp japonica cv Nipponbare generated by International
Rice Genome Sequencing Project (IRGSP) headquartered in Tsukuba, Japan, which
began in 1998. Using a bacterial artificial chromosome (BAC)-by BAC approach, the
IRGSP has generated draft sequences of 3,083 BAC or Pl artificial chromosome
(PAC) clones that are available through the public databases, GenBank, DNA data
bank of Japan (DDBJ) and EMBL. These 3,083 BAC/PAC clones represent 426 Mb
of sequence, and assuming an overlap of 15% between the clones, this would
represent 362 Mb of unique sequence (Buell, 2002). With an estimated genome size

of 430 Mb (Arumuganathan and Earle, 1991), this represents 84% of the rice genome.
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Annotation for the IRGSP BAC/PAC clones is available for finished clones in
GenBank/DDBJ/EMBL.

Draft sequences of the same japonica rice cultivar, Nipponbare, sequenced by
the IRGSP have been made available from two separate private sources, Monsanto
(Pharmacia) and the Torrey Mesa Research Institute (Syngenta). The Monsanto draft
sequence was generated using a BAC-by-BAC approach and represents 259 Mb of
sequence (Barry, 2001). Access to the sequence information was made available
under an access agreement with Pharmacia (http://www.rice-research.org). In August
2000, Monsanto transferred its rice genome draft sequence data to IRGSP. Because
this information is now largely in the public databases, public access to the private
database is no longer supported.

The Syngenta draft sequence was generated using a whole-genome shotgun
sequencing approach and provides 93% coverage of the genome (Goff et al., 2002).
This draft sequence is available through a licensing agreement with Syngenta
(http://www.tmri.org). Although the Syngenta draft sequence has been annotated, the
annotation data is not available to the public. From this data, it was estimated that the
rice genome encodes between 32,000 and 50,000 proteins (Goff et al., 2002).
Comparative analyses with cereal showed a high degree of similarlity present between
rice and other cereal genes which further highlighted the role of rice in cereal
comparative genomics (Buell, 2002).

A draft sequence of the O. sativa subsp. indica cultivar (93-11) by the Beijing
Genomics Institute (BGI) was reported by Yu et al. (2001, 2002). This draft, which
was generated by a whole-genome shotgun sequencing approach, represents 360 Mb

of assembled sequence. The BGI sequence is freely available in BGI website
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(http://btn.genomics.org.cn/rice) and in the same public databases as RGP sequences.
This sequence provides a resource for gene discovery in rice subsp indica and for rice
comparative genomics.

Other analyses of the rice genome, such as alignment with expressed sequence
tags from other monocot species, identification of synthetic sequences are available
through several public sources (http://www.tigr.org/tdb/e2k1/osal/; http://rgp.dna.
affrc.go.jp/; http://www.gramene.org). Although these four draft sequences provide a
rich resource for data mining, they have limitations in the incomplete nature of the
sequence and the fact that they still contain many sequencing errors.

In comparing between rice and Arabidopsis thaliana, rice has a homolog for
approximately 81% of the proteins encoded by the Arabidopsis genome (Yu et al.,
2002), indicating many basic plant proteins that are found both in monocots and
dicots. However, in the reciprocal comparison, a homolog in Arabidopsis could only
be found for one-half of the rice proteins.

These sequencing efforts have also provided sequences for the intergenic
DNA that plays an important, but poorly understood, role in gene expression, DNA
replication, chromosome organization, recombination, specialization and evolution

and is likely to contribute to significant progress in rice improvement.

1.10 Rice germination

In rice, a fruit (represented as pericarp) is combined together with a single
seed to form a grain called the caryopsis. The caryopsis is surrounded by two
modified leaves, the palea and the lemma. Both are very thick, lignified and fragile.

The pericarp is originated from the mature ovary. The seed consists of an endosperm
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and an embryo, both covered by a layer of nucellus. In the mature seed, the
endosperm is differentiated into an aleurone layer at its outer most layer and contains
mostly protein and lipid bodies; and a starchy endosperm whose cells are filled with
mostly starch granules and protein bodies. During germination, the food storage in
the endosperm tissue is degraded to soluble and transportable compounds to provide
energy and building block molecules for the early stage of growth and development of
the seedling (Mayer and Poljakoff-Mayber, 1989). The embryo consists of the
plumule (primary leaves), radicle (root), short stem (mesocotyl), and seed leaf
(scutellum). The leaf and root are covered by the coleoptile and coleorhiza,
respectively.

According to Takahashi (1984), rice germination is characterized by two
discrete events closely related to each other. The two events are imbibition and
activation. Germination is the end of the activation stage in which the seed is
physiologically ready to start to grow to further stages. Morphologically, germination
is characterized by the protrusion of the radicle through the coleorhiza (De Datta,
1981).

Prior to germination, imbibition and oxygen uptake cause the activation of
metabolism, i.e., activation of hydrolytic enzymes, release of hormones controlling
germination, the synthesis of ribonucleic acid (mRNA) coding for enzymes and other
proteins and the synthesis of protein. The metabolism is indicated by the increasing
rate of respiration after the seeds are placed in water (Mayer and Poljakoff-Mayber,
1989). Typical chemical changes that follow the imbibition are the breakdown of
storage material from the endosperm, the transport of the breakdown material from

the endosperm to the embryo and actively growing parts, and the synthesis of new
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materials. Palmiano and Juliano (1973) observed a decrease of starch and an increase
of free sugar, soluble amino acids and protein during rice germination.

It is well known that during the activation stage prior to germination, the seed
provides hydrolytic enzymes in two ways: (1) activation of latent enzymes that
preexist in the mature seed and (2) de novo synthesis of enzymes (Ting, 1982). The
latent enzymes are usually stored in the ungerminated seed as zymogens or enzyme
precursors. Protease activity may activate the latent enzymes by cleavage of certain
portion of the polypeptide. The de novo synthesis may be triggered by environmental
factors, chemically (hormone action, e.g. gibberellin), or physically (light). [3-
amylase is an example of the preexisting enzymes, while a-amylase is a product of de

novo synthesis (Ting, 1982).
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1.11 Objectives
The objectives of this thesis include:

1) To isolate and characterize full-length rice B-glucosidase cDNAs and to deduce the
complete primary structure of the enzyme they each encode; 2) To determine the
multiplicity of the genes encoding rice [B-glucosidases; 3) To study the expression
pattern of -glucosidase genes in different rice organs, and developmental stages; 4)
To investigate the effects of environmental conditions on rice [3-glucosidase gene
expression during germination; 5) To determine the biochemical and catalytic

properties of the -glucosidase expressed from the rice cDNA in E. coli.



Chapter 11

Materials and Methods

2.1 Materials

2.1.1 Plant materials: The rice (Oryza sativa L.) seeds cultivar ‘Orion’ were
obtained from the Rice Reseaech and Extension Center, Stuttgart, AR, USA, whereas
rice seeds cultivar ‘Nipponbare’ were obtained from Department of Low Temperature

Science, Hokkaido National Agricultural Experiment Station, Sapporo, Japan.

2.1.2 Chemicals

Acrylamide, bis-N,N'-acrylamide, ammonium persulfate, NN, N',N"-
tetramethylethyllenediamine (TEMED), lysozyme, sodium dedocyl sulfate (SDS),
Sephacryl S-200, and Triton X-100 were purchased from Amersham Pharmacia
Biotech (Uppsala, Sweden). Ammonium hydroxide, bromophenol blue, chloroform,
copper sulfate, disodium ethylenediamine tetraacetate (EDTA), ethanol, Folin reagent,
37% formaldehyde, glacial acetic acid, glycerol, glycine, hydrochloric acid, HPLC
water, methanol, PIPES (piperazine-1,4-bis(2-ethanesulfonic acid)), potassium
chloride, potassium hydroxide, sodium acetate, sodium bicarbonate, sodium chloride,
sodium hydroxide, sodium dihydrogen phosphate, and sodium hydrogen phosphate
were purchased from Carlo ERBA (Rodano, Milano, Italy). Calcium chloride,
chloramphenicol, Coomassie brillian blue R-250, imidazole, diethyl pyrocarbonate,

ehtydium bromide, magnesium chloride, phenyl methylsulfonyl fluoride (PMSF), and
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sodium citrate were purchased from Fluka (Steinheim, Swizerland). Bacto tryptone,
yeast extract, and bacto agar were purchased from DIFCO (Grayson, USA). YM-10
Amicon filters were purchased from Millipore Corporation (Bedford, USA).
Ampicillin, silica gel 60 F»s4 aluminium sheet (0.2 mm) and trifluoroacetic acid were
purchased from Merck (Damsladt, Germany). [-alanine, 2,2’-azinobis(3-
ethylbenzthiazolinesulfonic acid) (ABTS), chloroform/ isoamyl alcohol (24:1),
isopropyl B-D-thiogalactoside (IPTG), 2-mercaptoethanol, RNase Zap, cellobiose,
gentiobiose, p-nitrophenol B-D-glucoside (pNPG), pNP [3-D-cellobioside, pNP [3-D-
cellotrioside and pyridoxine (Vitamin Bg), and sophorose and some natural and
artificial glucosides were purchased from Sigma (St.Louis, MO, USA).
Cellooligosaccharides of DP 3-6 and laminarioligosaccharides of DP 2-5 were from
Seikagaku Kogyo CO. (Tokyo, Japan). Pyridoxine-5'-O-B-D-glucoside used as the
standard was provided by Prof. J. F. Gregory. Torvoside A was provided by Prof. J.
Svasti. Restriction endonucleases including BamH 1, EcoR 1, EcoR V, Nco 1, Xho I
RNase H, Taqg DNA polymerase, agarose (melecular grade), deoxyribonucleotide
(dATP, dCTP, dTTP, dGTP), and X-gal, were purchased from Promega (Madison,
WI). Restriction endonucleases Nco 1, Xho 1, EcoR 1, and SnaB I were purchased
from New England Biolabs (Bevery, MA). Other chemicals and molecular reagents

used but not listed here were purchased from a variety of suppliers.

2.1.3 PCR primers
Oligonucleotide primers for cDNA amplification are provided by Prof. Asim
Esen, Virginia Tech, VA. These oligonucleotide primers cover essentially the entire

B-glucosidase cDNA in both directions. Some are gene specific primers derived from
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incomplete sequences of Orion rice 3-glucosidase cDNAs which were determined in
Prof. Asim Esen’s laboratory. The others primers were ordered from Geneset
(Singapore) and the BioServices Unit (BSU) of the National Science and Technology

Development Agency (Thailand).

2.2. General methods

2.2.1 RNA extraction

Trizol Reagent, composed of phenol and guanidine isothiocyanate was used
for the isolation of total RNA. During sample homogenization or lysis, Trizol
Reagent maintains the integrity of the RNA, while disrupting cells and dissolving cell
components. One hundred milligrams whole rice seedlings were homogenized with a
cool mortar and pestle in liquid nitrogen to a fine powder. The frozen homogenates
were transferred into new RNase-free microtube containing 1 ml of Trizol Reagent
and mixed with the reagent by inverting the tube. The sample tube was incubated for
5 min at room temperature (~28°C) to permit the complete dissociation of
nucleoprotein complexes. Next, 0.2 ml chloroform/isoamyl alcohol (24:1) was added,
mixed vigorously by hand for 15 s and incubated at room temperature for 2-3 min.
The tube was centrifuged at 12,000 x g for 15 min at 4°C. Chloroform was added to
separate solution into an aqueous phase and organic phase. The upper aqueous phase,
the RNA phase, was transferred into a new sterile microtube. The RNA sample was
precipitated from the aqueous phase by mixing with 0.5 ml of isopropanol and
incubated at room temperature, for 10 min and RNA centrifugated at 12,000 x g at 4°
C, for 10 min. The supernatant was removed and the pellet was washed once with 1

ml 75% ethyl alcohol, centrifuged at 7,500 x g for 5 min at 4°C, and dried about 10-
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15 min. The pellet was resuspended in 20 pl DEPC-treated distilled water or RNA

Storage Solution (Ambion Inc., Austin, TX), and kept at -70°C.

2.2.2 Determination of quantity and purity of RNA

Two microliters total RNA solution was mixed with 998 pl DEPC-treated
water and the A260/ A 280 measured with a Lamda Bio20 UV/VIS Spectrometer
(Perkin Elmer, Shelton CT). Normally, the Aj¢/Asgp ratio approximately 1.8-2.0
indicates the good purity of RNA. The RNA content was calculated using the Aje

value of single strand RNA as following equation:

Mg/ml of total RNA = (A6 X dilution factor x 40)

One Ajeo unit equals 40 g of single strand RNA/ml (Sambrook et al., 1989).

2.2.3 Purification of Poly A" RNA

Dynabeads Oligo (dT),s (Dynal, Oslo Norway) is used for rapid isolation of
highly purified intact polyadenylated RNA (poly A* RNA) from eukaryotic total
RNA. This step was sometimes used to isolate poly A® RNA, which was used as the
template for reverse transcription reaction. Oligo(dT),s Dynabeads (beads) solution
was resuspended well by shaking the vial gently to obtain a homogeneous dispersion
of beads in solution. The beads suspension was transferred to an RNase-free
microtube placed in a Dynal MPC-E magnetic tool. When the suspension was clear,
the supernatant was removed. The beads were washed by resuspending in 100 pl 2 X
binding buffer (20 mM Tris-HCI pH 7.5, 1 M LiCl, 2 mM EDTA), 2 X binding buffer

was removed from the beads. The beads were resuspended in 100 pl 2 X binding
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buffer. Seventy-five micrograms RNA was adjusted to 100 pl with DEPC-treated
water or with elution solution (10 mM Tris-HCI pH 7.5). The RNA sample was
heated at 65°C for 2 min to disrupt secondary structure. The RNA solution was added
to the beads suspension and mixed gently and thoroughly. The vial was placed in the
Dynal MPC-E for 30 s, the supernatant was removed. The beads were washed twice
with 200 pl washing buffer (10 mM Tris-HCI pH 8.0, 0.15 M LiCl, 1 mM EDTA).
Ten to twenty microliters elution buffer was added to mix with the beads, and the vial
was incubated at 65°C for 2 min. To elute the mRNA, the tube was immediately
placed in the Dynal MPC-E, and the supernatant was transferred to a new RNase-free

tube and stored at -70°C until ready to use.

2.2.4 First-strand cDNA synthesis by ThermoScript RT-PCR system

ThermoScript RT-PCR System containing ThermoScript reverse transcriptase,
an avian RNase H-minus reverse transcriptase, is engineered to have higher thermal
stability in order to produce higher yields of cDNA and more full-length cDNA
transcript. One microliter of 50 UM Oligo (dT),o primer and RNA (1 pg-5 Ug) were
combined and the volume adjusted to 10 pl with DEPC-treated water in a 0.5 ml tube.
The tube was incubated at 65°C for 15 min and then placed on ice immediately to
denature the secondary structure which may impede full-length cDNA synthesis. In
the meantime, 5 X cDNA synthesis buffer was mixed by vortexing for 5 s just prior to
use. A master reaction was mixed in a microtube on ice, which was composed of 4 pl
5X c¢DNA synthesis buffer, 1 pl 0.1 M DTT, 1 pl RNaseOUT (40 units/pl), 1 pl

DEPC-treated water, 1 pl 10 mM dNTP mix, and 1 pl ThermoScript reverse
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transcriptase (15 units). The master reaction was pipeted into the RNA-primer tube
on ice which was then transferred to a GeneAmpl] PCR System 9700 thermocycler
(PE Applied Biosystems, Foster City, CA) preheated to 55°C and was incubated for
60 min. The reaction was terminated by heating the tube at 85°C for 5 min and then
placed on ice. One microliter of RNase H (40 units) was added and the reaction was
incubated at 37°C for 20 min to digest the complementary RNA which was base-
paired with the first strand cDNA. RNase H digestion improves the RT-PCR signal
of many targets and is required for the efficient and consistent amplification of long
RT-PCR templates. The first strand cDNA was kept at -30°C ready for use in PCR

reaction.

2.2.5 DNA analysis by agarose gel electrophoresis

The amplified PCR products were analyzed on 1% agarose gel electrophoresis
in 1 X TAE buffer (0.04 M Tris-HCI pH 8.0, 0.04 M acetic acid, 0.001 M EDTA pH
8.0) as described by Sambrook et al. (1989). The agarose gel (molecular grade) was
prepared using Pharmacia Gel Electrophoresis Apparatus GNA-100 (Pharmacia
Biotech, San Francisco, CA). DNA sample was prepared by mixing 5:1 with 6 X
loading dye (0.25% bromophenol blue, 0.25% xylene cyanol FF and 30% glycerol)
and applied to the gel wells. Electrophoresis was performed at a constant 95 V for
45-50 min. After electrophoresis, the gel was stained in 0.1 pug/ml ethidium bromide
solution for 5-10 min, and destained with distilled water for 30 min. The band in the
gel was visualized by UV light transillumination, with Fluor-S” Multimager (Bio-

RAD Laboratories, CA). The sizes of DNA fragments were estimated by comparing
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with Hilo-DNA marker, or 1 kb ladders (New England Biolabs, Beverly, MA), or 100

bp and 1 kb EZ load DNA marker (Bio-RAD, Richmond, CA).

2.2.6 Purification of PCR products from agarose gels

The DNA bands in agarose gels were extracted with the QIAQuick gel
purification kit (QIAGEN) by the vendor’s recommended protocol. The PCR
products from 100 pl reaction mix were separated on 1% TAE agarose gels. The
DNA bands were excised, placed in a clean 1.5 ml microtube, and the gel was washed
once with distilled water. Three volumes of QG buffer were added to 1 volume of gel
and the tube was incubated at 50°C for 10 min with vortexing every 2-3 min. One gel
volume of isopropanol was added to the sample and mixed (this step was used with
the DNA fragments with sizes lower than 500 bp or higher than 4 kb to increase the
yield of DNA fragments). The sample was applied to the QIA Quick column and
centrifuged for 1 min at 13,000 x g, and the flow through was discarded. Seven
hundred fifty microliters of PE buffer was added to the column, allowed to stand for
2-5 min and centrifuged at 13,000 x g for 1 min. The flow through was discarded and
the column was centrifuged for an additional 1 min. The column was placed in a
clean 1.5 ml microtube, and the DNA eluted from the column with 50 pl EB buffer
(10 mM Tris-HCI1 pH 8.5) by centrifugation at 13,000 x g for 1 min and the DNA

stored at -30°C.

2.2.7 Quantitation and expected yield of DNA
Five microliters DNA solution was mixed with 995 pl distilled water, the

absorbance at 260 nm (Ays) and 280 nm (Azgg) measured and the Ajgo/Asgy ratio



28

calculated with a UV/VIS Spectrometer Lamda Bio20 (Perkin Elmer, Shelton CT).
Normally, an A,g0/Azgp ratio of approximately 1.8-2.0 indicates good purity of DNA.
The DNA content was calculated using the A260 value of double strand DNA with

the following equation:

Hg/ml of DNA = (A0 x dilution factor x 50 pg/ml)

= (Aag0 X 200 x 50 pg/ml)

One Ay unit equals 50 pg of double strand DNA/ml (Sambrook ef al., 1989).

2.2.8 Vector preparation for ligation reaction

pBlueScript II SK(+) (2.996 kb) (Stratagene, La Jolla, CA) isolated from the
culture of DH5a cells by QIA miniprep kit as described in method 2.2.14. The
plasmids were digested with the restriction enzyme EcoR V (Promega, Madison, WI)
or Sma 1 (GIBCO, BRL, Invitrogen Corp.) to obtain blunt-ended vectors. The
digestion reaction mix for the restriction enzyme EcoR V included 10 pg pBlueScript
IT SK(+) plasmid, 2 pl 10 X Buffer D, 0.2 pl 100 X BSA, 10 units of EcoR V and
sterile distilled water to bring the volume up to 20 pl. The digestion reaction mix for
the restriction enzyme Sma I included 10 pg pBlueScript II SK(+) plasmid, 2 pl 10 X
React” 4 buffer, 0.2 ul 100 X BSA, 10 units of Sma I, and sterile distilled water to
bring the volume up to 20 pl. The reaction mix was incubated at 37°C for 3-4 h. To
remove the uncut plasmid, the digested reaction products were separated on 0.8%

agarose gel and purified by QiaQuick gel extraction kit as previously described in

method 2.2.6.
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2.2.9 Ligation of DNA fragment into vector

Blunt-end ligation of purified PCR products into pBlueScript I SK(+) vector
was done by using T4 DNA ligase (GIBCO-BRL, Invitrogen Corp., Carlsbad, CA)
according to the supplier’s directions. The amount of vector and purified PCR

product (ng) was calculated according to the following equation:

Amount of PCR product (ng) = (amount of vector, ng) x (size of PCR product, kb)

x (molar ratio of PCR product: vector)

size of vector (kb)

For good ligation efficiency, the amount of vector is about 60-100 ng, and the molar
ratio between PCR product insert and vector is 3:1 to 5:1 for blunt-end ligation. Just
prior to use, the 5 X DNA ligase reaction buffer was thawed at room temperature and
mixed vigorously to dissolve any precipitated material. The reaction mix consisted of
4 pl 5 X ligase reaction buffer, 60-100 ng purified pBlueScript II SK(+) vector
digested with EcoR V or Sma 1, 60-120 ng purified PCR product, 1 unit T4 DNA
ligase, and sterile distilled water to bring the volume up to 20 pl. The reaction mix
was incubated at 14°C for 16-24 h. This reaction mix was used to transform directly
into cloning host strain. It is noted that T4 DNA ligase is unstable on ice for long

periods, so it was returned to -20°C within 5-10 min after taking out.

2.2.10 Transformation and selection
Transfer of ligation reactions or plasmid into E. coli was done as described by
Sambrook et al. (1989). A 50 pl aliquot of frozen competent cells was thawed on ice

for 5 min. The plasmids (10-100 ng) or 5 pl ligation reaction mix was added to
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thawed competent cells, mixed gently by swirling the tube and incubated on ice for 30
min. The cells were transformed by using heat shock at 42°C for 60 s and
immediately chilled on ice for 2 min. The transformed cells were grown in 450 pl of
SOC medium or LB broth (Appendix D) by shaking at 200 rpm for 45 min. For blue-
white colony selection of recombinant pBlueScript 11 SK(+) vector, 200 pl of cell
culture was spread on an LB plate containing 100 pg/ml of ampicillin which was pre-
spread with 25 pl of 50 mg/ml X-Gal and 50 pl of 0.1 M IPTG (Appendix D). For
antibiotics resistant selection of recombinant pET clones, 200 pl of cell culture was
spread on LB plate containing appropriate antibiotics for each vector and host system.
After spreading, the plate was sat-upright at room temperature for 15-20 min to let the
spread cells and medium absorb into the agar, then the plate was inverted and
incubated at 37°C overnight (16-18 h). Among the recombinant clones identified by
blue-white color screening, the white colonies generally contained inserts while the

blue colonies had no inserts (self-ligated pBlueScript plasmid).

2.2.11 Plasmid isolation by boiling miniprep

Preparation of recombinant plasmid for preliminary analysis was done using
the boiling miniprep method (Sambrook et al., 1989). Normally, the size of
recombinant plasmid is larger than nonrecombinant plasmid. Single colonies were
picked with sterile toothpicks, restreaked on LB plate containing appropriate
antibiotics, and grown at 37°C overnight. The fresh overnight colonies were
inoculated in 5 ml LB broth containing appropriate antibiotics and grown overnight

with 200 rpm shaking at 37°C. The cell cultures were pelleted in microtubes by
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centrifugation at 3,000 x g for 3 min. The cell pellets were resuspended in 350 pl
STET buffer (Appendix D) and mixed with 20 pl freshly prepared 10 mg/ml
lysozyme. The suspensions were boiled at 100°C for 40 s to break the cells. The
broken cells were precipitated by centrifugation at 12,000 x g for 10 min at room
temperature, and the cell pellets were removed by sterile toothpick and discarded. To
precipitate the plasmids in the supernatant, 400 ul isopropanol was added and the
tubes were incubated at room temperature for 5 min, then centrifuged at 12,000 x g
for 5 min at 4°C to pellet the plasmids. The pellets were washed with 500 pl 75%
ethyl alcohol and dried for 15-20 min. The pellets was resuspended in 50 pl 10 mM
Tris-HCI pH 8.0 containing 0.1 mg/ml RNase A, and incubated to degrade the RNA
at 37°C for 30 min. The circular sizes of purified plasmids were compared to plasmid
without insert by analysis on 1% agarose gel. The plasmids containing insert were

stored at -30°C

2.2.12 Restriction enzyme digestion for plasmid analysis

To determine the size of DNA inserts in the pBlueScript II SK(+) plasmid,
restriction endonucleases whose sites are present in the flanking region of EcoR V
(EcoR 1 and Xho 1) and Sma I (BamH 1 and and Xho 1) at the cloning site 5" and 3’
ends, respectively, were used to cut the recombinant plasmids. The reaction mix was
prepared including 3-5 pg plasmids, 2 pl 10 X Buffer D, 0.2 pl 100 X BSA, 5 units of
each restriction enzyme and sterile distilled water to 20 pl. The reaction was
incubated at 37°C overnight. One percent agarose gel electrophoresis was carried out

to determine the DNA insert size as described previously in method 2.2.5.
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2.2.13 QIAGEN plasmid miniprep

The QIA prep spin miniprep plasmid extraction kit (QIAGEN) for was used to
purify recombinant plasmid for sequencing using the recommended protocol. A
recombinant colony was inoculated in 5 ml LB broth with appropriate antibiotics and
the cells were grown by shaking at 200 rpm (12-16 h) at 37°C. The cultured cells
were pelleted by centrifugation at 3,000 x g for 3 min at room temperature. The cell
pellets were resuspended completely in 250 pl P1 buffer containing RNase A. Two
hundred fifty microliters of P2 buffer was added to the resuspended cells, and mixed
by inverting the tube gently (to avoid genomic DNA shearing) 4-6 times until the
solution became viscous and slightly clear. Three hundred fifty microliters of N3
buffer was added and mixed immediately, to avoid localized precipitation, by
inverting the tube gently for 4-6 times. The tube was centrifuged at 13,000 x g for 10
min to compact the white pellet. The supernatant was applied to a QIA prep column
by pipetting, centrifuged at 13,000 x g for 1 min, and the flow through was discarded.
The column was washed by applying 0.75 ml PE buffer and centrifuged at 13,000 x g
for 1 min. The flow through was discarded, and the column was centrifuged for an
additional 1 min. The column was placed in a new 1.5 ml microtube and 25-50 pl
distilled water or 10 mM Tris-HCI (pH 8.5) was added to the center of column. The
column was allow to stand for 1 min, and centrifuged at 13,000 x g for 1 min to elute

the plasmid DNA. The DNA was stored at -30°C.

2.2.14 DNA Sequencing
Purified DNA samples were sequenced in cycle-sequencing using the ABI

PRISM dye labeled terminator kit (Big Dye) (PE Applied Biosystems, Foster City,
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CA) with the recommended protocol. The reaction mix was composed of 4 ul
Terminator Ready Reaction Mix, 2 Ul purified plasmid DNA (100 pg/pl), 1 pl 3.2
pmol/pl primer and 3 pl distilled water. Amplification was done using the Gene Amp
PCR system 9700 (PE Applied Biosystems). The program was conducted by rapidly
increasing the temperature to 96°C, followed by 25 cycles of 96°C for 20 s, 50°C for
10 s and 72°C for 4 min. The amplified products were purified by ethanol
precipitation as described in the kit manual. The purified DNA pellet was dissolved
in 20 Pl TSR solution, heated at 100°C for 2 min, quickly cooled on ice for 3 min and

loaded onto an ABI 310 DNA automated sequencer.

2.2.15 Analysis of DNA sequences

The DNA sequence data obtained from DNA sequencing software of ABI 310
DNA automated sequencer was interpreted and converted to single letter code in text
file format by the Chromas 1.56 program (Technelysium Pty. Ltd). The DNA
sequences were also corrected by manual inspection of the chromatogram. The
sequences were analyzed using the computer analysis programs in BCM Search
Launcher (http://dot.imgen.bcm.tmc.edu:9331/). The sequence was translated to
deduced amino acid sequence by the 6 frame translation program and antisense
sequences converted to sense strand sequence with the Reverse complement program
in Sequence Utilities. The sequences were confirmed to correspond to [3-glucosidases
by a local alignment search of the Genebank database by the BLAST program at the
National Center for Biotechnological Information (NCBI) (http://www.ncbi.nlm.
nih.gov). Comparison of the DNA fragment sequences was done with the ClustalX

implementation of ClustalW (Jeanmougin et al., 1998; Thompson et al., 1994) or



34

BLAST2 at NCBI. The cDNA sequences of bglul and bglu2 were searched against
the dbEST database using BLASTn to identify matching ESTs in rice, and these ESTs
were used to search the Rice Genome Research program (http://rgp.dna. affrc.go.jp)

mapped EST markers to identify the chromosomal locations of bglul and bglu?2.

Protein sequence alignments were done with the ClustalX implementation of
ClustalW. Protein analyses were done at the Expasy proteomics server (http:/www. |
expasy.org/)| signal sequences were predicted by SignalP (Nielson et al., 1997) and

cellular locations were predicted by PSORT (Nakai and Horton, 1999).

2.3 Amplification of rice B-glucosidase cDNAs

Rice (Oryza sativa L. cv. Orion and cv. Nipponbare) seeds were sterilized by
soaking in 10% Clorox for 10 min, washed twice with sterile distilled water for 2-3
min, soaked in 95% ethyl alcohol for 3 min, and washed 4 times with sterile water for
2-3 min. The seeds were germinated in the dark from day O to day 3 and in the 12 h
light-12 h dark from day 4 to day 5 at 28°C under sterile condition on germinating
paper moistened with sterile distilled water. The whole seedlings were harvested, and

the RN A was isolated and reverse transcribed as described in methods 2.2.1 and 2.2.4.

2.3.1 Cloning of rice [3-glucosidase cDNA for isozyme 1
The first rice--glucosidase designated bglul was cloned by homology and

identification of corresponding sequences in databases. Two rice EST clones,
R2847 1A (GenBank AC D24959) and R2336 (GenBank AC D24663) were

identified as belonging to glycosyl hydrolase family 1 by a tBLASTn search (Altschul


http://www.expasy.org/)
http://www.expasy.org/)
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et al., 1997) of the dbEST database. These two clones were obtained from the
Japanese Ministry of Agriculture, Forestry and Fisheries (MAFF) Genome Research
Program, Japan, and sequenced thoroughly by automated DNA sequencing as
described in method 2.2.14. The sequence of the longest cDNA insert was
determined and deposited in GenBank, accession number (AC) U28047.

A sense primer [3-glul63 (Table 2.1) derived from the R2847 1A sequence
was used for 3’ rapid amplification of cDNA ends (3' RACE) using the first-strand
cDNA from Orion rice as the template, essentially as described by Zhang and
Frohman (1997). The PCR reaction mix included 2.5 pl 10 X Elongase buffer, 2 mM
2.5 mM dNTP mixed, 0.5 pl 10 pM B-glul63 primer, 0.5 pl 10 pM oligo (dT);7
primer, 1.25 units Elongase (Life Technologies, Invitrogen, Carlsbad, CA), 1 pl first-
strand cDNA reaction and sterile distilled water to a final volume of 25 pl. The PCR
amplification was done with an initial denaturation step of 94°C for 5 min, followed
by 35 cycles of 94°C for 30 s, 42°C for 30 s, and 68°C for 2 min, and a final
extension of 5 min at 68°C after the last cycle. The PCR product was analyzed by 1%
agarose gel electrophoresis, as described in method 2.2.5, purified with the QIA quick
gel extraction kit, and the sequence determined by direct sequencing using [3-glul63
primer.

EST clone R2847 1A was also selected to design the antisense primer
B-glu178 for amplification of 5' end fragment. The degenerate sense primer 3-glul56
designed from the conserved [B-glucosidase protein sequence, GFPAGFVFG, and the
antisense primer [3-glul78 were used to amplify the approximately 300 bp 5' region

cDNA fragment using first-strand cDNA as the template. The PCR product was
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analyzed by 1% agarose gel electrophoresis, purified by QIA quick gel extraction kit,
and its sequence determined by direct sequencing with the [B-glul56 primer. The
300 bp 5' DNA sequence was BLASTn searched against dbEST to identify a
corresponding cDNA fragment with a sequence which covered the start codon,
methionine and 5' UTR of OSU28047. The EST clone c29108 was identified as the
sequence containing the 5' end of the coding sequence. From this sequence, a 5' sense
primer, [-glu217, was designed and used with the antisense primer [3-glul78 to
amplify the 5' end region. The PCR reaction mix included 1 pl first-strand cDNA,
2.5 pl of 10 X HotStar Taq buffer, 5 pl of Q-solution, 2 pl of 2.5 mM dNTP mix, 1 pl
of 10 uM B-glu217 primer, 1 pl of 10 uM [B-glul78 primer, 0.625 unit of HotStar Taq
DNA polymerase (QIAGEN, Hilden, Germany), and sterile distilled water to bring
the volume to 25 pl. The PCR was done at 94°C for 15 min as the initial denaturation
step, followed by 35 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 2 min, and a
final extension of 5 min at 72°C after the last cycle. The HotStar Taq system helps to
overcome the difficulties to amplify the 5" GC-rich region. The product was cloned
into the pBlueScript I SK(+) EcoR V site and sequenced as described in methods
2.2.6-2.2.14.

After the sequence at the 5' end was obtained, the 5' sense primer [3-glu217
was used with an antisense primer Rol3pr derived from the 3' end sequence of
U28047 to amplify the full coding cDNA. The amplification was done as for the
B-glu217/B-glul78 reaction above but with 3 min extension. The product was cloned

into the pBlueScript II SK(+) Sma I site and sequenced as described in methods 2.2.6-

2.2.14.
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Table 2.1 Primers used for amplification of the bgl/ul cDNA

Primer name Primer sequence
B-glul56 5'-GGTTCCCGSCKGGSTTCGTSTTYGG-3'
(S= G+C, K=T+G, Y=C+T)
B-glul63 5'-TGGTTTACATTTAATGAGCC-3'
B-glul78 5'-CTGCAGAAGGTAGTTTATAAGA -3’
B-glu217 5'-GTGCGTGCGTGGCTGCGTGTGCTT-3'
Rol3pr 5'-CACCAAGCCAAATCTCATCAAC-3'

Table 2.2 Primers used for sequencing the bgl/ul cDNA

Primer name Primer sequence
B-glul56 5'-GGTTCCCGSCKGGSTTCGTSTTYGG-3'
(S= G+C, K=T+G, Y= C+T)
B-glul63 5'-TGGTTTACATTTAATGAGCC-3'
B-glul78 5'-CTGCAGAAGGTAGTTTATAAGA -3'
T7 5'-TAATACGACTCACTATAGGG-3'
T3 5'-AATTAACCCTCACTAAAGGG-3'

2.3.2 Cloning of rice 3-glucosidase cDNA for isozyme 2

A second rice-B-glucosidase (bglu2) cDNA was isolated from Orion rice by
RT-PCR using the sense primer -glul56 and the antisense primer [3-glu41 (Table
2.3), derived from the conserved peptide sequences GFPAGFVFG and WFTFNEP,
respectively, to amplify an approximately 500 bp PCR product. The PCR reaction
mix included 2.5 pl 10 X Elongase buffer, 2 mM 2.5 mM dNTP, 0.5 pl 10 uM
B-glul56 primer, 0.5 pl 10 UM B-glud1 primer, 1.25 units Elongase, 1 pl first-strand

cDNA reaction and sterile distilled water to give a final volume of 25 pl. The PCR
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amplification was done at 94°C for 5 min as the initial denaturation step, followed by
35 cycles of 94°C for 30 s, 48°C for 30 s, and 68°C for 2 min, and a final extension of
5 min at 68°C after the last cycle. The product was cloned into the pBlueScript II SK
(+) Sma 1 site and sequenced as described in methods 2.2.6-2.2.14.

An approximately 500 bp cDNA fragment sequence was used to design a
sense primer, [3-glul76, and this primer was used in 3' RACE as described previously.
The PCR reaction mix included 2.5 pl 10 X Elongase buffer, 2 pl 2.5 mM dNTP,
0.5 pl 10 puM B-glul77 primer, 0.5 pl 10 uM oligo (dT);7 primer, 1.25 units Elongase,
1 Wl first-strand cDNA reaction and sterile distilled water to give a volume to 25 pl.
The amplification was done as above but with 40°C annealing temperature, and the
approximately 1450 bp product was sequenced completely. An approximately 500 bp
cDNA fragment sequence was used to identify matching ESTs in dbEST at NCBI. A
sense primer [3-glu214 was designed from the EST clone E60611 11A (GenBank AC
AU065204) sequence to include the start codon.

Finally, the 3-glu214 sense primer and Ro23pr primer derived from the 3'UTR
of the cDNA, were used to amplify the full-length CDS ¢cDNA. The PCR reaction
mix included 1 pl first-strand cDNA, 2.5 pl 10 X HotStar Taq buffer, 5 pl Q-solution,
2 pl 2.5 mM dNTP mix, 1 gl 10 uM B-glu214 primer, 1 pl 10 uM Ro23pr primer,
0.625 unit HotStar Taq DNA polymerase (QIAGEN), and sterile distilled water bring
to a volume 25 pl. The PCR condition was done at 94°C for 15 min as the initial
denaturation step, followed by 35 cycles of 94°C for 30 s, 54°C for 30 s, and 72°C for

3 min, and a final extension of 5 min at 72°C after the last cycle. The full-length
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product was cloned into the pBlueScript II SK(+) Sma I site and sequenced as

described in methods 2.2.6-2.2.14.

Table 2.3 Primers used for amplification of the bg/u2 cDNA

Primer name

Primer sequence

B-glud1
B-glul56
B-glul76
B-glul77
B-glu214
Ro23pr

5'-GGCTCATTAAATGTAAACCA-3'
5'-GGTTCCCGSCKGGSTTCGTSTTYGG-3'
5'-GATCCTTGAGTGGAGGAATAAACA-3'
5'-TGTTTATTCCTCCACTCAAGGATC-3'
5'-CATCTCTCGCTGGAATGG-3'
5'-AACACTGCTCGACAGGGAGC-3'

Table 2.4 Primers used for sequencing the bglu2 cDNA

Primer name

Primer sequence

ROI1r
B-glul76
B-glu218
B-glu219
T7

T3

5'-TGAGTGGAACTCGATCCTG-3'
5'-GATCCTTGAGTGGAGGAATAAACA-3'
5'-AGCCTGAACCAGCCCAAC-3'
5'-TGACGAAACACAAATCTGGTG-3'
5'-TAATACGACTCACTATAGGG-3'
5'-AATTAACCCTCACTAAAGGG-3'
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2.4 Southern blot analysis

Southern blot analysis was used to determine the specificity of the bgl/ul and
bglu2? probes and the copy number of each gene in the rice genome. For this,
restriction enzyme digested genomic DNA was separated by agarose gel
electrophoresis, transferred to nylon membrane, and the gene of interested detected by

hybridization with radio-labeld DNA followed by autoradiography.

2.4.1 Genomic DNA isolation and restriction enzyme digestion

Genomic DNA was isolated from 4-day-old rice seedlings by the method
described by Doyle and Doyle (1987). Two grams of whole rice seedlings were
ground to a fine powder with a mortar and pestle cooled in liquid nitrogen. The
frozen homogenate was resuspended in 5 ml of 2 X CTAB solution (Appendix D),
incubated at 56°C for 5 min, 5 ml of 24:1 chloroform/isoamyl alcohol added, gently
shaken and incubated at 56°C for 30 min. The sample was centrifuged at 12,000 x g
at 4°C for 5 min. The supernatant was transferred into a new 50 ml tube and mixed
with 1/10 volume of 10 X CTAB solution and 1 volume of 24:1 chloroform/isoamyl
alcohol. The mixture was incubated at 56°C for 30 min, centrifugated at 12,000 x g
for 5 min at 4°C and the supernatant transferred into a new tube. One volume of
precipitation solution (1% CTAB, 50 mM Tris-HCI pH 8.0, 10 mM EDTA) was
added, gently shaken and incubated at -20°C for 10-20 min. The DNA was pelleted
by centrifugation at 12,000 x g at 4°C for 5 min and the pellet was dissolved in 750 pl
TE buffer (10 mM Tris-HCI pH 8.5, 1 mM EDTA). One volume of isopropanol was

added to DNA solution, incubated at -20°C for 5 min, and centrifuged at 12,000 x g
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for 5 min at 4°C. The DNA pellet was washed with cold (0 to 4°C) 75% ethanol and
dried at 37°C for 20 to 30 min. The DNA pellet was dissolved in 200 to 300 pl TE
buffer. The DNA solution was treated with 1 pl of 10 mg/ml RNase A per 100 pl
DNA solution and incubated at 37°C for 15 min. DNA was kept at -30°C or -70 °C
for short or long term storage, respectively.

The DNA solution concentration and purity was estimated by measurement of
the Azeo/Azso, as described in method 2.2.7. Ten micrograms of genomic DNA was
digested with 20 units of BamH 1, Bgl 1I, EcoR 1, Hind 111, Xho 1 or Xba 1 for 24 h,
loaded onto a 0.8% agarose gel and electrophoresed in Tris- acetate-EDTA (TAE)

buffer at 1.5 V/cm for 18 h.

2.4.2 Transferring genomic DNA from agarose gel to nylon membrane

Genomic DNA was transferred onto nylon membranes by capillary transfer
(Sambrook et al., 1989). After agaorse gel electrophoresis of digested genomic DNA,
the gel was soaked in 25 ml of 0.5 M HCI, denaturing solution (0.5 M NaOH, 1.5 M
NaCl) and neutralizing solution (3 M NaCl, 0.5 M Tris-HCI pH 7.4) for 7, 30 and 30
min, respectively, with gentle shaking on an orbital shaker and rinsed briefly with
distilled water between each soaking. Then genomic DNA was transferred onto a
nylon membrane. The nylon membrane was cut to the same size as the gel containing
the DNA, and then was equilibrated in transfer buffer (20 X SSC) (Appendix D) for
10 min. A sheet of Whatman 3 MM paper was cut as a wick that will act as the
contact between the transfer buffer reservoir and the gel. Next, the 3 MM paper was
placed on a support placed in a baking dish. The baking dish was filled with enough

transfer buffer such that a minimum of 2.5 cm of each end of the paper was



42

submerged. When the 3 MM paper was throughly wet, all air bubbles were removed
out with a glass rod. The gel was placed on the support, and any air bubbles that were
trapped under the wick were removed. Next, wet nylon membrane was placed on top
of the gel and trapped air bubbles were removed. Another five sheets of Whatman 3
MM paper of the same size as the gel were placed on top of the filter membrane and
air bubbles were removed. A stack of paper towels the same size as the gel was
placed on top of the sheets of 3 MM paper. Finally, the entire stack was covered with
a 500 g weight to compress the entire transfer set-up. The transfer was allowed to
proceed overnight. Then, the nylon membrane containing DNA was UV irradiated

while still damp to fix the DNA sample to the membrane.

2.4.3 DNA probe preparation

The specific DNA probes for the bglul and bglu? genes were generated by
PCR amplification. The bglul and bglu? specific probes were generated by
amplification of portions of bglul and bglu2 cDNA from the 3' UTR (284 and 267 bp,
respectively) using Orion rice cDNA isolated as described in method 2.2.4 as the
template. The bglul (284 bp) DNA probe was amplified with the Rol3pf sense
primer and Ro13pr antisense primer (Table 2.5). The bglu2 (267 bp) DNA probe was
amplified with the Ro23pf sense primer and Ro23pr antisense primer. The PCR
reaction included 1 pl first-strand ¢cDNA, 2.5 pl 10 X HotStar Taq buffer, 2 pl 2.5
mM dNTP mix, 1 ul 10 UM sense primer, 1 pl 10 M antisense primer, 0.625 unit
HotStar Taq DNA polymerase (QIAGEN), and sterile distilled water bring to a
volume 25 pl. The amplification for both probes was done using 35 cycles of 94°C

30 s, 52°C 30 s and 72°C 1 min. The amplified DNA products were electrophoresed
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through 1% agarose gel. The DNA band was cut and purified by the QIAGEN gel

extraction kit as described in method 2.2.6.

Table 2.5 Primers used for amplification of bgluland bglu?2 probes

Primer name Primer sequence
Rol13pf 5'-TGAGAATGAAAGACACGCAGAC-3'
Rol3pr 5'-CACCAAGCCAAATCTCATCAAC-3'
Ro23pf 5'-TCAAGAGGCACTGATCCAGC-3'
Ro23pr 5'-AACACTGCTCGACAGGGAGC-3'
2.4.4 DNA probe labeling

cDNA probe was isotopicly labeled with [a-*P]dCTP using Ready-To-Go
DNA Labeling Beads (Amersham Pharmacia Biotech). Twenty to fifty nanograms of
DNA were adjusted to a volume of 48 pl. The DNA solution was denatured by
heating at 100°C for 5 min, then immediately put on ice for 5 min to fix the denatured
form of DNA, then centrifuged briefly. Forty-eight milliliters of denatured DNA and
2 ul [0-**P]dCTP (3000 Ci/mmol) were added into the microtube containing the DNA
labeling beads, and gently mixed by pipetting up and down 4-5 times. The reaction
was incubated at 37°C for 30 min. The unincorporated nucleotides in the reaction
were removed by gel filtration on Sephadex G-50 (packed in a 1 ml plastic xylink
column) with centrifugation at 3,400 x g for 4 min. Before hybridization, labeled

DNA was denatured by heating at 100°C for 5 min, then placed on ice immediately.
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2.4.5 DNA-DNA probe hybridization, post hybridization stringency wash,
and autoradiography

DNA blots were prehybridized in 15-20 ml of hybridizing buffer (1 mM
EDTA, 0.5 M Na,HPO4 pH 7.2, 1% BSA, 7% SDS) for 30-45 min at 50°C to
equilibrate the membrane. The denatured a’?P-labeled specific bglul probe (100-200
pl) was added to the buffer in a hybridization bottle containing the membrane and
continued to hybridize at 50°C for 16 h. Then, the hybridization buffer was poured
off and the hybridized blots were washed to remove all the probe molecules that did
not form hybrids twice in 2 X SSC/0.05% SDS at room temperature for 10 min, and
once in 1 X SSC/0.05% SDS at 55°C for 10 min.

After post-hybridization washing, the plastic-wrapped filter membranes were
placed in direct contact with a piece of high speed medical x-ray film (Kodak). A
Geiger counter probe was held about 2.5 cm above the surface of the membranes to
estimate the required time for autoradiography. The plastic-wrapped membrane
attached to a sheet of x-ray film was placed in a cassette under safelight conditions.
The cassette was then stored at -80°C for the appropriate time (normally 16-72 h
depending on signal intensity).

Photograph development was done in the dark. The exposed x-ray film was
detached from the filter membrane, submerged into the film developer, and gently
agitated in the developing tray about 10 s or until the bands began to appear. The film
was quickly removed from the developer and placed in water to stop the reaction.
Then, the film was transferred to a photographic fixer tray until the film began to

clear. After fixation, the film was washed in water and then air-dried.
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To reprobed with bglu2 probe on the same membrane, the bglul probe was
stripped out from the membrane by boiling the membrane at 100°C in high stringency
0.1 X SSC/ 1%SDS wash buffer for 15 min. Then the blot was re-hybridized with o
32p_labeled bglu2 (267 bp) probe (100-200 pl) at 50°C for 16 h. The blot was washed

to remove unbound probe and autoradiographed to detect the irradiation signal on the

film as described above.

2.5 Northern blot analysis to determine B-glucosidase gene expression

Northern blot analysis was used to determine the size and amount of mRNA
for the gene of interest in total RNA samples. For this, total RNA was separated by
agarose gel electrophoresis, transferred to nylon membranes, and the mRNA of
interest detected by hybridization with radio-labeled DNA followed by

autoradiography.

2.5.1 Growth conditions

The seeds were germinated in the dark from day 0 to day 3 and in 12 h light-
12 h dark from day 4 to day 14 at 28°C under sterile conditions on germinating paper
moistened with sterile distilled water. The whole seedlings were harvested and some
were divided to separate parts (shoot, root, and endosperm) and kept at -70°C. Some
14 day-old rice seedlings were transferred to soil and grown for an additional 5.5
weeks. Rice plants were harvested and separated to different parts (flower, leaf blade,

leaf sheath, node, internode and root) and kept at -70°C for RNA isolation.
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To determine the effect of environmental conditions on rice B-glucosidase
gene expression, various growth conditions were applied during germination. Rice
seeds were grown on germinating paper moistened with sterile distilled water at 28°C
for 6 days in the dark from day O to day 3 and in 12 h light-12 h dark conditions
starting from day 4. Then the rice seedlings were moved to various environmental
conditions and grown for an additional 2 days, along with rice seedlings grown at 28°
C. The abiotic conditions were: 1) drought, by supplying no water; 2) cold
temperature, at 5°C; 3) salt stress, with 0.3 M NaCl solution; 4) flooding, by
submerging the seedling roots in 0.5 cm high water; 5) osmotic stress, with 0.5 M

manitol; 6) ethylene, (10 mg/ml Ethephon), and 7) 10™* M abscissic acid.

2.5.2 RNA extraction

Total RNA was isolated from rice seedlings by the method of Bachem et al.
(1996). Rice tissue material (1-2 g) was ground to a fine powder in a pre-cooled
mortar and pestle in liquid N,. Plant tissue powder was transferred into pre-cooled 50
ml plastic tubes. Next, 8 ml of a hot (80°C) 1:1 mixture of phenol and RNA
extraction buffer (100 mM Tris-HCL, 100 mM LiCl, 10 mM EDTA, 1% SDS, pH 8.0)
was added into the tubes. The sample was vortexed vigorously for at least 30 s. Four
milliliters of chloroform were added to the mixture and shaken vigorously. The
sample was centrifuged for 20 min at 12,000 x g to separate the phases. Chloroform
extraction was repeated at least twice until no inter-phase could be detected. The
resultant clear aqueous phase was transferred to a new 50 ml tube. To precipitate the
RNA, 1/3 volume of ice cold 8 M LiCl was added and RNA precipitated for at least 3

h to overnight at 0°C. RNA was pelleted by centrifugation at 4°C for 20 min and then
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resuspended in 500 pl DEPC-treated water, after extensive washing of the pellet with
ice cold 75% ethanol. A small aliquot of this sample was analyzed for concentration,

integrity and purity of the RNA as described in method 2.2.2.

2.5.3 RNA gel electrophoresis and transferring RNA from agarose gels to
nylon membranes

RNA was denatured and electrophoresed on formaldehyde—agarose gel by
standard procedures (Sambrook et al., 1989). Twenty micrograms of total RNA
samples were denatured by mixing with RNA premix (Appendix D) in a 1:1 ratio
(v/v), and incubated at 65°C for 15 min and then put on ice. Before loading the RNA
samples, the gel was prerun for 30 min at 5 V/cm. The denatured RNA solutions
were mixed with 2 pl 5 X RNA loading dye (Appendix D) and applied to the gel
wells. The RNA samples were electrophoresed on a 1.5% formaldehyde-agarose gel
which was submerged in 1 X formaldehyde gel-running buffer (Appendix D) at a
constant 80 V for 1 h. After running, the gel was stained in ethidium bromide and
photographed on UV light to document the RNA bands appearance. Size separated
RNA was transferred onto nylon membrane as described by Sambrook et al. (1989).
After electrophoresis, the gel was rinsed in several changes of DEPC-treated water to
remove formaldehyde, and then soaked in 20 X SSC (Appendix D) for 45 min. Then
the RNA was transferred onto Hybond N+ nylon filter membrane (Amersham
Pharmacia Biotech) in the same was as the typical set up used for capillary transfer of

DNA described in method 2.4.2.
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2.5.4 DNA probe preparation

The specific DNA probes for the bglul and bglu2 mRNAs were generated by
PCR amplification as described in method 2.4.3. The 18S rRNA was used as control
transcript for a housekeeping gene to show the amount of total RNA on the blots. The
primers for amplification of rice 18S rRNA probe (342 bp), 18Sricef sense primer (5'-
AAGTTTGAGGCAATAACAG-3") and 18Sricer antisense primer (5'-CCTCTAAAT
GATAAGGTTC-3"), were derived from the 3' end region of the published sequence
AC AF069218. The probe was amplified using Orion rice cDNA as template. The
PCR reaction mix included 1 pl first-strand cDNA, 2.5 pl 10 X HotStar Taq buffer, 2
pl 2.5 mM dNTP mix, 1 pl 10 pM 18Sricef primer, 1 pl 10 pM 18Sricer primer,
0.625 unit HotStar Tag DNA polymerase (QIAGEN), and sterile distilled water to
bring the volume to 25 pl. The amplification was done using 35 cycles of 94°C 30 s,
48°C 30 s and 72°C 1 min. The amplified DNA products were electrophoresed on a
1% agarose gel. The DNA band was cut and purified as described in method 2.2.6.

and isotopicly labeled with [a-**P]dCTP as described in method 2.4.4.

2.5.5 RNA-DNA probe hybridization

RNA blots were hybridized with bglul and bglu2 probes, post hybridization
washed and autoradiographed as described in method 2.4.5. Finally, all blots which
were previously hybridized with both bgluland bglu? probes, were stripped of all
hybridized probes on the membranes by boiling the membranes at 100°C in 0.1 X
SSC/1%SDS wash buffer for 15 min. Then, the blots were reprobed with a’2P-

labeled 18S rRNA (342 bp) probe (100-200 pl) at 55°C for 16 h. Then, the
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hybridized membranes were washed from lower to higher stringency with the
following steps: 2 X SSC/0.1% SDS, 1 X SSC/0.1% SDS, 0.5 X SSC/0.1% SDS, and

0.1 X SSC/0.1% SDS at 60°C for 15 min in each step. The membranes were then

wrapped in plastic wrap and set up for autoradiography as described in method 2.4.5.

2.5.6 Determination of signal intensity on autoradiography film by

densitometry technique

The autoradiography film was scanned to capture the picture with the Fluor-
S™ Multilmager and the intensity of the signal quantified using Quantify One
software (Bio-RAD). The ratio between the bglul and bilgu2 signals to 18S rRNA

signal was plotted on graph with Excel Microsoft Office 97 version.

2.6 Semiquantitative RT-PCR

The expression of rice -glucosidase mRNAs in different rice seedling parts
was also studied by reverse transcription-polymerase chain reaction (RT-PCR). Rice
(Oryza sativa L. cv. Orion) seeds were germinated in the dark from day 0 to day 3 and
in the 12 h light-12 h dark from day 4 to day 5 at 28°C under sterile conditions on
germinating paper moistened with sterile distilled water. The seedling parts were
divided into mesocotyl lower and upper parts, coleoptile, root elongation zone, root
tip, and endosperm. Seedling parts were soaked in the RNA Later Solution (Ambion
Inc, Austin, TX) and then kept at -70°C until used for RNA isolation. Total RNA was
isolated from rice seedling parts using the RNaeasy Plant Mini Kit (QIAGEN, Hilden,

Germany) according to the manufacture’s protocol. The RNA pellet was resuspended
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in RNA Storage Solution (Ambion Inc.). First-strand cDNA synthesis was carried out
using SuperScript Reverse Transcriptase 11 (GIBCO-BRL Invitrogen Corp.) according
to the manufacturer’s protocol, using 2.5 Yg of total RNA. The following sense and
antisense primers, respectively, were used in the PCR step: for bglul, Rol3pf and
Ro13pr; for bglu2, Ro23pf and Ro23pr and for rice B-actin, actinlf and actinlr (Table
2.6). The actin primers were derived from a published sequence (McElroy, 1990).
Two microliter aliquots of serial dilutions: 1, 1/5, 1/10, 1/20, and 1/40 X of the
cDNA product from the RT reaction were used as template for PCR reactions with 0.2
mM each ANTP, 0.2 UM each primer for -glucosidase and [3-actin, 10 X PCR buffer,
2 mM MgCl,, and 1.25 units of HotStar Taqg DNA Polymerase in a final volume of 50
Ml. The PCR was carried out in a DNA thermocycler under the following conditions:
15 min at 94°C, followed by 30 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for
90 s, followed by a final extension of 10 min at 72°C. In this reaction, B-actin was
co-amplified as an internal standard to quantify the PCR amplification of [-
glucosidase mRNA. The number of thermocycles used was optimized to allow
quantification without saturation. The fragments amplified by PCR were separated by
electrophoresis on a 1% agarose gel containing 10 pg/ml ethidium bromide
(Sambrook et al., 1989) using 100 bp Molecular Mass Marker (New England Biolabs,
Beverly, MA) as a standard to determine the concentraion of PCR products. The gel
images were captured with a Fluor-S” Multilmager and quantified using Quantify
One software (Bio-RAD). The intensity ratio of B-glucosidase and [-actin cDNAs

was used for semiquantitative analysis.
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Table 2.6 Primers used for amplification of the 3' UTR of bglul, bglu2 and (-actin

cDNA fragments
Primer name Primer sequence

Rol3pf 5'-TGAGAATGAAAGACACGCAGAC-3'
Rol3pr 5'-CACCAAGCCAAATCTCATCAAC-3'
Ro23pf 5'-TCAAGAGGCACTGATCCAGC-3'
Ro23pr 5'-AACACTGCTCGACAGGGAGC-3'
Actinlf 5'-ACTCTGGTGATGGTGTCAGCC-3'
actinlr 5'-GTCAGCAA TGCCAGGGAACATA-3'

2.7 Recombinant protein expression in Escherichia coli

2.7.1 Amplification of the cDNAs to insert in expression vectors
The cDNA encoding the predicted mature protein products of bglul and bglu2
genes were cloned into pET vectors and expressed in E. coli. To predict the N-

terminal cleavage site and start of the mature protein, the Signal P software

(http://www.cbs.dtu.dk/services| /SignalP/) was used. BGlul was predicted to have

the cleavage site between amino acid residues 28 and 29, while the BGlu2 cleavage
site was predicted to be between amino acid residues 25 and 26. The restriction
enzymes that could not cut inside the cDNA but cut in the expression vector cloning
site. were selected. The primers specific for bglul and bglu? (Table 2.7) were
designed to amplify the cDNA encoding the mature proteins and introduce the
restriction enzyme sites complementary to the cloning site of the expression vector to

flank the cDNA, allowing inframe translation of the proteins.
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For bglul, cDNA encoding the mature protein product was cloned into
pET23d(+) and pET32a(+) (Novagen, Madison, WI). The bglul cDNA prepared for
cloning into pET23d(+) was amplified by using the Orion rice cDNA as template with
the Roex5f and 3-glul35 primers to introduce BamH I and EcoR 1 sites at the 5' and 3'
ends, respectively. The bglul cDNA prepared for cloning into pET32a(+) was PCR
amplified using the Orion rice cDNA as template with the Roex8f and [-glul35
primers to introduce SnaB I and EcoR I sites at the 5' and 3' ends, respectively.

The first round of PCR to amplify the full coding sequence of bglul cDNA
was done with the [3-glu217 sense primer and the Ro13pr antisense primer. The PCR
reaction mix included 1 pl first-strand cDNA, 2 pl of 10 X HotStar Taq buffer
(QIAGEN), 1 pl 10 X Pfu buffer (Promega), 5 pl of Q-solution (QIAGEN), 2 ul of
2.5 mM dNTP, 1 pl of 10 uM primer B-glu217, 1 ul of 10 UM primer Rol3pr, 0.625
unit of HotStar Taq DNA polymerase (QIAGEN), 0.75 unit Pfu DNA polymerase
(Promega), and sterile distilled water to give a final volume of 25 pl. The PCR was
performed by incubating at 94°C for 5 min as initial denaturation step, followed by 30
cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 4 min, and a final extension of 10
min at 72°C after the last cycle.

One microliter of first round PCR product was amplified with the sense primer
and the antisense primer as indicated above to introduce a BamH I (by Roex5f primer)
or SnaB 1 (by Roex8f primer) site at the 5'end and an EcoR 1 (by -glul35) site at the
3" end. The PCR reaction mix included 2.5 pl 10 X Pfu buffer, 2 pl 2.5 mM dNTP, 1
pl each 10 UM sense and antisense primers, 0.75 unit Pfu DNA Polymerase, 1 pl PCR

product, and distilled water to bring the volume up to 25 pl. The PCR was done at
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94°C for 5 min as the initial denaturation step, followed by 30 cycles of 94°C for 45 s,
52°C for 30 s, and 72°C for 4 min, and a final extension of 10 min at 72°C after the
last cycle. Pfu DNA polymerase has proof reading ability to minimize mutations
during PCR and decreasing the number of PCR cycles also helps. Mixing HotStar
Taq DNA polymerase with Pfiu DNA polymerase in the first round of amplification
was necessary to amplify the GC rich 5' end region, while allowing proof reading of
the DNA synthesis.

The bglu2 cDNA was amplified using similar strategies to those used for the
bglul cDNA. The first round of PCR to amplify the full-coding sequence was done
with the sense [3-glu215 primer and the antisense primer B-glu218 (Table 2.7). The
PCR reaction mix included 2.5 pl 10 X Pfu buffer, 2 pul 2.5 mM dNTP, 1 ul 10 pM -
glu218 primer, 1 pl 10 uM B-glu215 primer, 0.75 ul Pfu DNA polymerase, 1 pl first
strand cDNA, and distilled water to bring the volume to 25 pl. The PCR was
performed at 94°C for 5 min as the initial denaturation step, followed by 30 cycles of
94°C for 45 s, 52°C for 30 s, and 72°C for 4 min, and a final extension of 10 min at
72°C after the last cycle. The second amplification was performed as above using one
microliter of the PCR product from the first round amplification as template, and with
the Roex3f sense primer and the Roex Ir antisense primer to introduce an Nco I site at
the 5’ end and an X#o I site at the 3’ end.

The PCR products were evaluated to confirm they were the correct size on 1%

agarose gel and purified as described in methods 2.2.5-2.2.6.
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Table 2.7 Primers used for amplification of bglul and bglu2 cDNA

Primer name Primer sequence
B-glu217 5'-GTGCGTGCGTGGCTGCGTGTGCTT -3’
Rol3pr 5'-CACCAAGCCAAATCTCATCAAC -3’

B-glu215 5'-GATCAGAATGGGAAGGCGACTCC-3'
B-glu218 5'-AGCCTGAACCAGCCCAACACTGCTC-3'

Roex5f 5'-TGCCGGATCCGTGCCCAAGCCCAACTG GCTG-3'
Roex8f 5'-TGCCTACGTAGTGCCCAAGCCCAACTGGCTG-3'
B-glul35 5'-AGTCTGCGTGTCTTGAATTCTCAGTGC-3'

Roex3f 5-ATGGCCCCATGGCCAAGTTTACCCGCTACAGCTTC-3'
Roexlr 5'-CTCGAGATCAGTGCCTCTTGAGGA-3'

2.7.2 Construction of recombinant plasmids

The PCR products were cloned into the EcoR V site of pBluScript II SK(+)
and transformed into DHS50 E. coli. The resultant recombinant plasmids were
purified and digested with appropriate restriction enzymes, as described in methods
2.2.6-2.2.12. The gel-purified inserts for bglul were cloned into the BamH I and
EcoR 1 sites of pET23d(+) and EcoR V and EcoR I sites of pET32a(+), bglu2 were
ligated to the Nco I and Xho 1 sites of pET23d(+), pET32a(+), pET39b(+), and
pET40b(+) (Novagen), as described in method 2.2.9. The ligation reaction mix were
transformed into DH5a E. coli and spread on LB agar plates containing selective
antibiotic resistance of each plasmid type as indicated in Table 2.8. Transformation
of DH5a E. coli with the ligation reaction mix of recombinant plasmid helped to
multiply the number of recombinant plasmids, and these plasmids can be kept

permanently (1-4 years) in this host cells.
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2.7.3 Identification and isolation of recombinant expression plasmids

The recombinant pET plasmids were identified by a colony PCR method. The
transformant colonies were randomly selected, restreaked on a new LB agar plate
containing the appropriate antibiotics, and incubated overnight at 37°C. The
restreaked colonies were picked with a sterile toothpick and resuspended in 70 pl
sterile water in a 1.5 ml microtubes until the solution looked slightly turbid. The
suspensions were boiled at 100°C for 5 min, and the cell debris was spun down at
13,000 x g for 3 min. Three microliters of supernatant (plasmid phase) were used as
the template in a PCR reaction. The PCR reaction mix included 2.5 pl 10 X HotStar
Taq buffer, 2 pl 2.5 mM dNTP, 1 pl each 10 UM sense and antisense primers, 0.625
unit HotStar Tag DNA polymerase (QIAGEN), 3 ul of the plasmid aqueous phase
supernatant and distilled water to bring the volume to 25 pl. The forward and reverse
primer used in the reaction were Roex8f and B-glul35 for bglul; and Roex3f and
RoexIr for bglu2. The PCR reaction was done as described above. The PCR product
was separated on 1% agarose gel electrophoresis to identify the clones that contained
recombinant plasmid.  Then the recombinant colonies were grown in LB broth
containing the appropriate antibiotics and plasmid isolated by QIA Prep Spin

Miniprep kit (QIAGEN) and sequenced, as described in methods 2.2.13 and 2.2.14.

2.7.4 Transformation of recombinant plasmid into expression host cells
The recombinant pET23d(+)-bglul was transformed into BL21(DE3) and
pET32a(+)-bglul were transformed into Origami(DE3) and BL21(DE3) E. coli

(Novagen). While the recombinant pET23d(+)-bglu2 was transformed into BL21
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(DE3) and BL21(DE3) pLysS and pET32a(+)-bglu2 constructs were transformed into
Origami(DE3). The pET39b(+)- and pET40b(+)-bglu2 constructs were transformed
into BL21(DE3). The competent cells of these host strains were prepared as
described in Appendix C. Plasmids (10-100 ng) were used to transform a 50 pl
aliquot of the frozen competent cells, according to the standard method as described
in method 2.2.10 and spread on LB agar plates containing selective antibiotic
resistance of each plasmid type and host strains as indicated in Table 2.8 and 2.9. The

recombinant clones were identified by colony PCR method as described above.

Table 2.8 pET vector characteristics

Antibiotic Protease
Vector . Promotor Tag .
resistance cleavage site
PET23d(+) | Ampicillin T7 N-terminal T7 tag, None
(50 pg/ml) C-terminal His tag
PET32a(+) | Ampicillin T7lac | Internal and C-terminal Thrombin,
(50 pg/ml) His tag, Internal S tag, enterokinase

N-terminal Trx tag,

Internal and C-terminal

His tag,
pET39b(+), | Kanamycin T7lac | Internal S tag, Thrombin,
pET40b(+) (30 pg/ml) N-terminal DsbA (for enterokinase

pET39b), and DsbC (for
pET40b) tag
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Table 2.9 pET system host strain characteristics

Strain Genotype Description Antibiotic
application Resistance'
BI21(DE3) F ompT hsdSg(rg" mp") General purpose None
gal dem (DE3) expression host
BL21(DE3) F ompT hsdSg(rg” mp") High-stringency Chloramphe-
pLysS gal dem (DE3) pLysS expression host” nicol (34 pg
(Cm®) /ml)

Origami(DE3) | Aara-leu7697 AlacX74 General expression Tetracycline
AphoAPvull phoR host; two mutations | (12.5 pg/ml),
araD139 galE galK rspL in redox gene to Kanamycin
F' [lac+(laclq)pro] gor522 | allow disulfide bond | (15 jo/m])
::Tnl0 (TcR) trxB::kan formation in E. coli
(DE3) cytoplasm

1. The appropriate antibiotic to select for the target plasmid must also be added
2. High-stringency means that the strain carries pLysS, a pET-compatible plasmid that
produces T7 lysozyme, thereby reducing basal expression of target genes, by

inhibiting T7 polymerase.

2.7.5 Protein expression in Escherichia coli

For expression, the selected clones were grown overnight in LB broth
containing appropriate antibiotics to select for the target plasmid and host strain as
indicated in Table 2.8 and 2.9. The fresh inoculum cultures were then diluted to a
ratio 1:100 with LB broth containing appropriate antibiotics. The cultures were

grown in a shaking incubator at 37°C. After the optical density at a wavelength of
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600 nm of the cultures reached 0.5-0.6, IPTG was added to a final concentration of
0.4 mM and the cultures were shaken at 200 rpm at 20°C for an additional 8 h.
Induced cultures were transferred to 50 ml centrifuge tubes and chilled on ice for 10
min and then harvested by centrifugation at 5000 rpm at 4°C for 10 min, and the cell
pellet kept at -70°C for 30 min or longer until used for protein extraction.

To optimize protein expression, the optimal IPTG concentration, temperature,
time and medium type for growing cells during induction of expression from the cells
were determined. During induction of protein expression, IPTG concentrations were
varied between 0.1, 0.2, 0.4, 0.6, 0.8, and 1 mM. The induction temperatures tested
were 15°,20°, 27°, and 37°C with times of induction of 4, 8 and 18 h.

To determine the protein expression level, total protein profiles of host cells
containing control-empty plasmids and recombinant plasmids were analyzed. For
this, the cells were pelleted from 1 ml liquid culture in a microtube and the pellets
resuspended in 40 pl of 2X SDS sample buffer (125 mM Tris pH 6.8, 15% glycerol,
1% SDS, 5.6% 2-ME, 0.05% bromophenol blue). The suspension was boiled for 5
min and 8-12 pl aliquots were loaded onto 12% SDS polyacrylamide gels (SDS-

PAGE) as described in method 2.7.10.

2.7.6 Extraction of recombinant protein from induced cells

Bacterial culture pellets were thawed, suspended in 5 ml per gram freshly
prepared extraction buffer (20 mM Tris-HCI pH 8.0, 200 pg/ml lysozyme, 1% Triton-
X100, 1 mM phenylmethylsulfonylfluoride (PMSF), 40 pg/ml DNase I), and

incubated at room temperature for 30 min. The cell suspensions were sonicated on
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ice 5 times at 50 W output for 10 s, with 1 min cooling in between, with an Ultrasonic
Processor GE 100 probe sonicator (Treadlitei, Woodstock, MA). The pellets were
extracted twice with extraction buffer to increase the amount of soluble protein. The
soluble protein fraction was recovered by centrifugation at 12,000 x g at 4°C for 10

min and subjected to electrophoresis by SDS-PAGE.

2.7.7 Purification of recombinant protein by Ni-NTA superflow

Purification of BGlul was done with Ni-NTA superflow (QIAGEN) at 4°C.
Ten milliliters of the soluble extract of bacteria expressing BGlul protein from
pET32a(+) was added to a 1 ml of Ni-NTA superflow column (QIAGEN)
equilibrated with 8 ml (8 volumes) equilibration buffer (20 mM Tris-HCI pH 8.0, 150
mM NaCl). The column was washed with 4 ml (4 volumes) of equilibration buffer,
8 ml (8 volumes) of wash buffer 1 (5 mM imidazole in equilibration buffer), and 4 ml
(4 volumes) of wash buffer 2 (10 mM imidazole in equilibration buffer). The
recombinant protein was eluted with 4 ml (4 volumes) each of elution buffer (250 mM
imidazole in equilibration buffer). The 0.5 ml fractions with B-glucosidase activity
were pooled and concentrated 4 fold and exchanged with 20 mM Tris-HCI pH 8.0 in a

30 kDa cutoff centrifugal ultrafiltration membrane (YM-30, Amicon).

2.7.8 Cleavage of recombinant protein

One hundred micrograms of recombinant protein was cleaved with 1 unit of
enterokinase in 50 pl of 20 mM Tris-HCI1 pH 7.2, 200 mM calcium chloride at 23°C
for 16 h. The reaction was added to 50 pl of Ni-NTA superflow and incubated at 4°C

for 60 min with gently shaking. The reaction mix was centrifuged at 4°C for 10 min
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at 12,000 x g, and the supernatant containing purified BGlul was collected and

evaluated by SDS PAGE and [3-glucosidase activity determined.

2.7.9 Protein determination

Protein concentrations of the crude extracts of E. coli were estimated by the
method of Lowry (Lowry et al., 1951) using bovine serum albumin (BSA) as standard
(15-105 pg BSA). The proper dilution of protein sample in 1 ml was mixed with 1.0
ml alkaline copper solution (0.05% CuSOs4, 0.1% potassium-sodium tartate, 5%
Na,COj; and 0.4 M NaOH). The reaction was left to stand for 10 min at 28°C and
0.5 ml diluted Folin diluted reagent (2:1 to water) was then added. The mixture was
vigorously mixed by vortexing and allowed to stand at 28°C for 30 min. The
absorbance at 750 nm was measured using a Jenway 6405 UV/VIS
Spectrophotometer (Essex, UK).

Purified recombinant protein concentration was determined by Bio-RAD
Protein Assay kit (Bio-RAD) using BSA as the standard (2-10 pg). Appropriate
dilutions of protein samples were prepared in 0.2 ml volume and mixed with 0.8 ml
Bio-RAD Protein Assay Solution. The reaction was allowed to proceed for 10 min
and the absorbance at 595 nm was measured using a Jenway 6405 UV/VIS

Spectrophotometer (Essex, UK).

2.7.10 Determination of the subunit molecular weight of protein by SDS
polyacrylamide gel electrophoresis
Denaturing polyacrylamide gel electrophoresis was performed according to

the method of Laemmli (1970). The stock solution of polyacrylamide consisted of
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29% (w/v) acrylamide and 1% (w/v) of N, N'- methyllene-bis-acrylamide. The
separating gel consisted of 12% polyacrylamide, 0.375 M Tris-HC] pH 8.8, 0.1%
SDS, 0.1% ammonium persulphate, 0.05% TEMED. The separating gel consisting of
5% polyacrylamide, 0.126 M Tris-HCI pH 6.8, 0.1% SDS, 0.1% ammonium
persulphate, 0.05% TEMED. One part of protein solutions was mixed with 3 parts of
4 X sample buffer (250 mM Tris pH 6.8, 30% glycerol, 2% SDS, 11.2% 2-ME, 0.1%
bromophenol blue). The suspension was boiled for 5 min, 8-12 pl aliquots were
loaded onto 12% SDS polyacrylamide gel (SDS PAGE) using a Mini-protein 3 cell
(Bio-RAD), and electrophoresed in 1 X Tris-glycine pH 8.3 SDS buffer (Appendix D)
at a constant 150 V for 1 h from cathodic (-) to anodic (+) end. After electrophoresis,
the gel was stained with Coomassie Brilliant Blue R 250 (Appendix D) for 30 min
and destained with destaining solution (Appendix D) for 1 h or until the protein bands
appeared clear. The sizes of protein bands were estimated by comparing with Bio-
RAD protein Markers (Bio-RAD): phosphorylase b (97.4 kDa), bovine serum
albumin (66 kDa), ovalbumin (45 kDa), bovine carbonic anhydrase (31 kDa), trypsin

inhibitor (21.5 kDa) and bovine a-lactalbumin (14.0 kDa).

2.7.11 Estimation of the native molecular weight of protein by gel
filtration chromatography

Gel filtration chromatography on a Sephacryl S-200 (Pharmacia) with gel
filtration molecular weight markers 12.4-200 kDa (Sigma) was used to estimate the
native molecular weight of thioredoxin fusion BGlul according to the supplier’s
protocol. A 70 x 1.6 cm Sephacryl S-200 column was equilibrated with 50 mM Tris-

HCI1 pH 7.5, 100 mM KCI at 4°C. To determine the void volume (Vj), 0.5 ml of 4
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mg/ml blue dextran in equilibration buffer containing 5% glycerol was applied to the
column. The column was eluted with equilibration buffer at a flow rate of 0.5 ml/min.
As soon as the blue color of blue dextran reach the gel bed surface, collecting of
fractions was started with 1 ml/min and the absorbance at 280 nm measured for
plotting the effluent peak. The elution volume of blue dextran (V) was determined
by measuring the volume of effluent collected from the point of the center of the
effluent peak. To determine the elution volume (V.) of the standard and purified
thioredoxin fusion BGlul, each protein was dissolved in elution buffer containing 5%
glycerol as the concentration shown in Table 2.10. Each protein sample (0.5 ml) was
applied to the column separately, and eluted with the same conditions used for blue
dextran. The standards were measured by absorbance reading at 280 nm, and the
BGlul was measured by pNPGase activity assay (see method 2.8.1). The V. for each
protein was determined in the same way as for blue dextran. The molecular weight
and V./V, for each protein was plotted on semilog paper and the thioredoxin fusion

BGlul molecular weight was estimated.

Table 2.10 Concentration of protein solutions used for gel filtration

Protein sample Mr Concentration (mg/ml)
(kDa)
Albumin, Bovine 66 10
Alcohol dehydrolgenase 150 8
Carbonic anhydrase 29 5
Cytochrome c 12.4 2.5
Thioredoxine fusion BGlul - 1
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2.7.12 Western blot analysis

Protein samples were mixed with one-fourth volume of the 4 X SDS-gel
sample buffer and heated at 100°C for 5 min. The protein samples were loaded onto a
12% SDS-PAGE gel and electrophoresed. After electrophoresis, the gel was soaked
in blotting buffer (25 mM Tris, 125 mM glycine, 0.25% SDS, 5% methanol), and the
proteins transferred onto the nitrocellulose membrane (Hybond ECL, Amersham
Pharmacia Biotech) on a Semidry gel blotting system (Bio-Rad). After transfer, the
membrane was stained with FAST-Green BB dye (Appendix D) to confirm the
presence of protein bands on the membrane. The membrane was washed twice with
10 ml PBS. The membrane was incubated with 5% Non-fat milk in PBST (blocking
solution) for 1-4 h for non-specific blocking. Immunodetection was carried out by
incubating the membrane in a 1:1000 dilution of an anti-rice [3-glucosidase serum in
blocking solution for 2-4 h. Anti-rice [3-glucosidase sera used were 403, 404 and 406
and the production of these antisera was described in Appendix C. After incubation
with antiserum, the membrane was washed 4 times with PBST, followed by
incubation in a 1:5000 dilution of the secondary antibody, goat anti-rabbit coupled to
horse radish peroxidase, in PBST for 2 h. The membrane was washed twice with
PBST and twice with PBS, respectively with 10 min per each wash. Colorimetric
detection was done with 4-chloro-1-napthol substrate solution (5.5 ml 3 mg/ml 4-
chloronapthol (in 100% methanol), 10 pl 30% H,0,, 19.5 ml PBS). Immunoreactive

bands yielded brown-violet color.
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2.8 Biochemical characterization

2.8.1 B-glucosidase assays and Kinetics study

B-glucosidase activity on various substrates was assayed by determining either
(1) the nitrophenol liberated from the pNP derivatives of monosaccharides or
disaccharides, or (2) glucose released from natural or artificial glucoside substrates by
PGO assay as previously described (Babcock and Esen, 1994). All solutions, except
those specified otherwise, were prepared in 50 mM NaOAc buffer, pH 5.0. The first
assay, the pNP assay, was used to test sugar specificity. In this assay, 70 pl of various
dilutions of substrates were placed into the wells of a microtiter plate. Next, 70 pl of
appropriately diluted enzyme were added to the wells to start the reaction. An
appropriate dilution of enzyme is one that gives a V,, equivalent to 0.1 to 1.0
absorbance units under the conditions used. The assays were done at 30°C for 10 to
60 min depending on each substrate to establish the initial velocity (V). The reaction
was stopped by adding 70 ul of 0.4 M Na,COj; prepared in water. The absorbance of
the p-nitrophenol liberated was measured at 405 nm.

The second assay, the peroxidase/glucose oxidase-based assay (PGO assay),
was used to test aglycone specificity. PGO enzymes (Sigma) come in capsules, each
of which contains 500 units of glucose oxidase (Aspergillus niger), 100 Purpurogalin
units of peroxidase, and buffer salts. One capsule was dissolved in 100 ml sterile
distilled water. In the reaction, 25 pl of various dilutions of glucoside or glucose (as a
standard) were placed in a 1.5 ml tubes. Next, 25 pl of appropriate dilutions of
enzyme were added to start the reactions. After 10 min or longer (not more than 60

min), the reaction was stopped by heating at 100°C for 5 min and the reactions were
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placed in the wells of a microtiter plate. Next, 50 pl of 1 mg/ml 2,2’-azinobis(3-
ethylbenzthiazolinesulfonic acid) (ABTS) were added to each well. Lastly, 100 pl of
PGO enzyme was added to each well and mixed. The reaction was allowed to
proceed for 30 min at 37°C. The absorbance of the product from the PGO assay
(green color) was measured at 405 nm.

One unit of B-glucosidase activity was defined as the amount of enzyme that
produced 1 pmol of product per min. Note that the activity values for disaccharides
were determined by dividing the amount of glucose released by two, since two
glucose molecules are released per molecule of disaccharides hydrolyzed. The
micromole of product definition for oligosaccharides is in terms of total glucose
released, though oligosaccharides may also have more than one glucose released per
substrate molecule due to sequential cleavage.

Kinetic parameters, K, and V.« (at pH 5.0, at 30°C), of purified BGlul were
calculated according to the method of Lineweaver and Burk using the Enzfitter
computer program (Elsevier Biosoft, Cambridge, U.K.). For substrate, 3 replicates
each of 5-7 substrate concentrations were used. Protein assays were performed
colorimetrically by the Bio-RAD Protein Assay (Bio-RAD) using BSA as a standard

as described in method 2.7.9.

2.8.2 pH and temperature profiles of activity and stability

To determine the pH optimum for enzyme activity, BGlul and BGlu2 (0.005
nmol) were prepared in different buffers ranging from pH 3 to 11 (formate pH 3-4;
NaOAc pH 4.5-5.5; sodium phosphate pH 6-8.0; Tris pH 7.5-8.5; CAPS pH 9-9.5;

CAPS pH 10-11), at 0.5 pH unit intervals at the same buffer concentration of 50 mM.
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The activity at a given pH was measured by mixing the enzyme solution with 1 mM
final concentration of p-nitrophenol B-D-glucoside (pNPG) in the same pH buffer.
The reactions were allowed to proceed for 10 min at 30°C and the amount of product
released determined as described in method 2.8.1.

The temperature optimum was determined by incubating the BGlul with 1
mM final concentration of pNPG in 50 mM NaOAc pH 5.0 over a temperature range
of 5 to 70°C at 5° increments for 10 min. The amount of product released was
determined as described in method 2.8.1.

The pH stability of BGlul was determined by incubating BGlul in buffers
varying in pH 3 to 11 at increments of 1.0 pH unit for 10 min, 1, 3, 6, 12 and 24 h at
30°C. After the incubation, the enzyme was diluted 140 fold in 50 mM NaOAc buffer
pH 5.0. All the samples were assayed for activity with 1 mM pNPG in 50 mM
NaOAc pH 5.0 at 30°C for 10 min.

Thermostability of the enzyme was measured by incubating the enzyme in 50
mM NaOAc buffer pH 5.0 over a temperature range of 20° to 60°C at 10° intervals.
At 10 min increments from 0 to 60 min, samples incubated at each temperature were
placed on ice. All the samples were assayed for activity with 1 mM pNPG in 50 mM
NaOAc pH 5.0 at 30°C for 10 min.

Note that all parameter testing reactions were done in triplicate. Enzyme

molarity was calculated based on molecular weight of 66 kDa of BGlul.

2.83 TLC
Some substrates hydrolyzed by BGlul were analyzed by TLC. Purified

BGlul was incubated with a 5 mM final concentration of glucoside substrates
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prepared in 50 mM NaOAc pH 5.0. In the reaction, 25 pl of 10 mM substrate was
mixed with 25 Yl purified BGlul (0.05 nmol), and incubated at 30°C for 1 h. Five
microliters of the reaction mixture was spotted on a 7 x 4 cm Fys4 0.2 mm silica-
coated aluminium plate (Merck, Darmstadt, Germany) and chromatographed
vertically at room temperature for 10 min. The solvent system was chloroform:
methanol: NH4OH, at a ratio (v/v/v) of 6:3.6:0.4 for pNP-cellobiose and 7:3:2 for
pyridoxine glucoside. The products were detected under 356 nm UV light, then
sprayed with developer solution (4% anisaldehyde, 4% H,SO4, 3% water in ethyl
alcohol) and then baked at 100°C for 2-3 min to visualize the glucose. For each
substrate, a control without enzyme was included in the assay.

The hydrolysis and transglycosylation activity towards disaccharides and
oligosaccharides by BGlul was investigated by TLC. Purified BGlul was incubated
in 5 mM glucoside substrates prepared in 50 mM NaOAc pH 5.0. In the reaction, 25
Ml of 10 mM glucoside were mixed with 25 pl purified BGlul (0.05 nmol) in a 1.5 ml
tube. The reactions were incubated at 30°C for 1-4 h and stopped by heating at 100°C
for 5 min. Five microliters of the reaction mixture was spotted on the 7 x 10 cm Fjs4
0.2 mm of silica-coated aluminium plate and chromatographed vertically at room
temperature for 20-30 min in (2:2:1) (v/v/v) ethyl acetate: acetic acid: water. The
spots of the products were detected by spraying with developer solution and then
baking at 100°C for 2-3 min to visualize the release of glucose (hydrolysis) or the
synthesis of glucosides (transglycosylation).

Note that enzyme molarity was calculated based on molecular weight of 66

kDa of BGlul.
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2.8.4 Determination of the Kkinetic parameters of pyridoxine glucoside
hydrolyzed by BGlul using high performance liquid chromatography (HPLC)

The release of glucose from pyridoxine glucoside by BGlul could not be
quantified accurately by the glucose oxidase assay, because pyridoxine or its
breakdown products interfered with the assay, producing a reddish color, rather than
the usual green with ABTS. Therefore, an HPLC method was developed to quantitate
the amount of pyridoxine (Vitamin Bg) glucoside hydrolyzed. Solutions of 0.004 to
0.04 pmol pyridoxine were prepared as standard. Various concentrations of
pyridoxine-5'-O-f-D-glucoside were incubated with 0.01 nmol purified BGlul, and
50 mM NaOAc pH 5.0 in 50 pl reactions at 30°C for 15 min. The reaction was
terminated by heating at 100°C for 5 min. The reaction mixture was diluted 4 fold
with 50 mM NaOAc pH 5.0 and filtered through a 0.45 micron filter and 100 pl
volume was separated on an Eclipse XDB-C-18 column. (Agilent Corp, USA) with an
HP Series 1100 HPLC (Hewlett Packard, Waldbronn, Germany). A gradient of
methanol (0 to 80%) in 0.1% trifluoroacetic acid in water with a flow rate 0.8 ml/min
was run to separate the products as follows:

Time  Percent methanol

0 0
20 10
25 20
30 80
35 0

Products were detected with an HP 1100 variable wavelength detector measuring

absorbance at a wavelength of 290 nm. Kinetic constants were determined as
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described in method 2.8.1. Note that enzyme molarity was calculated based on

molecular weight of 66 kDa of BGlul.

2.8.5 Non-denaturing gel electrophoresis for B-glucosidase gel activity
staining

Non-denaturing gel electrophoresis, on both basic and acidic gels, was
performed in duplicate, one for activity gel staining with glucoside substrate, and
another for Coomassie Brilliant Blue R250 for protein profile analysis.

Basic non-denaturing gel electrophoresis was performed by a method adapted
from Hames (1990). The separating gel consisted of 10% polyacrylamide, 0.375 M
Tris-HCl pH 8.8, 0.1% ammonium persulphate, and 0.05% TEMED, while the
separating gel consisted of 5% polyacrylamide, 0.126 M Tris-HC1 pH 6.8, 0.1%
ammonium persulphate, and 0.05% TEMED. One part of control nonrecombinant or
BGlul protein solution was mixed with 3 parts of 4 X basic native sample buffer (250
mM Tris pH 6.8, 30% glycerol, 0.1% Bromophenol blue). Then 15 pl aliquots were
loaded onto 10% native gels and electrophoresed in 1 X Tris-Glycine pH 8.3 native
buffer (Appendix D) at a constant 30 V for stacking for 20-30 min and then at a
constant 120 V for separation for 1.5 h from cathodic to anodic end at 4°C.

Acidic non-denaturing gel electrophoresis was performed by a method adapted
from Hames (1990). The separating gel consisted of 10% polyacrylamide, acetic
acid-KOH resolving gel buffer pH 4.3, freshly prepared 3 mM sodium sulfite, 0.075%
ammonium persulphate, and 0.05% TEMED (Appendix D), while the stacking gel
consisted of 5% polyacrylamide, acetic acid-KOH stacking gel buffer pH 6.8, 0.075%

ammonium persulphate, and 0.05% TEMED (Appendix D). One part of control
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nonrecombinant or BGlul protein solution was mixed with 3 parts 4 X acidic native
sample buffer (2 X acidic stacking buffer pH 6.8, 30% glycerol, 0.1% methylene
blue). The 15 pl aliquots were loaded onto the gel and electrophoresed in 1 X acetic
acid-f-alanine running buffer pH 4.5 (Appendix D) at a constant 30 V for stacking for
20-30 min and at 120 V constant for separation for 3 h from positive pole to negative
pole at 4°C.

After gel electrophoresis, the gels were equilibrated twice in 50 mM NaOAc
pH 5.0 buffer on ice for 30 min each. Then, the gels were stained for [-glucosidase
activity with 5 mM 4-methylumbelliferyl-f3-glucoside (4MUGIc) for 30 min at 30°C
and fluorogenic bands of activity was detected under UV light using a Fluor-SU

Multilmager (Bio-RAD).

2.8.6 Inhibition studies

For the inhibition studies, 1 mM pNPG was used as the substrate. At least
three different inhibitor concentrations were used, each with 3 replicates. The
inhibitors tested were: glucono-1,5-lactone, galacto-1,4-lactone, indole acetic acid
(IAA), gibberellic acid 3 (GAj), 4-methylumbelliferol, EDTA, Tris, ethanol,
monosaccharide (glucose, galactose, mannose, xylose). In most cases, 70 pl of 2 mM
pNPG dilutions were placed in the wells of a microtiter plate. Thirty-five microliters
of various concentrations of inhibitor prepared in the same buffer were added to each
well, followed by 35 pl of enzyme (0.005 nmol) diluted in the same buffer to start the

reaction. The reactions were allowed to proceed to 10 min at 30°C, then the reaction

was stopped by adding 70 pl 0.4 M Na,COs, and the absorbance was read at 405 nm.
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IAA and GA; were dissolved in 50% ethanol, and a control of 50% ethanol-50%

buffer was used to correct for inhibition by ethanol alone.

2.8.7 Effect of reducing and denaturing agents on BGlul activity

The effect of SDS on BGlul activity was studied by incubating the BGlul
with 1 mM pNPG in 50 mM NaOAc pH 5.0 in the presence of various concentrations
of SDS (0.1, 0.05, 0.025, 0.01, 0.005, 0%). In the reaction, 70 pl of 2 mM pNPG
dilutions were placed in the wells of a microtiter plate. Thirty-five microliters of
various concentration of SDS prepared in the same buffer were added to each well,
followed by 35 pl of enzyme (0.005 nmol), diluted in the same buffer, to start the
reaction. The reactions were allowed to proceed to 10 min at 30°C, then the reaction
was stopped by adding 70 pl 0.4 M Na,COs3, and the absorbance was read at 405 nm.

The effect of reducing agent 2-mercaptoethanol (2-ME) on BGlul activity was
studied by incubating the BGlul with 1 mM pNPG in 50 mM NaOAc pH 5.0 in the
presence of various concentrations of 2-ME (0-2000 mM). The activity assays were

done as described above for the SDS effect experiment.

2.8.8 Effects of metal ions on enzyme activity

The effects of selected cations on enzyme activity were determined by adding
the following metal ion salts to 10 mM final concentration: HgCl,, ZnSO,4, MgCl,,
MnCl,, CaCl,, and CuSO,. Purified BGlul solution was incubated in the presence of
metal ions for 30 min. The enzyme was taken and diluted 70 times in 50 mM NaOAc
pH 5.0 and assayed for activity with 1 mM pNPG as described above. The inhibition

by Hg*" was tested further 0 to 256 pM Hg”" concentration.



12

2.9 Transglycosylation reactions

To determine the transglycosylation activity of BGlul using pNPG as the
glucose donor molecule, various reaction conditions and glucose acceptor compounds
were used. Glucosyl transfer reactions were studied with 3 different acceptor
molecules, pNPG, ethanol and pyridoxine.

In the reactions using pNPG as a glucose acceptor molecule, 50 pl of various
concentrations of pNPG substrate (5, 10, 20, or 40 mM) in 50 mM NaOAc pH 5.0
were mixed with 0.01 nmol purified BGlul, and 50 mM NaOAc pH 5.0 to bring the
volume to 100 pl. For each substrate concentration, a control without enzyme was
included in the assay.

In the reactions using ethanol as a glucose acceptor molecule, 50 pl of 20 mM
pNPG was mixed with various concentrations of ethanol (5, 10, 20, or 30%), 0.01
nmol purified BGlul, and 50 mM NaOAc pH 5.0 to bring the volume to 100 pl. For
each substrate concentration, a control without enzyme and without ethyl alcohol
were included in the assay.

Glucosyl transfer reactions using pyridoxine (Vitamin Bg) as a glucose
acceptor molecule, freshly prepared 5, 10, 20 and 40 mM pNPG and 1, 5, 10 and 20
mM pyridoxine in 50 mM NaOAc pH 5.0 was incubated with 0.01- 0.02 nmole
purified rice BGlul in a 100 pl reaction. For each reaction, controls without enzyme
and without pyridoxine were included in the assay.

All assay reactions were incubated at 30°C for 1, 3, 6, 12 or 24 h in the dark.
The reactions were stopped by heating at 100°C for 5 min. Note that enzyme

molarity was calculated based on molecular weight of 66 kDa of BGlul.
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TLC was carried out to visualize the reaction products. Five microliters of the
reaction solution were spotted on a 10 x 10 cm F,s4 0.2 mm of silica-coated
aluminium plate. The silica plate was chromatographed vertically at room
temperature in 7:2.8:0.2 (v/v/v) chloroform: methanol: NH4OH for 40 min. The
products were visualized by detecting with 356 nm UV light, then sprayed with
developer solution (4% anisaldehyde, 4% H,SO4, 3% water in ethyl alcohol) and
baked at 100°C for 2-3 min to visualize the compounds without UV absorbance.

Quantification of the intensity of compounds separated by TLC was performed
by densitometry scanning of the TLC plates with the Fluor-S™ Multilmager and the
intensity of signal quantified using Quantify One software (Bio-RAD). The known
standards purchased from Sigma were: pNPG, pNP-(B-cellobioside, pNP-3-
cellotrioside, pNP-(3-gentiobiose and pyridoxine. Standard pyridoxine-5'-O-3-D-
glucoside was provided by Prof. J. F. Gregory.

The reaction mix of transglucosylation of pyridoxine was filtered through a
0.45 micron filter and separated on a 7.6 x 250 mm C-18 column (GL Sciences Inc.,
Japan) with an HP Series 1100 HPLC (Hewlett Packard, Waldbronn, Germany). A
gradient of methanol (0-80%) in 0.1% trifluoroacetic acid in water was run to separate
the product compounds as described in method 2.8.4. Products were detected by
absorbance at a wavelength of 290 nm.

For structural analysis of pyridoxine glucoside product, the reactions was
scaled up to 15 ml reaction and the pyridoxine glucoside product was purified from a
7.6 x 250 mm C-18 column and subjected to NMR analysis. The 'H, °C, 'H-'H
COSY, HMQC, and HMBC spectra were recorded on a INOVA-300, operating at

299.9 MHz for proton, and 75.4 MHz for carbon. All samples for NMR analysis were
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dissolved in D,0O. Determination of the anomeric configulation was based on
observed chemical shifts, and the J; > coupling constants measured from one-
dimentional 'H spectra. 'H-"H shift correlation spectroscopy (COSY), heteronuclear
multiple quantum coherence (HMQC) and heteronuclear multiple bond correlation
(HMBC) experiments were made in order to assign the respective proton and carbon

signals

2.10 The effect of glucono-1,5-lactone on rice germination

To study the effect of glucono-1,5-lactone which is a rice B-glucosidase
inhibitor on rice germination, the rice seeds were soaked and germinated in the
presence of this inhibitor. The experiment was done in duplicate with 110 seeds for
each treatment. One hundred seeds were counted for the percentage of germination,
while 10 seeds were subjected to S5-bromo-4-chloro-3-idolyl-3-D-glucoside (X-
glucoside) staining assay to check for the occurrence of -glucosidase activity in rice
seed or tissues.

Orion rice seeds were sterilized by soaking in 10% Clorox for 10 min,
followed by washing twice with sterile distilled water for 2-3 min each, soaking in
95% ethyl alcohol for 3 min, and washing 4 times with sterile water for 2-3 min each.
Then, the seeds were soaked in the absence or in the presence of various
concentrations (0, 25, 50, 100 mM) of glucono-1,5-lactone prepared in sterile distilled
water for 12 h. The seeds were germinated in the dark at 28°C under sterile condition
for 4 days on germinating paper in a beaker in the presence of the concentrations of

glucono-1,5-lactone in which they were previously soaked. Each day, a number of
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germinated seeds in each beaker were counted and the length of their shoots or roots
measured.

Each day rice seeds from each beaker were sampled for 3-glucosidase activity
in rice tissues by staining with X-glucoside substrate. After sampling, the rice seeds
or germinated rice seeds were soaked in 1 ml X-glucoside substrate solution (1 mM
X-glucoside, 100 mM sodium phosphate buffer pH 7.0, 1 mM EDTA pH 8.0) for 30
min at 30°C. [-glucosidase activity was detected as the appearance of blue color in

rice tissues.

2.11 Genomic analysis

2.11.1 Database searching and sequence analysis

Identification of rice genes homologous to glycosyl hydrolase family 1 [-
glucosidase was done using the BLAST suite of programs (Altschul, et al., 1990) in 4
databases: GenBank at NCBI (http://www.ncbi.nlm.nih.gov, Bethesda, USA), the
Monsanto Rice Genome Draft Database (http://www.rice-research.org; Barry, 2001),
the Beijing Genomic Institute (http://btn.genomics.org.cn/rice/) and the Syngenta
Torrey Mesa Research Institute database (http://portal.tmri.org/). Identification of
homologous genes and cDNA was done using tBLASTn and the known B-glucosidase
protein sequences: maize bglul (AC U33816), barley BGQ60 (AC L41869), and
Arabidopsis psr3.2 (AC U72155), while BLASTn was used to identify sequences
from the same gene. Coding regions of genes were identified by BLASTX searches
against the NCBI nr protein database. Exact splice sites were predicted by
identification of splice site consensus sequences near the ends of identified coding

regions, which maintained the correct reading frame.
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Protein sequence alignment and phylogenetic analysis was undertaken in order
to form a rational evolutionary framework relating the members of the -glucosidase
gene family (Glycosyl hydrolase family 1) in plants. Translation of gene sequences

was done using the 6-frame translation facility at the Baylor College of Medicine

(BCM) search launcher site (http://dot.imgen.bcm. tmc.edu:p331/seq-util) (Smith et

al., 1996). The ClustalX implementation of Clustal W was used for protein sequence
alignments (Jeanmougin et al., 1998; Thompson et al., 1994) and phylogenetic
analyses done by the built in NJ-tree facility of this program with bootstrapping (1000

iterations).

Gene organization of the full-length and near full-length genes was also
constructed from the conservation of introns and exons in rice [3-glucosidase gene
structures. The data from sequence and gene structure analyses were correlated to
describe the evolutionary relationships between the genes. Each [3-glucosidase gene
sequence was searched against the GenBank at NCBI (http://www.ncbi.nlm.nih.gov,

Bethesda, USA) using BLASTn to identify the chromosomal locations.

Protein parameters (Mr, pl) predictions were done at the Expasy proteomics

server (http://www.expasy.org/)| signal sequences were done by SignalP (Nielson et

al., 1997) and cellular locations were predicted by PSORT (Nakai and Horton, 1999).

2.11.2 Digital northern analysis
A BLASTn search using the derived cDNA sequence for each gene was used
to determine the relative abundance of ESTs derived from each rice B-glucosidase

gene in libraries of various origins. All EST clone IDs were retrieved and collected in


http://dot.imgen.bcm.tmc.edu:/
http://www.expasy.org/)
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the catalog to compare gene expression in various library sources. In addition, rice-
specific tBLASTn searches using known [3-glucosidase protein sequences were
performed in the dbEST to identify all ESTs encoding (3-glucosidase proteins from

rice, as described for gene identification.
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Results

3.1 B-Glucosidase cDNA cloning

Primary structures of two [-glucosidase mRNAs from rice were determined
using PCR cloning and database searching methods. For sequence determination of
the first rice B-glucosidase cDNA (bglul), a partial cDNA sequence was previously
identified in Prof. Dr. Asim Esen’s laboratory by identifying rice EST sequences
homologous to plant (3-glucosidases in the dbEST database at NCBI. The partial
sequences in the database of the corresponding clones, R2847 1A (GenBank AC
D24959) and R2336 (GenBank AC D24663), had sequences encoding a glycosyl
hydrolase family 1 [3-glucosidase homologue and overlapped with each other (Figure
3.1). These two clones were then ordered from the Ministry of Agriculture, Forestry
and Fisheries (MAFF), Japan, and sequenced completely. The overlapping sequences
were the same, indicating both clones came from the same [-glucosidase gene. This
sequence was deposited in GenBank, AC U28047.

In my study, the bglul cDNA was amplified by RT-PCR using Orion rice
cDNA as the template according to the strategy shown in Figure 3.2. To determine
the 3'end sequence of the hg/ul mRNA, the first strand cDNA was synthesized using
mRNA extracted from 3-4 day old Orion rice seedling as template. The first strand
cDNA was then used as a template in the 3'RACE reaction using the specific sense

primer -glul63, derived from the EST clone R2847 1A sequence, and oligo (dT);;
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as antisense primer to amplify a 3' end cDNA fragment (Figure 3.3). This PCR
product was gel purified, and its sequence determined by direct sequencing. The
sequence of this PCR fragment consisted of 1229 bp DNA, which included the stop
codon and 3' untranslated region (3' UTR) of the mRNA, and was essentially identical

to above 2 EST clones.

! p—_—r
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G108 AT03195%
156-178 DCR product AU03351
A7 111 S
W (4753525
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Figure 3.1 Rice EST clones corresponding to bglul cDNA. Note that each EST clone
was mapped to the region to which it is aligned on the bglul (OSU28047) cDNA.
The 156-178 PCR product is the cDNA fragment amplified by the B-glul56 and 3-

glul78 primers using Orion rice cDNA as the template.
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Figure 3.2 Cloning strategies of rice bgl/ulfrom Orion rice cDNA. The first line: the
generation of a cDNA fragment encoding the 3' end of bglul by 3'RACE with [3-
glul63 and oligo (dT),7 primers. The second line: the generation of cDNA fragment
at the 5' region of bglul using the degenerate primers [-glul56 and [3-glul78 derived
from the EST clone R2847 1A sequence. The third line: the generation of cDNA
fragment encoding the 5’ end of the bglul mRNA using the specific primers [3-glu217
(derived from EST clone ¢29108) and [3-glul78. The fourth line: the generation of

full-length cDNA using specific primers [3-glu217 and Ro13pr.
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Figure 3.3 1% agarose gel electrophoresis of the 3’ RACE PCR product of bglul
cDNA fragment amplified with 3-glul63 and oligo (dT);; primers. The PCR product
was amplified by using Orion rice cDNA as template. Lane 1, Hi-low DNA marker;
lanes 2 and 3, 3' RACE PCR product; lane 4, no DNA template control PCR

amplification with 3-glu163 and oligo (dT);7 primers.

To amplify the 5' end cDNA fragment, the antisense primer (3-glul78 was
designed from the 5' end region of EST clone R2847 1A. The antisense primer [3-
glul78 and the degenerate sense primer B-glul56 amplified a 317 bp 5' end region
cDNA fragment using the first strand cDNA as the template (Figure 3.4). The result
from direct sequencing using the [3-glul56 primer showed that the sequence of this 5'
end fragment started from the cDNA sequence encoding the peptide AFPKRFVFG,
which is localized near the start codon (126 bp distance) and overlapped with other
EST clones (Figure 3.1). The 317 bp 5' end sequence of this clone was BLASTn

searched against dbEST, and the EST c29108, which coressponds to the bglul



82

sequence and contains the start codon and at least part of the S'UTR was identified.
This EST was selected to design the sense primer -glu217, the sequence of which is
in the 5S'UTR. The B-glu217 primer and the [-glul78 antisense primer were used to
amplified a 544 bp cDNA fragment by RT-PCR (Figure 3.5). This PCR product was
cloned into pBlueScript II SK(+) vector and the sequence of PCR product was

determined to be identical to the c29108 sequence.
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Figure 3.4 1% agarose gel electrophoresis of 5’ end PCR product of bglul cDNA
fragment amplified with the B-glu156 and B-glul78 primers. The PCR product was
amplified by using Orion rice cDNA as template. Lane 1, Hi- low DNA marker; lane
2, 5" end cDNA PCR product; lane 3, no DNA template control PCR amplification

with 3-glu156 and B-glul78 primers.
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Figure 3.5 1% agarose gel electrophoresis of 5’ end PCR product of bglul cDNA
fragment amplified with the 3-glu217 and B-glul78 primers. The PCR product was
amplified by using Orion rice cDNA as template. Lane 1, 100 bp EZ load DNA

marker (Bio-Rad); lane 2, 5" end cDNA PCR product.

After the sequences at 3' and 5' ends of the [3-glucosidase mRNA were known,
their sequences were used to design the primers to construct a full-coding-region [3-
glucosidase cDNA using RT-PCR. The primers, 3-glu217 from 5' end sequence and
Rol13pr from 3' end sequence were used in PCR amplification. A specific PCR
product of 1899 bp was produced (Figure 3.6), and its sequence was determined. The
full-length bglul cDNA sequence and the primers used to amplify it are summarized
in Figure 3.7. The reconstructed ¢cDNA sequence of bglul consisted of 1909
nucleotides, which included a 1512 nucleotide open reading frame (ORF) encoding a

504 amino acid long precursor protein. The Signal P program (Nielson et al., 1997)
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predicted the protein to contain a 28 amino acid signal sequence and a 476 amino acid

mature protein.

Figure 3.6 1% agarose gel electrophoresis of PCR product of full coding bglul cDNA
and its 5" UTR amplified with the 3-glu217 and Rol3pr primers. The PCR product
was amplified by using Orion rice cDNA as template. Lane 1, 100 bp EZ load DNA

marker (Bio-Rad); lane 2, full-length cDNA PCR product; lane 3, no DNA template

control PCR amplification with 3-glu217 and Ro13pr primers.
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B-glu217
GT GCGTGCGT! GCGTGI'GCTTGCGCTACT GCTTGGTCTCACTGTGTGAACAACT GCTGCCBCCGOCTGCCBEOGGTG 80

TGCTCCGGEOCECECECEGT CGT GAT GECTGCACGECGAGCGAACT (KIBCGCFGGI'GCTGGFGCTGG(IBCT(IBCGCTGFTGlGO
MAARRANCALVLVLALA

glu156&
GCGGCGCGEGAT GCTGGT GCCECGECEGT GCCCAAGCCCAACT GECT GBECGGERECT GAGCCGCGCCGCGI TCCCCAA 240
A ARDAGAAAVPKPNWLGGLSRAAFTPTKTR

@T%TJTC@BAMCA%TCMTA&A@FWG}IATWWGT@ATU% 320
FV F G AT S AYQVEGMAASGGRGPSI WD

ACGCCT TCGCGCACACCCCGGGAAATGT TGCAGGAAAT CAGAAT GGAGAT GT TGCGACAGATCAATATCATCGCTATAAG- 400
AAF AHTWPGNVAGNI QQNGDVATUDA QYHRYK

GAAGATGT TAATCT CATGAAAAGT TTCAATTTTGATC—CCT AC(IIBT TTTCAATCT CATGGT CCAGGATCTT CII)AGATg} 480

E D V N K S F S S S R 1 F

B- g|u178
TGAGGGACGAGT TAACCAAGAAGGCGTAGATTATTACAACAAT CTTATAAACT ACCT TCTGCAGAAAGGTATCACTCCTT- 560
E GRV NQEGVDYYNNTLTITNYTLTLQKGI TPY
ATGT CAATCT TTACCACTACGATCTCCCTCTTGCGCT TGAGAAGAAGT. ACGEAGGCT GGT TGAATGCAAAAATGBOGGAT 640

Y HY DL PL AL EKKY GG

[3 gl ul63
CT. ATTCAOGGAGT AOGOGGACT TCTGT TTCAAGAOC‘IT TGGCAATCGT GTCAAGCACTGGTTTACAT AATGAGOCAAG 720
L F C T G NR V KHWF T F N

GATAGTAGCACTTCTTGGT TATGACCAAGGAACAAAT CCTCCTAAAAGGT GCACAAAAT GCGCTGCTGGTGEGAACT CAG- 800
Il VAL L GYDOQGTNPWPIKIRT CTI KT CAAGG GNSA

OAACAGAACI:ATACATTGT TC-IZT CATAA'I_I'TTCT CT TATCACATGCTGCAGCTGT TGOAAGATA(I:GGACT AAGT ATCAG 880
T E N F S HAAAVA R Q

GCAGCTCAGCAAGGCAAAGT TGGAATAGT TCTGGACT TCAATTGGT ATGAAGCTCTTTCCAACT CAACT GAAGACCAAGC- 960
AAAQQGKV GI VLDFNWYEALSNSTETDOQA

AGCGGCTCAAAGAGCCAGGGACTTCCACAT TGGT TGGTATCT TGATCCATTGATAAATGGACAT TACTCGCAGATAATGC- 1040
AAAQRARDFHI GWYLDPLI NGHYSQI MAQ

AAGATCTTGTGAAAGATAGGCTGCCCAAGT TCACTCCTGAACAAGCTAGAT TGGT CAAGGGECTCGECTGACTATATTGGC 1120
DLV KDRLWPIKZFTWPE QARLVKGSADYI G

ATCAACCAATACACAGCT AGCT ACAT GAAGGGCCAGCAAT TGAT GCAGCAGACACCGACGAGT TACT CAG:CIE‘ATTGGCA 1200
I NQY TASY MKGQQL MQQTUPT S S A W Q

GGTTACCTATGI TTTTGCGAAAAACGGCAAACCAAT TGGACCACAGECAAATTCTAATTGGCT TTACATCGT GCCATGGG- 1280
vV T YVFAKNGKPI GPQANSNWLYI VP WG

GISATGT ACGGATGT GT GAACTACAT CAAGCAGAAGT, ACGEGAATCCGAOAGI’ CGT CATAACT GQAAA(IEGAATGGATOAA 1360
G CVNYI KQKYGNPT T E N G Q

CCTGCGAACCT CAGOCGCGACCAGT ACT TGOGCGACACCACGAGGGT TCATT TCTACAGGAGCTACCTCACCCAGCT GAA- 1440
P ANLSRDO QYL RDTTARVHFYRSYULTOQLK

GAAGGCCATCGACGAGGEGEOGCCAAT GTGECTGECTACT TCECCTGGT CTCTCCTGGACAACT TCGAGT GECTGTCAGGT T- 1520
K Al DEGANVAGYJFAWSULLUDNFEWL S GY

ACACGTCCAAGT TTGGTATCGT CTACGT CGACT TCAACACGCT CGAGCGCCACCCCAAGGOGT CGACCT ACTGGT TCAGG: 1600
TSKFGI VYVDFNTLTETRHPTKASAYMWEFR
Ro13pf —Jp»
(DBACAKATG(L:TAQAG'_‘TACTGAGAATGAAAGAOAOGOAGACTGAAGTTGAAGTF(}JCATOCATTGATCATCATGTTCAGTTCTA— 1680

GGCTGCCGCT TGGATGGCAT CAGAGCTGECTATGAACT AT GT GATGGAAATAAAAGGACT GCAAATTGATTCGATTATGC- 1760

AATTCGTGTCTATGATCAGAAT TGT GECCGT CTAGT GAACT TGTAGAAGT GTACTCT TGATGTGT GATCGATCT TGAGTA- 1840
Ro13pr
ATCAATGT TTGATCAGATTTCGCCTTATAATTTATTAGT TGATGAGATTTGECTTGGTGATTTTATAGG 1909

Figure 3.7 The full-length cDNA sequence and deduced amino acid sequence of rice
bglul. Underlined letters represent the DNA sequence of PCR primers for cloning

and sequencing.
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The second rice B-glucosidase isozyme cDNA (bglu2) was cloned by RT-PCR
with the strategy shown in Figure 3.8. The first strand cDNA was synthesized using
mRNA extracted from 3-4 day old Orion rice seedling as template in reverse
transcription with an oligo (dT);; primer. Amplification of bglu2 was done with
degenerate primers, [B-glul56 (sense) and [-glu4l (antisense), based on conserved
peptide sequences (GFPAGFVFG and WFTFNEP), using the first strand cDNA as the
template. The expected size (496 nucleotides) cDNA fragment product was obtained

and its sequence determined (Figure 3.9).
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Figure 3.8 Cloning strategies of rice bglu2 from Orion rice. First, the cDNA
fragment at the 5' region of bglu2 was amplified using the degenerate primers [3-
glul56 and B-glu4l. Second, the cDNA fragment encoding the 3" end of bglu2 was
generated by 3' RACE with primers [3-glu176 and oligo (dT);7. Third, the full-length

cDNA was amplified using the specific primers [3-glu214 and Ro23pr.
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Figure 3.9 1% agarose gel electrophoresis of 5' end PCR product of the bglu2 cDNA
fragment amplified with the primers [3-glul56 and B-glu4l. The PCR product was
amplified by using Orion rice cDNA as template. Lane 1, Hi-low DNA marker; lane
2, no DNA template control PCR amplification with -glul56 and (3-glu41 primers;

lane 3, the 5" end PCR product using primers [3-glu156 and 3-glu41.

To amplify the 3' end cDNA fragment, the primer 3-glul76, derived from the
496 bp cDNA fragment was used with oligo (dT);7 in 3' RACE, and a PCR product of
approximately 1400 bp was obtained (Figure 3.10). This PCR product was cloned
into pBlueScript II SK (+) vector and the plasmids containing the expected insert size
were sequenced. The sequence of the 1442-bp PCR fragment included the stop codon
and 268 bp 3' UTR of the mRNA, in addition to 1500 bp of bglu2 CDS. The
sequence overlapped that of the AU065204 EST (clone number E60611 1A), which
covered the 5' end of the CDS. This EST was used to design the sense primer [3-

glu214, the sequence of which included the predicted start codon. To obtain the full
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CDS of bglu2, primers derived from both end sequences, [3-glu214 from 5' end
sequence and Ro23pr from 3' UTR, were used in PCR amplification. = An
approximately 1800 bp PCR product band was obtained (Figure 3.10) and its
sequence was determined. The full-length bglu2 cDNA sequence and the primers
used in PCR amplification steps are summarized in Figure 3.11. The reconstructed
cDNA sequence, consisted of 1797 nucleotides, including a 1500-nucleotide ORF
encoding a 500 amino acid long precursor protein. The protein consisted of a 25
amino acid long prepeptide and a 475 amino acid long mature protein, as predicted by

the Signal P program. The sequence was deposited in GenBank, AC AY056828.
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Figure 3.10 1% agarose gel electrophoresis of the bgl/u2 3'RACE product (amplified
with the B-glul76 and oligo (dT),; primers) and full-length bglu2 cDNA (amplified
with the [3-glu214 and Ro23pr primers). The PCR products were amplified by using
Orion rice cDNA as template. Lane 1, 100 bp EZ load DNA marker (Bio-Rad); lane

2, PCR product of full-length cDNA; lane 3, PCR product of 3'RACE.
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B-glu214
TCTCTCGCT \T GGGGATCAGAATGGEGAAGGCGACT CCTCTTCACCT TGT TCTTGBGAGCT CTGT TCTGCAAT GECGT - 80
M GI RMGRRLULUFTULUFLGALEFTCNGV
B- gl uis6
TTACGCCAAGT TTACCCGGTACAGCT TCCCCAAGGACT TCAT CTTCGGCACAGGT TCAGCAGCT TATCAGTATGAGGGECG 160
Y A K FTRY SFPKDU FI F GTGSAAYQYEGA

CCTACAAAGAAGGGEEGECAAAGGT CCTAGCGT CTGGGACAACT TCACTCACATTCCAGGT AAAATTTTAAACAATGATAAC- 240
Y K EGGKGPSVWDNZFTMHI P GKI1T L NNDN

GGCGATGT GECAAATGACT TCTAT CACCGATACAAGGAGGAT GT GAGCCT CCTGAAGGACATGAACATGGATGCTTTCCG 320
GDVANDVFYHRYKEDVSLLIKDMMNMMDATFR

B-glul76
GTTCTCCATTGCGT GGACCAGGAT CCTGCCAAAT GGATCCT T GAGT GGAGGAATAAACAAAGAAGGGGT TGCTTTCTACA- 400
FSI AWTWRI L PNGSULSGGI NKEGVATFYN

ACAGCTTGATCAATGATGTCATAGCAAAAGGGATGATCCCATTTGT CACTATCTTCCACTGGGACACCCCCTTGECTCTG- 480
s LI NDVI AKGMI PFVTI FHWDTWPILAIL

GAAAGCAAAT ACGGAGGATTCCTCAGT GAAGACATAGT GAAAGAATACGT GGACT TCBCGGAGGT GTGCTTTCGCGAGT T- 560

E S KYGGFL SEDI VKEYVDFAEVTCUFREF
B-glu41

CGGCGACCGT GTCAAGTACT GGT TTACATTTAAT GAGCCATTCACATATAGCGCCTACGRCTACGECAAGSGCGIGITTG 640

G DRV KYWFTUFNEPFTYSAYGY GKGVF A

CGCCGCGACGATGCTCTTCATATGT TTCCAAGT CAT GCGGEOGT CGGT GACT CCAGTCGCGAGCCCTACCTCGT GBCACAC- 720
P GRCSSYVSKSCGVGDS S SREUPYLVAH

CACATCCACCT CTCCCACGCTGOCGCTGT CCAGCT T TACCGCACCAAGT ACCAGCCAACACAGAAGGGACAGATCGGCAT- 800
HI HL S HAAAVQLYRTIKYOQPTOQKG GO QI GWM

GGTGGT GGTCACCCACTGGT TCGT GCOGT ACGACAACT CCGACGCT GACCGT GBCGCTGT GCAACGGAGCCTAGACT TCA- 880
VVVTHWEFVPYDNSUDADIRGAYVYQRSTLDF.I

TCTATGGGTGGT TCATGGACCCTAT CGT GCATGGT GACT ACCCAGGCACCAT GAGAGGT TGGECTCGGECAATCGECTGCCA- 960
Y GWFMDU&PI VHGDY&PGTMRGWLGNRTLP

GAGT TCACGCCT GAACAGT CGGOGATGGT GAAGGGECT CCTACGACT TCATCGGAGT TAATTACTACACCACCTACTACGC- 1040
EFTPEQQSAMVYIKGSYDZFI GVNYYTTYYA

TAAGAGTATACCGCCGCCTAACTCCAACGAGCTAT CCTACGACCT CGACAACCGCGCCAACACCACCGGECTTCCGTAATG 1120
K sI PPPNSNELSYDLIDNRANTTGFIRNG

GCAAACCCAT CGGT CCACAGGAAT TTACACCGATCTTCTTCAACTACCCT CCAGGT CTCCGTGAGCTCCTCCTCTACACC- 1200
K pPI GPQEFTW®PI FFNYWPPGLIREILILILYT

AAGAGGAGATACAACAACOCGACCATCTAT GT TACAGAAAACGGCAT CGAT GAGGGT AACAACAGCACACT GCCAGAGEC- 1280

K RRYNNWPTI YVTENSGI DEGNNSTILPEA
ROLr —Pp

GCTCAAGGAT GGACACAGGATCGAGT TCCACT CAAAGCACCT GCAGT TCGTCAACCACGOCAT CAAGAAT GGGGTGAACG- 1360

L KDGHRI EFHSIKHLQFVNHAI KNGVNYV

TGAAGGGCTACT TCACGT GGACAT TCATGGACTGCT TTGAGT GGGGT GACGGCTACCT TGACAGGT TCGGCCTCATCTAC- 1440
K G Y F TWTVFMDT CFUEWGD GYULIDRZEFGTL I Y
Ro23pf
GT CGACCGCAAGACGCTCAAGCGCT ACCGCAAGGAGT CCAGCTACT GGAT CGAAGACT TCCT CAAGAGGCACT GATCCAG- 1520
V D RKTULIKRYRIKESSYWI EDZFULKRH*
«4— B-glu219
CCCCACAAAATTTCGGAT TGAT CACGAGAT CGATCGGCTGECCACCAGATTTGTGTTTCGTCAGTCTAGCTTTCAGCTGG- 1600

TTAATTTGTGATTTGT GCATCAGT GGTGAT GACCGATAT GATGGOGT GATGAATTATGCTGCATTACTATTGAATGT GTA- 1680

CCTCAGTACCTGTGCATCATTGCTGGCTGATCCCAT TGAGCCGGACAATAAT AAGAAGAAACAAT AAT GCTCCCT! (‘:‘ CGA- 1760

Ro23pr 4—B-9l u218
GCAGTGT TGGGCTGGI TCAGGCT- 1783

Figure 3.11 The full-length cDNA sequence and deduced amino acid sequence of rice
bglu2. Underlined letters represent the DNA sequence of PCR primers for cloning

and sequencing.
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The BGlul polypeptide contains Glu residues at positions 204 and 414 that lie
within the sequences TFNEP and ITENG, respectively, while BGlu2 contains Glu
residues at positions 195 and 409 that lie within the sequence TFNEP and VTENG,
which closely resemble the consensus motifs in family 1 B-glycosidases. The BGlul
protein sequence had the highest sequence identity (66%) with barley [3-glucosidase
BGQ60 (AC AAA87339 1), while BGlu2 protein had highest sequence identity
(54%) with amygdalin hydrolase isoform AH I of Prunus serotina (AC AAA93234.1)
and other cyanogenic [3-glucosidases (Figure 3.12).

Both BGlul and BGlu2, unlike the previously characterized monocot [3-
glucosidases of maize, sorghum and oat, lacked a typical plastid targeting sequence,
and the SignalP and PSORT programs predicted that they should be targeted instead
to the secretory pathway, like the barley [-glucosidase BGQ60. The BGlul and
BGlu2 protein sequences contained 3 and 6 possible N-linked glycosylation sites,

respectively (Table 3.1).

Table 3.1 Predicted properties of rice 3-glucosidases

Mr .
Clone (kDa) pl | N-Link Target

bglul | 56.9 |[9.06 3 out/ microbody/ ER membrane/ ER lumen

bglu2 | 574 |8.05 6 out/ vacuole/ microbody/ ER membrane
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Figure 3.12 Alignment of predicted protein sequences of full-length rice [3-
glucosidases. Rice cDNA derived sequences are labeled as BGlul (AC U28047) and
BGlu2 (AC AY056828); zea mays is maize [3-glucosidase 1 (AC U33816); barley,
barley BGQ60 (AC L41869); amygdalin, Prunus serotina (AC AAA93234.1).
Sequences corresponding to the catalytic acid/base and nucleophile consensus
sequences are marked by a thick line over the top. Residues shown by Czjzek et al.
(2000) to contact the DIMBOA aglycone in the maize [3-glucosidase are indicated by:
v, while those conserved residues making contacts with the sugar are marked by: A
above the column. Other residues shown by Keresztessy et al., (2001) by site
directed-mutagenesis or predicted by Ketudat Cairns et al. (2000) based on homology
modeling to play a role in substrate binding and specificity of linamarase and Thai
rosewood dalcochinase are marked by: o. Shading represents the conservation of
residues within the alignment (black for the most common residue in a column and
grey for similar residues). The alignment was generated using the Clustal X
implementation of Clustal W (Jeanmougin et al., 1998; Thompson et al., 1994);
analyzed and manually adjusted by Genedoc (Nicholas and Nicholas, 1997) and

shaded with the Boxshade 3.21 program of K. Hofman and M. Baron.
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A BLAST search of the dbEST database showed that bglul was the most
highly represented glycosyl hydrolase family 1 gene transcript, with 60 matching
ESTs. The source libraries for the bglul ESTs included shoot, root, callus, panicle,
leaf and stem, reflecting its expression in many tissues. Bglu2 matched only 8 ESTs,
all of which came from young growing plant parts: shoot, stem and young leaf (Table
3.2). As ESTs for both the bglul and the bglu2 genes had been mapped to
chromosome location by the Rice Genome Research Program, their map location
could be identified. The ESTs R2847, D24959 and AU031958, matching bglul, have
been mapped to rice chromosome 3 at position 122.8 cM (distance to the locus from
the short arm end). Similarly, the ESTs AU033015 and D39581, matching bglu2,

have been mapped to chromosome 9 at position 72.1 cM.

Table 3.2 Expression of rice B-glucosidase genes judged from corresponding ESTs".

Clone | EST Tissue library GenBank accession no.
match
bglul 3 Seedling (cold stress) CB000637, CA999001, CA999930

16 Seedling shoot AU097444, AU33138,AU222984,
AU162859, AU033196, AU066086,
AUI181125, AU097203 , AU097647,
AU162860, AU096432, C25358,
D46605, D39740, D46619, D39779,

14 | Seedling root AU095510, CA753525, BE607353,
D24959, AU174381, AU031958,
AU165088, D24663, AU032064,
AU070800, AUO71104, AU176521,
AU184447, AU165093

11 | Callus AU092238, AU09227, AU069490,
AU161415, AU092735, C26022,
C97305, C27840, C29108, D42356,
D43502




Table 3.2 (Continued)

94

Clone | EST Tissue library GenBank accession no.
match
bglul 2 35-day old leaf BU673604, BI305771
1 mature leaf (with BI808817
M.grisea)
1 3-4 weeks old root (salt) | CA756464
1 stem (3-4 leaf stage) BI805640
7 panicle less than 3 cm AU183651, U183650, AU183652,
long AU029514, AU029546, AU029665,
AU064419
4 panicle at flowering stage | AU093932, C72237, AU93914,
C73533
Total 60
bglu2 3 Shoot AU033015, D39581, D39589
4 Immature leaf AU065170, AU065204, AU065193,
AU058282
1 Stem (3-4 leaf stage) BIS806911
Total 8

*EST sequences were retrieved from the dbEST section of GenBank (http://www.ncbi. |

hlm.nih.gov/) by BLASTn search with full cDNA sequences. They were inspected to

ensure they matched the gene-coding region and their full files retrieved to determine

the cDNA library source tissue and clone number when necessary. The ESTs

assigned to each gene had greater than 96% identity and had no higher similarity with

another gene.


http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
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3.2 Nucleic acid-blot analysis

Specific probes were generated by amplification of portions from the 3' UTR
of bglul and bglu2 cDNA (284 and 267 bp, respectively). To confirm hybridization
to a single gene of each of these isozyme probes, Southern blots of rice genomic DNA
were probed with each probe. For bglul probe, only one strong band was seen for
each digest with the sizes of approximately 9.4, 5.0, 4.7, 5.2, 6.5 and 7.0 kb in BamH
I, Bgl 11, EcoR 1, Hind 111, Xba I and Xho 1 digested genomic DNA lanes, respectively.
For bglu?2 probe, only one strong band for each digest was detected with the sizes of
approximately 7.0, 8.7, 3.8, 6.8, 9.3 and 9.1 kb in BamH I, Bgl 1I, EcoR 1, Hind 111,
Xba I and Xho 1 digested genomic DNA lanes, respectively (Figure 3.13).

These results were consistent with a single gene copy gene corresponding to
each cDNA, as specific hybridization with a single intense band was seen in most
lanes. The patterns of hybridization were different, indicating that bg/ul and bglu?2

probes do not hybridize to the same genes.
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Figure 3.13 Southern-blot analysis of rice bglul and bglu? gene copy number and
probe specificity. Genomic DNA was digested with BamH I (Ba), Bg/ II (Bg), EcoR 1
(E), Hind 111 (H), Xba I (Xb), and Xho I (Xh). A, the blot was probed with an a’*P-
labeled 3' UTR 284 bp cDNA fragment of bglul. B, the blot in A was stripped and

reprobed with an a*?P-labeled 3'UTR 267 bp 3'UTR ¢cDNA fragment of bglu2.
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3.3 Temporal and spatial expression and the environmental effects on

B-glucosidase gene expression

3.3.1 Spatial expression pattern in seedling and flowering stage

RNA gel-blot analysis was used to determine transcript levels in tissues of 7-
day-old seedlings and 6-week-old mature plants, relative to an 18S rRNA control
(Figure 3.14). In seedlings, both bglul and bglu? transcripts were detected in high
abundance in the shoot, and at low levels in the root and endosperm. In 6-week-old
mature plants, the bglul transcript was detected at highest levels in flower, with high
level in node, moderate levels in leaf sheath, low level in inter node, and no or very
low signal in root and leaf blade. In contrast to bglul, bglu? was only detected at

significant levels in node, while no or low signal was seen in other plant parts.

3.3.2 Temporal expression in seedlings during germination stage

The temporal expression pattern of bglul and bglu2 in seedling tissues during
germination was examined using total RNA extracted from whole seedlings, relative
to 18S rRNA control. As shown in Figure 3.15, the transcripts of bglul and bglu2
were not detectable in seeds before germination (germination at day 0). Both
transcripts were detected on day 2 with a moderate signal for bg/u/ and a low signal
for bglu2. Both signals increased on day 4 and bg/ul maintained a similar high level
of expression from day 4 to day 10, with decreasing signal at 12 and 14 days. The
bglu?2 expression pattern was similar with the highest levels seen on day 8, then levels

decreased on days 12 and 14.
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Figure 3.14. Northern-blot analysis of bglul and bglu?2 transcript levels in various
tissues from 7-day-old rice seedlings and 6-week-old mature plants. 1, RNA blot was
hybridized with a**P-labeled 3' UTR ¢cDNA of bglul. 2 and 3, Same blot probed
with an a**P-labeled 3' UTR cDNA of bglu2 and an a’*P-labeled 18S rRNA cDNA,
respectively. 4, The ethidium bromide-stained gel showed twenty micrograms of total
RNA from the appropriate tissues loaded in each lane. 5, The graph shows
quantification of bglul and bglu? expression as a ratio relative tol8S rRNA. Fw,
flower; Lb, leaf blade; Ls, leaf sheath; In, inter node; Nd, node; Rt, root; En,

endosperm; Sh, shoot.
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Figure 3.15. Northern-blot analysis of bglul and bglu? transcript levels in rice
seedlings at days O through 14 of germination. 1, RNA blot was hybridized with a
32p_labeled 284 bp 3'UTR fragment of bglul. 2, Same blot probed with an o’?P-
labeled 267 bp 3'UTR cDNA fragment of bglu2. 3, Same blot probed with an a’*P-
labeled 18S rRNA cDNA fragment. 4, The ethidium bromide-stained gel showed
twenty micrograms of total RNA from the appropriate tissues loaded in each lane. 5,

The graph shows quantification of bglul and bglu2? expression as a ratio relative

to18S rRNA.
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3.3.3 Effects of environmental conditions on rice B-glucosidase gene
expression

To determine the effects of environmental conditions on rice [3-glucosidase
gene expression during germination, RNA gel-blot analysis was also used to
determine transcript levels of bglul and bglu? in seedlings relative to 18S rRNA.
Various environmental conditions were applied after rice seedlings had grown. The
transcript levels of bglul and bglu2 in rice seedlings were determined after they were
treated with various environmental conditions for 2 days in comparison to rice
seedlings grown at 28°C (control) (Figure 3.16). Comparison between signal
intensity (relative to 18S rRNA) for each sample was presented as percent intensity
relative of the control (Table 3.3).

For bglul, the transcript was detected at high levels similar to the control
when the seedlings were treated with cold temperature at 5°C. The transcript levels
decreased approximately 15% when they were treated with osmotic stress (0.5 M
manitol). The transcript levels decreased about 40% when the seedlings were treated
with 10 mg/ml Ethephon and 10 M abscissic acid and approximately 60% under salt
stress and flooding conditions. Transcript levels decreased dramatically after the
seedlings were treated with drought stress. For bglu2, the transcript was
aprroximately 30% higher than the control when the seedlings were treated with 0.5
M manitol. The transcript levels decreased slightly when the seedlings were treated
with 10* M abscissic acid. In the presence of salt and 10 mg/ml Ethephon, the
transcript levels decreased approximately 30%. The transcript level decreased up to
60% when seedlings were grown at low temperature (5°C) and decreased dramatically

nearly 100%) under flooding and drought conditions.



101

]

3
P M bglud
g5 7 O bgluz
2 3 4
E"LE —
a E 1
; il B
o018
2
g 0 S T . T T T T T T
ctr dr cd st fd mt ep aba
Growth condition

Figure 3.16 RNA gel-blot analysis of bglul and bglu? transcript levels in rice
seedlings after growing under various environmental conditions. 1, RNA blot was
hybridized with o*?P-labeled 284 bp 3' UTR fragment of bglul. 2 and 3, the same
blot was probed with an o**P-labeled 267 bp 3' UTR ¢DNA fragment of bglu2 and an
a’?P-labeled 18S rRNA cDNA fragment, respectively. 4, The ethidium bromide-
stained gel showed twenty micrograms of total RNA from the appropriate tissues
loaded in each lane. The graph below showed quantification of bglul and bglu?2
expression as a ratio relative to18S rRNA. ctr, control at 28°C; dr, drought; cd, cold
stress 5°C; st, salt stress with 0.3 M NaCl; fd, flooding; mt, 0.5 M manitol; ep, 10

mg/ml Etherphon; and aba, 10 M abscissic acid.
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Table 3.3 Comparison of transcript levels of bglul and bglu?2 in rice seedlings treated

with various environmental conditions

Environmental condition

Relative signal intensity (%)

bglul bglu2

control (28°C) 100 100
drought 0.4 0.2
cold (5°C) 105 40
salt (0.3 M NaCl) 36 64
flooding (0.5 cm high water ) 37 4

0.5 M manitol 85 130
10 mg/ml Ethephon 64 67
10 M abscissic acid. 55 88
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3.4 Semiquantitative RT-PCR analysis

The mRNA level in various parts of 5-day-old rice seedling was also
determined by using the more sensitive technique of reverse-transcription (RT-PCR)
using first strand cDNA as the template to obtain a semiquantitative assessment of
mRNA levels. Co-amplification of a conserved region of [-actin was used as an
internal standard. In RT-PCR, the 3' UTR gene specific primers used for generating
the specific probes used in Northern blot analysis were similarly used to generate the
bglul and bglu? PCR fragments with known product lengths, 287 and 264 bp,
respectively. PCR products were analyzed by electrophoresis to show a single band
of the expected product size was produced (Figure 3.17A). The number of
thermocycles and template dilution concentrations used were optimized to allow
quantification without saturation (Figure 3.17B).

The relative intensity of bglul and bglu2 3' UTR c¢cDNA to [-actin cDNA
products was used to compare the transcript levels of B-glucosidase in different plant
parts. The results in Figure 3.18 showed that bglul and bglu2 were expressed in all of
the organs tested. The transcript levels for each was different for different organs of
rice seedlings (Figure 3.19). The transcript levels of bglul appeared not to show
strong cell-type expression specificity, since expression differed only slightly between
different organs, while bglu2 exhibited higher mRNA levels in shoot tissues than in
root tissues. These results should be considered only semiquantitative, since it is not

known how actin gene expression varied in these organs.
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Figure 3.17 1% agarose gel electrophoresis of RT-PCR products. A, Examples of
specificity of primers derived from 3'UTR of bglul and bglu2. Lane 1, 100 bp EZ
load DNA marker (Bio-Rad); lanes 2 and 3, 3'UTR c¢cDNA fragment of bglul and
bglu2, respectively. B, RT-PCR with primers to co amplified rice B-actin and bglul
using serial dilutions of 1, 1/5, 1/10, 1/20, and 1/40 X of cDNA from rice seedlings
(lanes 2, 3, 4, 5 and 6, respectively) as the template. Lane 1 is 1 kb ladder marker

(New England Biolabs, Beverly, MA).



105

h E B o E F

pl1 23 & 501 23 45l 2 1 4 ¢l

Mly 234501 23450 2345l
ﬁ-l.‘l:m—
- Dgiul

I !4-.||*~:| '“‘a‘llz_ '_‘1-1:|1H

ﬂ ﬁmn

Figure 3.18 1% agarose gel electrophoresis of RT-PCR products to determine the

mRNA levels in various parts of rice seedling. In RT-PCR, the gene specific 3'UTR
primers were used to generate bglul and bglu2 PCR fragments with known product
lengths, 287 and 264 bp, respectively, and co-amplification of the conserved region of
B-actin was used as an internal standard. Column A, mesocotyl lower part; B,
mesocotyl upper part; C, coleoptile; D, root elongation zone; E, root tip; and F
endosperm. Lanes 1 to 5 of each column are dilutions 1, 1/5, 1/10, 1/20, and 1/40 X
of cDNA from each rice seedling tissue in PCR reaction, respectively. M is 100 bp
Molecular Mass marker (New England Biolabs, Beverly, MA); (-actin is rice (3-actin
PCR product; bglul and bglu2 are 3' UTR PCR products of bglul and bglu?,

respectively.
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Figure 3.19 Semiquantitative RT-PCR to determine the bglul and bgl/u2 mRNA

levels in various tissues of 5-day-old rice seedlings. Note that the plot showed the

relative intensity of PCR products of bglul or bglu2 cDNA to [3-actin cDNA (the co-

amplified product as an internal control). MI, mesocotyl lower part; mu, mesocotyl

upper part; co, coleoptile; re, root elongation zone; rt, root tip and en, endosperm.
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3.5 Expression of rice B-glucosidases in E. coli

In this study, cDNAs encoding mature [3-glucosidase protein, BGlul and
BGlu2, were amplified by the polymerase chain reaction (PCR) and cloned into
various expression vectors in order to generate a highly effective system for
producing recombinant protein for functional and structure analysis. Both proteins

were produced in active form in E. coli and hydrolyzed p-nitrophenol [3-D-glucoside

and -D-fucoside at significant levels compared to control culture extracts. However,
BGlul seemed to be found in more active form, while most of BGlu2 fusion protein
appeared to be localized to inclusion bodies, though some active, soluble protein was

produced.

3.5.1 Recombinant protein expression of rice BGlul

To achieve soluble protein expression, the pET vector expression system and
the E. coli host strain were used in this study. The bglul cDNA including the bglul
stop codon was inserted into pET23d(+) (at the BamH I and EcoR I sites) and pET32a
(+) (at the SnaB I and EcoR I sites). The constructs were used to transform BL21
(DE3) E. coli, except for the pET32a(+) construct which was put into both BL21
(DE3) and Origami(DE3) E. coli. Origami(DE3) E. coli is the redox-deficient strain
which allows cytoplasmic disulfide bond formation. BL21(DE3) E. coli is a general
expression host strain with a normal reducing environment in the cytoplasm, so
disulfide bonds will not generally form.

The expression profiles among these systems were different. The pET23d(+)-

bglul expressed in BL21(DE3) produced the non-fusion version of the mature BGlul
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protein, which was detected at 50 kDa on SDS-PAGE (Figure 3.20). However, all of
the expressed protein was localized to inclusion bodies. Comparisons of the protein
profiles of induced and uninduced cultures by SDS-PAGE showed that the induced
cultures of pET 32a(+)-bglul/Origami(DE3), the thioredoxin (TRX) fusion BGlul
was highly expressed and an intense band in the 66-kDa region was seen on the SDS-
PAGE (Figure 3.21). This band was absent from the profiles of uninduced cultures as
well as from those of induced cultures containing pET32a(+) plasmid without a bglul
cDNA insert (negative control). Typically, the gel scanning densitometry indicated
that the thioredoxin fusion protein produced was approximately 17% of the total
protein in the lysate, and approximately 26% of the total expressed BGlul was in
soluble form. The pET32a(+)-bglul construct expressed in BL21(DE3), however,
showed no overexpressed protein band present in any protein fractions on SDS-PAGE
(Figure 3.20).

To check for the activity of [-glucosidases, both with pNPG and pNP [(3-D-
fucoside, hydrolysis assays were done with the soluble crude protein extract fraction
of all three expression systems and compared to pET control (Table 3.4). In the crude
protein extract of pET32a(+)-bglul/Origami(DE3) system, activities of 1.75 and 3.15
units/mg were measured with pNPG and pNP [(-D-fucoside, respectiviely. [3-
glucosidase activity could not be detected in the soluble fraction of uninduced
cultures. ~ While the clone pET32a(+)-bglul/Origami(DE3) showed high [-
glucosidase activity, no activity with these two substrates could be measured in the
enzyme extracts of pET32a(+)-bglul/BL21(DE3) or pET23d(+)-bglul/BL21(DE3)

cultures.
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Figure 3.20 SDS-PAGE of recombinant BGlul protein expressed in the pET23d (+)
and pET32a(+) systems. The profiles showing the total (T) and soluble (S) proteins
expressed in BL21(DE3) E. coli transformed with pET23d(+), pET32a(+) negative
control (ctr) and the recombinant plasmids, pET23d(+)-bglul, pET32a(+)-bglul (bg)
after incubation in the presence of 0.4 mM IPTG, at 20°C for 8 h. Note that M
represents protein standard marker (Bio-RAD) lane and the arrow points to the

positions of mature BGlul monomer at 50 kDa.
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Figure 3.21 SDS-PAGE of recombinant BGlu2 protein expressed in the pET32a(+)
system. The profiles of showing the total (T), insoluble (I), soluble (S), purified (P)
proteins expressed in Origami(DE3) E. coli transformed with pET32a(+) negative
control (ctr) and the recombinant plasmids, pET32a(+)-bglul (bgl) after incubation in
the presence of 0.4 mM IPTG, at 20°C for 8 h. Note that M represents protein
standard marker (Bio-RAD) lane and the arrow points to the positions of thioredoxin
fusion BGlul monomer at 66 kDa, and ubg-T represents total protein profile of

uninduce culture of pET32a(+)-bglul after incubation at 20°C for 8 h.



111

Table 3.4 Comparison of specific activity between the recombinant protein expressed

in various E. coli systems

Specific activity (umole min™ mg™)?
Construct clone pNP [3-D-glucoside pNP B-D-fucoside

PET32a(+)-bglul/ Origami(DE3) 1.75 £ 0.08 3.15+0.05
Control-pET32a(+)/ Origami(DE3) <0.001 <0.001
PET32a(+)-bglul/ BL21(DE3) <0.001 0.003 £ 0.05
Control-pET32a(+)/ BL21(DE3) <0.001 0.003 £ 0.03
PET23d(+)-bglul/ BL21(DE3) <0.001 0.004 + 0.06
Control-pET23d(+)/ BL21(DE3) <0.001 0.004 + 0.05

* Assays were done with 1 mM each substrate at 30° C for 10 min at pH 5.0.

The condition for biosynthesis of functional BGlul protein in pET32a(+)-
bglul/Origami(DE3) expression was optimized. In the experiment using 0 to | mM
final concentration of IPTG, there was no constitutive expression of protein in the
absence of the inducer, and the amount of BGlul in cell lysates was constant as the
IPTG concentration increased from 0.4 to 1 mM (Figure 3.22). There were no
significant difference in BGlul activity expressed in E. coli at 15, 20 and 27°C, while
at 37°C protein was much less active (Figure 3.23).

The TRX fusion BGlul was purified by Ni-NTA agarose affinity chromato -
graphy and concentrated with a 30 kDa molecular weight cut-off ultracentricon. The
recombinant protein was eluted from the column as a single peak (approximately 95%
pure) and a band corresponding to 66 kDa was observed in SDS-PAGE (Figure 3.21).
Approximately 3 mg of purified protein could be obtained per litre of bacterial
culture. The enzyme was stable for several months at 4°C. The enzyne activtity with

pNPG still remained after the TRX fusion-BGlul was cleaved with enterokinase.
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Figure 3.22 Comparison of B-glucosidase activity of pET32a(+)-bglul expressed in

Origami(DE3) E .coli after incubation in the presence of various IPTG concentrations

and at times ranging from 0 to 18 h. A, at 20°C and B, at 27 °C.
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Figure 3.23 Comparison of [3-glucosidase activity of pET32a(+)-bglul expressed in
Origami(DE3) E. coli after incubation in the presence of 0.4 mM IPTG, at different

temperatures for 0 to 18 h.

3.5.2 Recombinant protein expression of rice BGlu2

Similar attempts to express protein from the bg/u2 cDNA were made in many
pET systems. The bgl/u2 cDNA including the bglu2 stop codon was inserted into
pET23d(+), pET32a(+), pET39b(+) and pET40b(+) at the Nco I and Xho I sites. The
constructs were used to transform BL21(DE3) E. coli, except for the pET32a(+)
construct which was put into both BL21(DE3) and Origami(DE3) E. coli.

The expression profiles among these systems were different. The pET23d(+)-
bglu2? expressed in BL2I1(DE3) produced the mature BGIlu2 protein which was
detected at approximately 50 kDa on SDS-PAGE (Figure 3.24A). However, all of the
expressed proteins were insoluble and presumed to be in inclusion bodies at all

conditions tested, which included type of medium, IPTG concentration, temperature
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and time of induction. In induced cultures of pET32a(+)bglu2/Origami(DE3), the
TRX fusion BGlu2 was highly expressed and an intense band in the 66-kDa region
was seen on the SDS-PAGE (Figure 3.24B). This band was absent from extracts of
induced cultures containing pET32a(+) plasmid without insert (negative control).
Typically, gel scanning densitometry indicated that the TRX fusion protein expressed
was approximately 42% of the total protein in the lysate but no obvious band was
detected in the soluble fractions (Figure 3.24C). When the pET39b(+)- and pET40b
(+)-bglu2 constructs expressed in BL21(DE3), however, no overexpressed protein
band was present in the total protein, the soluble protein and periplasmic fractions on
SDS-PAGE. Enzyme activity assays were performed to check for B-glucosidase
activity with pNPG and pNP [(-D-fucoside in the soluble crude protein extract
fractions of all three expression systems compared to no-insert-pET control. In the
crude protein extract of pET32a(+)-bglu2/Origami(DE3) system, an activity with
pNPG and pNP [-D-fucoside of 0.005 and 0.011 unit/ mg, respectively, was
measured, but this was not much different from negative control activity (Table 3.5).
However, no activity with these two substrates could be measured in the enzyme

extracts of pET23d(+)-bglu2/BL21 or pET39b and pET40b systems.

Table 3.5 Comparison of specific activity between the recombinant protein expressed

in various E. coli systems.

Specific activity (umole min™ mg™)?
Construct clone . .
pNP B-D-glucoside ~ pNP [-D-fucoside
Bglu2-pET32a(+)/ Origami(DE3) 0.005 0.011

Control-pET32a(+)/ Origami(DE3) <0.001 <0.001

* Assays were done with 1 mM each substrate at 30° C for 20 min at pH 5.0.
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Figure 3.24 SDS-PAGE profiles of recombinant BGlu2 protein expressed in pET23d
(+) and pET32a(+) systems. A and B, total protein profiles of cell lysates from E. coli
transformed with nonrecombinant plasmid (control pET23d(+), control pET32a(+)),
and the recombinant plasmids (pET23d(+)- and pET32a(+)-bglu?2) before and after
induction with 0.6 mM IPTG and grown at 15°C for 0 (To), 6 (Ts), and 18 (T;g) h. The
arrow point to positions of recombinant [3-glucosidase monomer. C, Soluble
fractions profiles of protein extracted from A and B. Note that M represents protein
standard marker (Bio-RAD) and the arrow points to the positions of mature and

thioredoxin fusion BGlu2 protein monomer at 50 and 66 kDa, respectiviely.
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Western blot analysis with peptide conjugate (406) and inclusion body (404)
BGlu2 antisera antisera, confirmed that most of the reactive protein for Bglu2 was in
the insoluble fraction, though a small amount was in the soluble fraction (Figure
3.25). The recombinant BGlul protein also cross-reacted to some degree with 404
antiserum, but no reaction was seen for proteins from the control E. coli lysate.

Unfortunately, no specific antiserum could be produced for BGlul.

A B

t-Cir £-BE2 1-Ba2 s-BG2 pBG]l -Cir =-Cir s-BO&2 ¢t BOZ

Figure 3.25 Immunoblots of recombinant proteins expressed in E. coli. (A) and (B)
the blots detected with rice 3-glucosidase antisera produced against BGlu2 peptide
conjugate (R406) and BGlu2 inclusion bodies of mature protein (R404), respectively.
The total (t-), soluble (s-), insoluble, (i-) and purified (p-) proteins of E. coli
transformed with nonrecombinant plasmid pET32a(+), negative control (Ctr) and the
recombinant plasmids pET32a(+)-bglul (BG1) and pET32a(+)-bglu2 (BG2) after
incubation in the presence of 0.4 mM IPTG, at 20°C for 8 h. The arrow points to the

positions of thioredoxin-fusion protein monomer at 66 kDa.
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3.6 Biochemical properties of rice BGlul

3.6.1 Substrate specificity

The activity of the purified rice BGlul -glucosidase towards artificial and
natural glycosides is summarized in Table 3.6 and Table 3.7. BGlul hydrolyzed the
disaccharides, sophorose (3-1 - 2), laminaribiose (-1 — 3), cellobiose (B-1 — 4),
and gentiobiose (-1 — 6). It also hydrolyzed laminaritriose and cello-oligosaccha-
rides with degree of polymerization (DP) of 3-6. The relationship between the kinetic
parameters (K, Kea, and kea/Ky,) and the DP of oligosaccharide substrates are shown
in Table 3.6. BGlul hydrolyzed sophorose and gentiobiose with high K., and low k¢,
values similar to cellobiose. For cello-oligosaccharides, K, decreased with increasing
chain length of the substrate, while k¢, values appear to be relatively independent of
DP. Catalytic efficiency k../K;, values increase with increasing chain length of the
cello-oligosaccharides in which kc,/K;, of cellohexaose is 3058-fold higher than the
values of cellobiose. In contrast, the hydrolysis of laminari-oligosaccharides the ke,
and k¢./Ky, values decreased with increasing chain length from DP 2 to 3. The rate of
hydrolysis of laminaritetraose and laminaripentaose were not detectable, since no
product could be detected. In addition to hydrolysis activity, BGlul showed
transglycosylation activity towards laminari-oligosaccharides with DP of 2 and 3, and
cello-oligosaccharides with a DP of 3 and 4 at the relatively low substrate

concentration of 5 mM, as detected by TLC (Figure 3.26 and Figure 3.27).
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Table 3.6 Kinetic parameters of rice BGlul during the hydrolysis of oligosaccharides

Substrate Kn Keat Keat/ K
(mM) W) (s mM™)
Cello-oligosaccharides (DP)
2 31.50+£ 1.6 1.52+0.13 | 0.05+£0.002
3 0.72 +£0.02 18.13 £0.35 | 25.36 £ 0.37
4 0.28 +0.01 17.34 +£0.63 | 61.06 +0.37
5 0.24 +0.01 16.90 £ 0.06 | 71.50 £2.2
6 0.11 £0.01 16.93+£0.32 | 152.9+0.5
Laminari-oligosaccharides (DP)
2 2.05+0.1 3191 £3.12 | 15.69 + 1.87
3 1.92 £ 0.04 21.2+0.17 | 11.04+£0.16
4 N.D.? N.D.? N.D.?
5 N.D.? N.D.? N.D.?
Sophorose 13.89 £ 0.92 5.87 +£0.21 0.42 +£0.02
Gentiobiose 38.33+4.11 | 0.99+0.08 | 0.03+0.003

?means not detectable.

Table 3.7 Kinetic parameters of rice BGlul during the hydrolysis of pNP-glycosides,

alkyl glucosides and natural glucoside substrates

Substrate Kn Kat Keat/ Km
(mM) ) (s" mM™)

pNP-B-D-glucoside 0.23+0.02 | 7.93+0.37 347+ 1.4
pNP-B-D-fucoside 023+0.01 | 13.3+0.2 57.5+2.1
pNP-B-D-galactoside 3.16+0.16 | 3.40+0.18 1.08 £ 0.01
pNP-3-D-mannoside 1.27+£0.10 | 1.32£0.05 1.01 £0.02
pNP-B-D-xyloside 1.29+0.11 | 1.14+0.01 0.88 +0.07
pNP-a- L-arabinoside 1.21+0.13 | 1.24+0.19 1.03 £0.05
pNP-f3-D-cellobioside 0.78+0.04 | 2.48+0.04 3.18+£0.13
Methylumberiferyl-B-D-glucoside | 0.28 £ 0.02 | 5.01 £0.23 18.0+£0.9
Methyl-B-D-glucoside 492 +5.1 0.65+0.08 | 0.013 % 0.0003
n-Heptyl--D-glucoside 1.41£0.27 | 0.87%0.22 0.62 £0.02
n-Octyl-f3-D-glucoside 0.63+0.01 | 0.78+£0.01 1.25+0.03
Amygdalin 820+ 0.44 | 0.44 +0.05 0.05 + 0.004
Prunasin 583+0.53 | 1.41+0.09 0.24 +0.01
Dhurrin 0.62+0.10 | 0.06+0.006 | 0.09 %+ 0.004
Torvoside A 099+0.11 | 0.67+0.05 | 0.68+0.02
Pyridoxine-5'-O-B-D-glucoside | 071 +0.10 | 1.64+0.19 | 2.30+0.09
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Figure 3.26 Hydrolysis and transglycosylation of oligosaccharides by rice BGlul

detected by TLC. The BGlul (0.05 nmol) was incubated with 5 mM substrates for 1

h and the products were detected by the staining method. Samples were incubated

with (+) or without (-) enzyme.

Lane 1, markers: glucose (G) and cello-

oligosaccharides of DP 2-4 (C2-C4); lane 2 and 3, cellobiose; lane 4 and 5,

cellotriose; lane 6 and 7, cellotetraose; lane 8, marker: glucose (G) and laminari-

oligosaccharides of DP 2-5 (L2-L5); lane 9 and 10, laminaribiose; lane 11-12

laminaritriose; lane 13-14, laminaritetraose; lane 15-16, laminaripentaose.
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Figure 3.27 Scheme of the hydrolysis and transglycosylation of laminari-

oligosaccharides by rice BGlul.

The purified BGlul hydrolyzed the pNP [3-glycosides of the monosaccharides, D-
glucose, D-fucose, D-galactose, D-mannose, D-xylose, and the disaccharide D-
cellobiose. The enzyme also hydrolyzed pNP-a-glycosidic linkage of L-arabinoside
but not the [3- L-arabinoside. BGlul did not hydrolyze the a-link pNP derivative of D-
glucose or [3-glycosidic linked pNP glycosides of L-fucoside, D-thioglucoside or D-
thiofucoside. Kinetic studies of rice BGlul enzyme were performed to determine the
K and the ke, and ke./Ky, values of the enzyme for various pNP [-D-glycosides
(Table 3.7). Interestingly, the enzyme showed both a low K, value and high kcy
value for both pNP (3-D-glucoside and pNP (-D-fucoside. Moreover, the k../K, ratio

of the enzyme was highest for pNP [B-D-fucoside. BGlul hydrolyzed pNP-3-D-
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galactopyranoside, pNP [3-D-mannoside, pNP [3-D-xylose, pNP Q- L-arabinoside and
pNP [3-D-cellobioside with much lower catalytic efficiency than pNPG.

The products of the hydrolysis of pNP [3-D-cellobioside by BGlul identified
by TLC included pNPG, pNP and glucose. The mechanism of the hydrolysis of pNP
B-D-cellobioside by BGlul was further analyzed. There products of pNP [B-D-
cellobioside hydrolysis were seen by TLC after hydrolysis with different times of
incubation ranging from 0 to 20 min with 2.5 min intervals and 1 h to be pNP, pNPG
and glucose with no occurrence of cellobiose (Figure 3.28). This indicates the initial
cleavage is between the two glucose residues.

Studies with several available natural substrates showed that these compounds
were hydrolyzed poorly or not at all relative to pNPG. BGlul hydrolyzed cyanogenic
glucosides such as prunasin from Prunus serotina; amygdalin from almond, and
dhurrin from sorghum, but it did not hydrolyze linamarin, from cassava or DIMBOA-
glucoside from maize. This enzyme also hydrolyzed steroid glucoside from Solanum
tovumm (Torvoside A) but with lesser efficiency than pNPG. BGlul did not
hydrolyze the phenolic glycosides tested (arbutin, salicin), thioglucoside (sinigrin),
hydroxy coumarin glucoside (esculin), flavonoid glucoside (naringin), magniferin-C-
glucoside or a-D-disaccharides (nigerose) (Table 3.8).

Pyridoxine-5'-O-f3-D-glucoside was cleaved by BGlul, but could not be
quantified accurately by spectrophotometric measurement, because its breakdown
products interfered with the PGO assay, yielding reddish color rather than green with
ABTS. Determined by reverse phase HPLC using pyridoxine-5'-O-3-D-glucooside as

standard (Figure 3.29), BGlul showed hydrolytic activity with pyridoxine-5'-O-3-D-
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glucoside with estimated K,, and K, values, 0.71 mM and 1.64 s_l, respectively.
BGlul hydrolyzed this substrate to give glucose and pyridoxine, as detected by TLC
(Figure 3.30).

BGlul hydrolyzed MUGlIc with high catalytic efficiency relative to pNPG.
For the studies with alkyl glucosides, these compounds were hydrolyzed but poorly
relative to pNPG or not hydrolyzed. BGlul hydrolyzed methyl, n-heptyl, and n-octyl-
B-D-glucosides, but did not hydrolyze, n-amyl, or phenyl-B-D-glucoside (Table 3.7
and 3.8). In addition, the zymogram assay of recombinant BGlul with 4MUGIc in
acidic native gel showed that the enzyme hydrolyzed this substrate, while the negative
control of non recombinant plasmid protein lysate did not (Figure 3.31). The enzyme
also hydrolyzed 5-bromo-4-chloro-3-indolyl-B- D-glucoside (X-glucoside) yielding

the blue precipitate products (Figure 3.32).

Table 3.8 Glycosides which were not cleaved by BGlul

Substrate mM  Time
pNP-a-D-glucopyranoside 5 lh

pNP-[3- L-arabinoside 5 lh

pNP-B3- L-fucopyranoside 10 l1h

pNP-B-D-thioglucopyranoside 10 lh

pNP-B-D-thiofucopyranoside 10 lh

n-Amyl-B-D-glucoside 10 12h
Phenyl-B-D-glucoside 10 12h
DIMBOA-glucoside 10 12h
Linamarin 10 12 h
Salicin 10 12h
Arbutin 10 12h
Esculin 10 12 h
Sinigrin 10 12h
Nigerose 10 12h
Naringin 10 12h
Magniferin-C-glucoside 10 12 h
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Figure 3.28 Product specificity of rice BGlul as assayed with pNP-f3-D-cellobioside
and detected by TLC. Purified BGlul (0.05 nmol) was incubated with 5 mM pNP-[3-
D-cellobioside at 30°C. for 1 hr. The plate in A was detected with staining method;
B, was detected with 356 nm UV light. Samples were incubated with (+) and without
(-) enzyme. Lane G is glucose marker; lane pG is pNPG marker; lane C is cellobiose
marker. The letters beside the plates represent the these molecules: glucose (G); pNP-
B-D-glucoside (pNPG); pNP-B-D-cellobioside (pNPC); pNP (pNP) and cellobiose
(C). The incubation times from lanes 2-8 of E and F increase at 2.5 min intervals

from 5 to 20 min, and lane 9 is 1 h.
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Figure 3.29 HPLC elution profiles of the products of hydrolysis of pyridoxine

glucoside by rice BGlul. The reaction contained BGlul (2.25 pmol) and 0.4 mM

pyridoxine glucoside in 50 mM NaOAc buffer (pH 5.0) incubated at 30°C for 20 min.
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Pyi3
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Figure 3.30 Hydrolysis of pyridoxine-5'-O-f3-D-glucoside by rice BGlul detected by
TLC. The substrate rice-pyridoxine-5'-O-3-D-glucoside was incubated at 5 mM final
concentration with 0.05 nmol of purified BGlul. A shows detection with staining,
while B was detected with 365 nm UV light. Samples were incubated with (+) and
without (-) enzyme. Lane 1, glucose (G) marker; lane 2, pyridoxine (Py) marker; lane

3 and 4, pyridoxine-5'-O-3-D-glucoside (PyG).
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Figure 3.31 Acidic native PAGE (5%) gel zymograms of thioredoxin fusion BGlul
expressed in Origami(DE3) E. coli. A, the acidic native PAGE staining with
Coomassie blue. B, a zymogram developed with the fluorogenic substrate 4MUGlIc.
Note that the recombinant BGlul (BGlul) hydrolyzed this substrate, while the lysate
of E coli transformed with empty pET32a(+) (Ctr) had no enzyme activity detectable.

An arrow points to the activity band.

Cir LI V)

Figure 3.32 Hydrolysis of 5-bromo-4-chloro-3-indolyl-B-D-glucoside (X-glucoside)
by rice BGlul. Purified BGlul (BGlul) (0.05 nmol) was incubated with 5 mM X-
glucoside at 30°C for 30 min yielding the blue precipitate products, while the lysate of

E.coli transformed with empty pET32a(+) (Ctr) had no enzyme activity detectable.
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Figure 3.33 Chemical structures of some artificial glycoside substrates used in

determining substrate specificity of rice -glucosidase. Note that all structures came

from Sigma.
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Figure 3.34 Chemical structures of some natural glycoside substrates used in
determining substrate specificity of rice B-glucosidase. Note that all structures with

no reference came from Sigma.
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3.6.2 Molecular weight (Mr) estimation

BGlul migrated as a single band on SDS-PAGE and its apparent Mr of TRX
fusion and non fusion protein (after cleavage with enterokinase) was estimated to be
66 and 54 kDa, respectively. The native molecular weight of the purified TRX fusion
BGlul was 66 kDa and supports the idea that rice BGlul is a monomeric protein.
This estimation is based on a gel-filtration. Figure 3.35 presents calibration curve
obtained with protein standard and rice BGlul fusion protein as run on Sephacryl S-
200. It was clear that rice BGlul eluted at the similar elution volume as Bovine
albumin, (BSA), indicating that the native rice BGlul fusion protein is about the

same as the Mr of BSA (66 kDa).

3.6.3 pH and temperature profile of activity and stability

BGlul reached optimum activity at pH 5.0 (Figure 3.36). The activity
dropped dramatically at a pH greater than 7.5. The pH stability studies showed that
BGlul was relatively stable over a wide range of pH (5.0-7.0), when incubated for up
to 24 hr at the corresponding pH at room temperature (25°C) (Figure 3.37). At a pH
above 7.0 the enzyme was less stable after incubations longer than 6 hr. The enzyme
lost activity dramatically at acidic pH (3.0-4.0) within 10 min of incubation. The
optimum temperature for activity of BGlul was a wide range of 15-35°C. The
activity decreased dramatically above 40°C (Figure 3.38). The thermostability studies
at pH 5.0 showed that the enzyme was stable at 20 and 30°C, when incubated for up
to 60 min. (Figure 3.39). The enzyme was less stable at 40°C at longer incubation
times. It was very unstable at 50 and 60°C, with complete loss of activity within the

first 10 min of incubation.
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Figure 3.35 Native molecular weight of rice BGlul as estimated by gel filtration.
Purified rice BGlul and protein standards were loaded onto a Sephacryl S-200
column. The fractions were collected and the protein measured by absorbance
reading at 280 nm for protein standards, and pNPG activity assay for rice BGlul. The
elution volume of each protein (V.), and of blue dextran (V,) were calculated. The
V/Vy and molecular weight for each protein were plotted on semilog graph.
Calibration curve obtained with protein standard was used to calculate the native

molecular weight of rice BGlul.
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Figure 3.36 pH profile of activity for BGlul over a pH range 3.0 to 11 assayed with 1

mM pNPG at 30°C for 10 min.
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Figure 3.37 The pH stability of BGlul after incubation for 10 min to 24 h 25°C. The
aliquots of enzyme in each pH buffer at different time course was diluted 140 fold and
assayed in 50 mM NaOAc buffer pH 5.0, and incubated with 1 mM pNPG at 30°C for

10 min.
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Figure 3.38 Temperature profile of BGlul assayed with 1 mM pNPG for 10 min at

temperatures ranging from 5 to 70°C.
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Figure 3.39 Thermostability of BGlul incubating at 20-60°C. Incubation time ranged
from 0 to 60 min at 10-min increment. Aliquots of enzyme were diluted and assayed

in 50 mM NaOAc buffer pH 5.0, and incubated with 1 mM pNPG at 30°C for 10 min.
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3.6.4 Inhibition studies

The effect of various potentially inhibitory compounds was tested on rice
BGlul activity. The inhibitory effects of some organic compounds toward BGlul are
shown in Table 3.9. Rice BGIlul was inhibited by many aglycones and aglycone
analogues, but not inhibited by monosaccharides (10 mM D-glucose, D-manitol, D-
xylose, D-mannose and D-galactose), or EDTA. Glucono-1,5-lactone, a strong
inhibitor of many [3-glucosidases, strongly inhibited BGlul at the level of 0.005 mM.
Galactono-1,4-lactone, IAA, GA;3;, pyridoxine and 4-methyl umbelliferone, imidazole

and Tris base also inhibited BGlul, but the degree of inhibition was much less.

Table 3.9 Effect of inhibitors on activity of purified rice BGlul

Inhibitor Concentration Relative activity
(mM) (%0)

None® 0 100
D-glucono-1, 5-lactone 0.4 0

0.1 5

0.005 39
D-galactono-1, 4-lactone 5 45

1 74
IAA 5 46

1 67
GA; 5 76
Pyridoxine 5 77
4-Methyl umbelliferone 5 81
Imidazole 5 83
D-glucose, D-galactose 10 100
D-xylose, D-mannose 10 100
EDTA 10 101
Tris base 10 75

*The standard pNP assay mixture contained 1 mM pNPG, 50 mM NaOAc pH 5.0, and
1 pg enzyme at 30°C
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Of the various cations tested, Hg”" and Cu®" were potent inhibitors of enzyme
activity, whereas other cations (Zn2+, Mn2+, Mngr and Ca2+) had little or no effect on
enzyme activity. The data on Hg*" showed that this metal ion inhibited the enzyme
activity completely at 1 mM HgCl, concentration. (Figure 3.40). When 2-
mercaptoethanol (2-ME) was added to 25 mM final concentration to the enzyme
previously exposed to Hg*", the activity did not recover but decreased comparative to

the sample without 2-ME (Figure 3.40).

Table 3.10 Effect of metal ions on activity of purified rice BGlul

Metal ions Relative activity(%)*

None 100

HgCl, N.D.°
CuSOq4 32

CaCl, 131

MgSO, 121

MnCl, 137

Z/nSO4 108

* The enzyme was incubated with 10 mM final concentration of metal ions for 30 min.
The enzyme was diluted in 50 mM NaOAc pH 5.0 and assayed with 1 mM pNPG

according to the standard method. " means not detectable.
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Figure 3.40 Inhibition of BGlul by Hg*". The enzyme was incubated in the presence
of 0 to 256 UM HgCl, for 30 min and was then assayed for activity with 1 mM pNPG
(pH 5.0) at 30°C for 10 min. After exposure to HgCl, for 30 min, half of each
reaction solution was aliquoted and 25 mM 2-mercaptoethanol (2-ME) added and

then assayed for activity with 1 mM pNPG (pH 5.0) at 30°C for 10 min.

3.6.5 Effect of reducing agents, denaturants and alcohol on enzyme
activity

As shown in Figure 3.41, rice BGlul was lost activity in the presence of SDS.
When the enzyme was assayed with 1 mM pNPG in the presence of 0-0.1% SDS, the
nearly 100% loss of activity was observed at or above 0.04% SDS. The effect of 2-
ME (0.064-2.048 M) on BGlul was also tested (Figure 3.42). The activity was lost
up to 50% in the presence of 1 M 2-ME. At 0.064 M 2-ME, the activity was not
significantly different from the control. In the presence of ethyl alcohol, rice BGlul
activity decreased in proportional to the increasing of percent ethanol (Figure 3.43).
At 30% ethanol concentration in the reaction assay, the enzyme activity was lost up to
50%. In all of these experiments, the enzyme was assayed with 1| mM pNPG at 30°C

and pH 5.0 for 10 min.
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Figure 3.41 Activity profile of BGlul with I mM pNPG (pH 5.0 at 30°C for 10 min,

respectively) in the presence of various concentrations of SDS.
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Figure 3.42 Activity profile of BGlul in the presence of various concentrations of 2-

mercaptoethanol assayed with 1 mM pNPG (pH 5.0) at 30°C for 10 min.
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Figure 3.43 Activity profile of BGlul in the presence of various concentrations of

ethyl alcohol assayed with 1 mM pNPG (pH 5.0) at 30°C for 10 min.
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3.7 Transglycosylation activity of rice BGlul

The preliminary study for the transglycosylation activity of rice [3-glucosidase
was performed using pNPG as glucose donor molecule and various glucose acceptor
molecules. The purified rice 3-glucosidase, BGlul, catalyzed substrate transglycosy-
lation with pNPG, which acts both as a glycosyl donor and acceptor. The substrate
transglycosylation products analyzed by TLC demonstrated that a series of significant
amounts of pNP derivatives with different hydrophobic properties and higher
molecular weight were formed (Figure 3.44). When these pNP derivative products
were compared with known standards from Sigma, one product had an R¢ value equal
to that of pNP B-D-cellobioside, and the other the same as pNP [3-D-cellotrioside
(Table 3.11). According to Fincher (1998), the R¢values of pNP-disaccharides higher
and lower than pNP [-D-cellobiose were pNP [3-D-laminaribiose, and pNP [3-D-
gentiobiose. At various substrate concentrations of pNPG, BGlul clearly had higher
transglycosylation activity with the higher substrate concentrations, with respect to
the major product spots on the TLC. The time course showed that the transglycosy-
lation products visible on the TLC increased proportionally from 1 to 6 h and then
remained constant until 24 h. The relative proportions of individual transglycosy-
lation products are compared in Table 3.11. The pNP-disaccharides were the most
abundant.

The transfer of a glycosyl group from pNPG to ethyl alcohol was also
investigated.  Significant amounts of product, ethyl glucoside, with lower
hydrophobicity (R¢value lower than pNPG substrate) of the product was visible on the
TLC. There was no significant difference in the amounts of transfer product between

reactions containing 5%, 10%, and 20% ethyl alcohol, incubated at 3 h with 10 mM
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pNPG, while there were little product produced in the presence of 30% ethyl alcohol

(Figure 3.45 and Table 3.12).
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Figure 3.44 Transglucosylation of pNPG using rice [-glucosidase (0.01 nmol)
incubated with various concentrations of pNPG in 50 mM NaOAc pH 5.0 buffer in
100 ul reactions at 30°C for 1 to 24 h. The numbers 5, 10, 20, 40 under each lane
represent the concentration of pNPG as mM, respectively. The incubation time for
each reaction sets were 1, 3, 6, 12 and 24 h. Reactions were analyzed by TLC on
silica gel 60 Fps4. Lane A, pNPG, pNPC2 and pNPC3 standard markers; lane B,
blank without enzyme. pNP, p-nitrophenol; pNPG, pNP (3-D-glucoside; pNPC2, pNP
B-D-cellobioside ; pNPC3, pNP [(-D-cellotrioside. 1, 2 and 3 represent unknown

compounds.
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Table 3.11 Yields of transfer products produced by BGlul in transglycosylation using

pNPG as glucose donor and acceptor”.

Compounds Rf® | Percent of products
obtained °
pNP-3-D-cellobiose 0.43 4.4
pNP--D-cellotriose 0.22 1.8
Product 1 0.48 52
Product 2 0.36 9.2
Product 3 0.07 0.5

* Enzyme (0.01 nmol) was incubated in 50 mM NaOAc pH 5.0 buffer containing 20

mM pNPG in 100 pl reaction for 6 h at 30°C.

® Mobilities of each product are

relative to pNP mobility. © Percent glycoside obtained represents the percent intensity

of the spot relative to the total intensity present in the pNP, pNPG, and product spots.

Table 3.12 Yields of transfer products produced by BGlul in transglycosylation using

pNPG as glucose donor and ethyl alcohol as glucose acceptor®.

Compounds Rf® | Percent of product obtained

5% 10%  20% 30% ethyl alcohol
product 1 0.34 242 46.8 50.7 0.8
(ethyl glucoside)

* Enzyme (0.001 unit) was incubated in 50 mM NaOAc pH 5.0 buffer containing 10

mM pNPG and various percentage of ethyl alcohol for 6 h at 30°C. ° Mobilities of

each product are relative to pNP mobility. © Percent glycoside obtained represents the

percent intensity of the spot relative to the total intensity present in the glucose,

pNPG, and product spots.
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Figure 3.45 Transglucosylation of various concentrations of ethyl alcohol using rice
B-glucosidase (0.01 nmol) incubated with various concentration of pNPG in 50 mM
NaOAc pH 5.0 buffer at 30°C for 3 h in 100 pl reactions. The number 5%, 10%,
20%, 30% under each lane represents the concentration of ethyl alcohol in the
reactions. Reactions were analyzed by TLC on silica gel 60 F,s4. Lane A, blank
without enzyme containing pNPG. pNPG, pNP B-D-glucoside; Glu, glucose; 1,

transglycosylation products.

When pyridoxine (vitamin Bg) was used as the glucose acceptor in the
transglycosylation reaction using pNPG as a glucose donor molecule, BGlul was able
to transfer glucose from pNPG to pyridoxine. There were five major
transglycosylation products visible on the TLC (Figure 3.46). Four of these spots
were pNP derivatives, which had the same Ry values as the products in the above
pNPG glucose acceptor reactions, and the Ry values of these products were the same

as the products in the control reaction containing only pNPG and the enzyme. One
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outstanding purple fluorescent spot under 356 nm wavelength UV light (in addition to
the spot of pyridoxine) differed from the spot pattern of the control reaction. This
purplish fluorescent spot had an Ry value equal to that of pyridoxine glucoside
standard provided by Dr. G.F. Gregory. The tranglycosylation products were also
analyzed by HPLC and the retension time of the fluorescent sensitive product was the
same as pyridoxine glucoside standard (Figure 3.47).

The yield of pyridoxine glucoside product was optimized by varying enzyme
concentration, time of incubation, concentration of pNPG glycosyl donor and
pyridoxine acceptor. The products present on the TLC showed that pyridoxine
glucoside amount increased in proportion to the concentrations of the pyridoxine and
pNPG substrates (Figure 3.46). However, the yield of products tended to remain
constant after incubation from 6 to 24 h. The yields of transfer products produced by
BGlul in each reaction are compared in Table 3.13. Hydrolysis of transglucosylation
products occurred at higher concentrations of enzyme and longer incubation times.
Finally, suitable enzyme concentration (0.01 nmol) and incubation time (6 h), 20 mM
pyridoxine and 20 mM pNPG in a 100 pl reaction were chosen to maximize the
product yields.

Pyridoxine glucoside product was purified by reverse phase HPLC to greater
than 95% purity and subjected to detailed structural investigations using 'H and " C,
COSY, HMBC and HMQC NMR techniques. The result showed that the product
retrieved in the reaction was pyridoxine-5'-O-f3-D-glucopyranoside as previously

reported by Yasumoto et al. (1977) (Figure 3.48)
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Table 3.13 Yields of transfer products produced by BGlul in transglycosylation using

pNPG as glucose donor and pyridoxine as glucose acceptor”.

Compounds be Percent of

products obtained

Pyridoxine-5'-O-3-D-glucoside 0.30 14
pNP-B-D-cellobiose 0.44 4
Product 1 0.50 5
Product 2 0.36 10

* Enzyme (0.01 nmol) was incubated in 50 mM NaOAc pH 5.0 buffer containing 20
mM pNPG and 20 mM pyridoxine for 6 h at 30°C. ® Mobilities of each product are
relative to pNP mobility.  Percent glycoside obtained represents the percent intensity
of the spot relative to the total intensity present in the pNP, pNPG, pyridoxine and

product spots.
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Figure 3.46 Transglucosylation of 20 mM pyridxine using rice [3-glucosidase (0.01
nmol) incubated with various concentrations of pNPG in 50 mM NaOAc pH 5.0
buffer in 100 ul reactions at 30°C for 1 to 24 h. The number 5, 10, 20, 40 under each
lane represent the concentration of pNPG as mM, respectively. The incubation times
for each reaction set were 1, 3, 6, 12 and 24 h. Reactions were analyzed by TLC on
silica gel 60 F,s4. Lane A, pNPG standard marker; lane B, pyridoxine standard
marker; lane C, blank without enzyme; lane D, control containing enzyme and 10 mM
pNPG; lane E, pNP [-D-cellobiose and pNP [(-D-cellotriose markers. pNP, p-
nitrophenol; PY, pyridoxine; PYG, pyridoxine-5'-O--D-glucoside; pNPG, pNP (3-D-
glucoside; pNPC2, pNP [3-D-cellobiooside; pNPC3, pNP [3-D-cellotrioside. 1,2 and 3

represent unknown compounds.
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Figure 3.47 HPLC elution profiles of the transglycosylation products of pyridoxine

using rice BGlul. The enzyme (0.05 nmol) was incubated with 20 mM pyridoxine

and 20 mM pNPG in 50 mM NaOAc buffer pH 5.0 in 500 pl reaction at 30°C for 3h.

The reaction products were subjected to HPLC analysis.
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Figure 3.48 Structure of pyridoxine-5'-O-3-D-glucoside (Yasumoto et al., 1977)
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Figure 3.49 Scheme of the transfer of glucose from pNPG to pyridoxine to form

pyridoxine-5'-O-p-D-glucoside by rice BGlul.
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3.9 Inhibition of rice germination by a 3-D-glucosidase inhibitor

The effect of glucono-1,5-lactone, the [B-D-glucosidase inhibitor, on rice
germination was studied by soaking and germinating them in the presence of this
inhibitor. The seeds were soaked and germinated in the absence and presence of
various concentrations (0, 25, 50, 100 mM) of glucono-1,5-lactone. The results
shown in Figure 3.51 and 3.52 clearly showed that the inhibition of rice germination
by this inhibitor is concentration dependent. In each germinating day (from 1-4 days),
the number of germinated seeds and also the length of their shoot or root were
significantly different at each gluconolactone concentration. The control exhibited
full and normal growth of rice seedlings (Figure 3.50). The results showed that
percent of germination and lengths of seedling parts tended to decrease in the
presence of the increasing concentration of gluconolactone (from 25 mM 50 mM to
100 mM). Note that at 25 and 50 mM &-gluconolactone, the seeds still germinated but
the lengthes of the shoots and roots were much shorter than the control in each
germinating date. At 100 mM gluconolactone concentration, there was no
germination of rice seeds. Note that the percent of germination in normal growth in
this experiment is approximately 70%.

In each day of germination in the presence of various concentration of
gluconolactone the seeds or germinating seeds were brought to check for the
occurence of B-glucosidase activity in rice seed or tissues with X-glucoside substrate
by staining assay. Figure 3.51 showed the appearance of blue color in rice tissues in
all control samples, but the color in gluconolactone samples tended to decrease with

length of germinating time and increase of inhibitor concentration.
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Figure 3.50 Effect of glucono-1,5-lactone (0-100 mM) on 0 to 4-day-old rice

germination, growth and development.
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Figure 3.51 Percent of rice seeds and seedlings (at various stages) grown in the
presence of 0-100 mM glucono-1,5-lactone from day 0 today 4. Rice seedlings at
various developmental stages are separated respective to the length of roots. A, B, C,
D, E, and F represent the lenght of roots. A, 0 cm; B; 0.1-0.2 cm; C, 0.3-0.5 cm; D, 1
cm; E, 2-3 cm; F, 4 cm. Note that at 25 and 50 mM &-gluconolactone, the seeds still
germinated but the length of shoot and root were much shorter than the control (0
mM) at each germination day. There were no germinated seeds in the presence of 100

mM &-gluconolactone.
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3.10 Identification of rice B-glucosidase genes

Rice genes homologous to glycosyl hydrolase family 1 B-glucosidase have
been identified from Beijing Genomic Institute (BGI), GenBank at NCBI, Monsanto
Rice Genome Sequencing Project (MST), Torrey Mesa Research Institute (TMRI)
database. The retrieved gene sequences were searched against the EST database to
scan the expression of each gene in rice. Forty-nine B-glucosidase genes (including
the genes that matched bglul and bglu2), including 32 full-length genes, 10-nearly
full-length genes, and 7 intronless genes, were identified, as listed in Table 3.14.
Several rice B-glucosidase genes were mapped to chromosomes 1, 4, 7, 8, 10, and 12
(Table 3.14).

The open reading frames (ORFs) of forty-five gene-derived cDNAs showed
significant level of shared deduced amino acid sequence identity to each other and
other known B-glucosidase sequences (see Appendix A). All deduced [3-glucosidase
protein sequences contained the putative catalytic acid/base and nucleophilic
glutamate residues, except CL1029716.6 and contigl 6468 in which the nucleophilic
glutamate was replaced with glutamine. The catalytic acid/base and nucleophile
consensus sequences were: W-x-T/I/V-F/L/IV/S/M- N/AL/I/D/G/H-E-P/I/Q and
V/I/L/P-x-E-N-G-x, (x can be various residues), respectively, similar to the consensus
sequences previously derived from known [-glucosidase sequences (Czjzek et al.,
2000; PROSITE database, Hoffman et al., 1999). The phylogenetic tree derived from
this alignment shows that rice [3-glucosidases clustered into groups, some of which
were more closely related to proteins from other plants than to each other. For

example, the bglul OSM129364, OSM125591, and OSM11391 [-glucosidases
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clearly grouped with barley BGQ60. All cDNAs also had unique 3'UTR sequences,
which may therefore be used as unique probes for each gene. Almost all [3-
glucosidase ORFs were predicted to have a signal sequence targeting them to the
secretory pathway (Table 3.15). Though assignment of cellular location was
generally unclear using the PSORT program, none of the proteins are predicted to
localize to the chloroplast, unlike the other grass [-glucosidases characterized to date
(maize, oat, sorghum and rye), except for barley BGQ60 (Esen, 1992; Cicek and
Esen, 1998a; Sue et al., 2000; Nisius, 1988; Leah et al., 1995). The deduced proteins
were also analyzed for predicted molecular mass, pl, and potential N-linked
glycosylation sites (Table 3.15).

Intron-exon boundaries and intron numbers are highly conserved among rice
and other plant B-glucosidase genes, but some introns are missing in some genes.
There are 5 patterns of gene organization in rice with either 13, 11, 12, 9, or 1 exons
(Figure 3.52). Group one rice [3-glucosidase genes, those with 13 exons like the
cassava linamarase gene (AC U95258), included those with genome contig numbers
OSM11258, 118774, 1731, 1729, contig 22112, 3224 etc. The exons 1 and 2 and 12
and 13 were combined to generate an 11 exon/10 intron gene pattern in group two,
which included OSM 13853 (bglul), 11391, 125591, 129364, and 118061. In group
three, exons 9 and 10 were combined to generate a 12 exon/11 intron pattern, which
included contigs 16091, 20212, 54140, 4293 etc. In group four, group one exons 7, 8,
9 and 10 are combined, as are exons 12 and 13, to generate the 9 exon/8 intron pattern
seen in OSM11159 (bglu2), and 11161. And group five without intron was seen in 7
genes identified in BGI sequence database. However in each case, remaining introns

maintained the same splice sites. Intron sizes in these genes, however, are highly
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variable. In most cases, very long introns contained retro-transposon-like sequences,
while the orthologous short introns did not. The results from deduced amino acid
sequence alignment and phylogenetic analysis (Figure 3.53) showed that the
sequences in intron-exon pattern groups 2, 3, 4 and 5 (and some in group 1) are more
closely related to each other within their groups than to the other groups.

In order to begin to analyze the expression of the B-glucosidase genes in rice,
a search for ESTs corresponding to each of 49 different predicted genes was
performed. As shown in Table 3.16, an initial homology search with [3-glucosidase
sequences, identified 143 ESTs and it was shown that 26 genes have corresponding
ESTs. The bglul gene was most highly represented in the dbEST database, with 60
matching ESTs. The source libraries for rice [-glucosidase gene matching ESTs
included seedling (shoot and root), immature plant parts (stem, root, leaf), mature
leaf, panicle at flowering and ripening stage, immature seeds, callus, reflecting its
expression in many tissues during plant development. Some rice [3-glucosidase genes
have ESTs represented in stressed plant tissue libraries, including salt, drought, cold,
and Blast/fungus infection. Because of the small number of ESTs identified for [3-
glucosidases other than bglul and bglu2, no conclusions could be drawn on their
expression patterns. Several genes were not represented in the EST database (i e.
OSM 1731, 125591, 127811), so whether and where they are expressed remains

unclear.
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Figure 3.52 Predicted gene structure patterns for putative rice [B-glucosidase genes.
Exons are shown as boxes with corresponding exons having the same pattern.
Introns, represented as simple lines, are drawn in proportion to their length. Note that
5 gene organization patterns can be seen in rice genes, those with 13, 12, 11, 9 exons
and intronless patterns with the splice sites conserved in each group and between

groups for common exons and introns.
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Figure 3.53 Unrooted phylogenetic tree of rice [-glucosidase gene family together
with other plant [3-glucosidases. The tree was derived by the Neighbor joining
method from the alignment in Appendix A and tested by bootstrapping. The
bootstrap values for each node are shown. Note that the gene pattern refers to the

gene organization patterns showed in Figure 3.52.
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Table 3.14 Summary of identified genes homologous to glycosyl hydrolase family 1
glucosidase from the Beijing Genomic Institute (BGI), GenBank at NCBI of rice CGI

(CGI/NCBI), the Monsanto Rice Genome Sequencing (MST) Project, and the Torrey

Mesa Research Institute (TMRI) database

No BGI CGI/NCBI MST TMRI RGP GenBank | Full Chro#
Contig' AAAA® OSM?* at NCBI AC* 2
1 | 1036 01001103 | - - - no |-
(ex 1-7)
2 | 12173 01008811.1 | - CL038960.29-3 | - yes | -
(full) (full)
3 | 12458 01013412 | - - - no |-
(ex 4-13)
4 |16091 01015706 | - CL003091.339 | OSIN00108 no |4
(ex 3-12) (ex 3-13)
5 | 16468 01015943 | 12635 CLC16907 - yes' | -
(ex 1-9) (ex 1-10, (ex 1-10, 13)
13)
6 | 16663 01016051 | - - - no | -
(ex 5-13)
7 | 16830, 01016177 | - - - no | -
5918-2
(ex 1-11)
8 | 17843 01003642 | - CL009851.135 | AP003349 yes | 1
(ex 1-12) (full) (BAC66894 °)
AP003418
(BAB86071 ")
9 |20212 01018204 | - CL031809.108 | - yes | -
(ex 5-13) (full)
10 | 22112 01018346 | - CL019196.174 | - no |-
(ex 1-8) (ex 1, 3-8)
11 | 24140 01011188 | 115156 CL029716.6 OSIN00059 yes | 4
(ex 1-11) (full) (full) No annotate seq
12 | 2878 01004189 | - - AP006049(full) | yes |8
(ex 1-7) (BAC57391")
13 [ 29552° | 01022924 | - - - yes | -
(full)
14 | 3224 01005593 | - CL028390.101 | AP004330 yes | 1
(full) (full) (BAB90767 ")
AP003272
(BAB67933")
15 | 33501 01025681, | 117680 (ex | - - no | -
(ex 2-7), | 01008246 | 6-13)
5918-1
(ex 7-13)
16 | 3708 01001056 | - CL002316.105 | - yes | -
(full) (ex 2-13)
17 | 40224¢ 01028472 | - - - yes | -
18 | 4171 01006396 | - CL004087.285 | AP006049 yes | 8
(full) (ex 7-13) (BAC57391")
19 | 4293 01003080 | - CL012707.22 | - yes | -
(ex 2-13) (full)
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No BGI CGI/NCBI MST TMRI RGP GenBank | Full Chro#
Contig' AAAA® OSM?* at NCBI AC* 2

20 | 4308 01003735 | - CL004649.229 | - yes -
(full) (full)

21 | 445-1 01001963 | - CL028257.55-1 | - yes -
(full) (full)

22 | 47771 01008811 | - - - no -
(ex 9-13)

23 | 50842° | 01036508 | - - - no -
(ex 1-9)

24 | 50990 01032141 | - - - no -
(ex 9-13)

25 | 55048 | 01037636 | - - - yes -
(full)

26 | 55438° | 01038534 | - - - no -
(ex 1-11)

27 | 59136° | 01044943 | - - - no -
(ex 1-8)

28 | 7736 01011001 | - CL038960.29-2 | - yes -
(full) (full)

29 | 8125 01001106 | 115071 CL018856.38 | - yes -
(full) (ex 1-4) (ex 3-13)

30 | 8650 01010730 | 19464 CL030301.60 | - yes -
(full) (ex 4-9) (ex 4-13)

31 | 86544° | 01065025 | - - - no -
(ex 1-7)

32 | 8974 01011181 | 11159 CL002761.161 | - yes 94
(full) (full) (full)

(BGlu2)

33 | 4652 01007459 | 11161 HIC120900.B0 | - yes 94
(full) (full) 1.1.1 (full)

34 | 146 01001022 | 11258 CL032728.120 | - yes -
(full) (full) (full)

35 | 8992 01003736 | 11391 CL001465.454 | CNS08C94 yes 12
(full) (full) (full) CNS08C89

36 | 3553 01001283 | 118061 CL02035.62 - yes -
(full) (ex 1-9) (full)

37 | 1002 01001470 | 118774 CLC10115 AC074354 yes 10
(full) (ex 2-13) | (full) (AAK92581%)

38 | 13072, 01002424 | 125591 CL011680.129 | AP003217 yes 1
32318 (full) (full) (BAC06877°)
(full) AP003435

(BAB68015 )

39 | 1428 01000828 | 127811 CL022951.99 | - yes -
(full) (full) (full)

40 | 24898, 01002930 | 129364 CL021113.23 | AP005184 yes 7
14029 (full) (full) (BAC16123"),
(full) AP005182

(BAC208021")

41 | 4452 - 138100-1 | CL028257.55-2 | - yes -
(full) (full) (full)

42 | 445-3 - 138100-2 | CL028257.55-3 | - yes -
(full) (full) (full)
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No BGI CGI/NCBI MST TMRI RGP GenBank Full Chro#
contig AAAA® OSM?* at NCBI AC* ?2
43 | 21522, 01018976, | 13853 CL011484.96 | - yes 3¢
43796 01001283 | (full) (full)
(full) (BGlul)
44 | 4437, 01005003, | 139385, CL037869.83 | - yes -
32370 0101827 139386 (full)
(full) (full)
45 | - 0101605 1729 CL007813.109 | AP003570(full) | yes 1
(ex 1-8) (full) (BAB63224")
46 | 7356 01009748 | 1731 CL007822.79 | AP003570(full) | yes 1
(full) (full) (full) BAB63225
47 01035250 | - CL038960.29-1 | - yes -
(full) (full)
48 - CL010730.50 | - no -
(ex 1-11)
49 0102568.1 CL009530.95 | - yes -
(full) (full)

Full? means full-length or not. Chro# means chromosomal location (chromosome

1 . 2 .
number) of the genes. Ex means exon. = contig number, ~ GenBank accession number

‘AAAA.." for BGI rice genome templates, > Osm number, * GenBank accession

number, * the gene does not contain exon 11 and 12, ° annotated deduced P-

glucosidase in GenBank,  intronless gene, 4 chromosome location was determined by

mapping of corresponding ESTs on chromosomes by the Rice Genome Project

(Japan).
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Table 3.15 Predicted rice B-glucsidase protein properties and the gene patterns

No Clone aa Mr Signal pl N- Target Gene
length | (kDa) | peptide Link pattern”

1 contig 1036 254 - 21 - 2 vacuole/outside/ 1
microbody/

2 | contig 12173 533 59.5 26 4.96 5 outside/ vacuole/ 1
microbody

3 contig 12458 428 - - - - - 1

4 contig 16091 446 - - - - - 3

5 contig 16468 " 365 - - - 1 outside/ microbody 5

6 contig 16663 457 - - - - - 1

7 | contig 16830, 412 - 30 - outside/ microbody 1

contig 5918-2

8 | contig 17843 479 54.8 0 5.15 0 microbody/ 1
cytoplasm/
mitochondria space

9 | contig 20212 516 58.7 26 6.58 4 outside/ microbody 3

10 | contig 22112 291 - 27 - 1 outside/microbody 1

11 | contig 24140 499 56.4 23 6.96 6 outside/microbody 3

12 | contig 2878 497 56.1 18 8.53 6 Mitochondria 1
membrane/vacuole/
outside

13 | contig 29552° 458 53.0 0 5.19 0 microbody/ 5
cytoplasm/
mitochondria space

14 | contig 3224 528 59.2 37 5.53 3 outside/ microbody 1

15 | contig 33501, 469 - - - - - 1

contig 5918-1

16 | contig 3708 537 60.8 51 7.60 4 outside/ vacuole/ 1
microbody

17 | contig 40224 ° 567 63.6 24 5.71 0 Plasma membrane/ 5
ER membrane/
microbody

18 | contig 4171 499 56.8 17 8.53 5 outside/ microbody 1

19 | contig 4293 510 57.1 24 5.60 2 outside/ microbody 3

20 | contig 4308 520 58.7 39 6.68 6 outside/ 1
vacuole/microbody

21 | contig 445-1 510 57.4 24 8.84 6 outside/ vacuole/ 1
microbody

22 | contig 47771 219 - - - - - 1

23 | contig 50842° 321 - 0 - 0 microbody/ 5
cytoplasm

24 | contig 50990 222 - - - - - 3

25 | Contig 55048° | 425 48.0 0 5.37 0 microbody/ 5
mitochondria space

26 | Contig 55438° | 365 - 0 - 0 Microbody/ 5
mitochondria space

27 | Contig 59136°¢ | 280 - 0 - 0 Microbody/ 5
cytoplasm/
mitochondria space

28 | Contig 7736 526 59.1 31 5.79 4 outside/ vacuole/ 1
microbody

29 | Contig 8125 510 57.0 30 5.58 2 outside/ microbody 1
/vacuole
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Table 3.15 (Continued)

No Clone aa Mr Signal pl N- Target Gene
length | (kDa) | peptide Link pattern”
30 | Contig 8650 523 58.5 23 5.15 3 outside/ vacuole/ 3
microbody
31 | Contig 86544 °¢ 181 - 0 - 0 microody/ 5
cytoplasm/
mitochondria space
32 | osm 11159 500 57.4 25 8.05 6 outside/ vacuole/ 4
(BGlu2) microbody
33 | osm 11161 508 57.7 27 8.73 4 outside/ microbody 4
34 | osm 11258 501 57.2 16 5.50 2 outside/ microbody 1
35 | osm 11391 492 57.0 19 7.32 5 outside/ microbody 2
36 | osm 118061 568 63.1 33 6.68 0 plasma membrane/ 2
microbody
37 | osm 118774 510 58.0 23 6.20 4 outside/ microbody 1
38 | osm 125591 516 58.0 21 8.35 5 outside/ microbody 2
39 | osm 127811 504 57.7 18 7.18 5 outside/ microbody 1
40 | osm 129364 510 58.5 0 7.2 0 mitochondria inner 2
membrane/
microbody/ plasma
membrane/
mitochondria space
41 | osm 138100-1 530 59.9 25 7.59 5 outside/ vacuole/ 1
microbody
42 | osm 138100-2 510 58.1 23 7.99 4 vacuole/ outside/ 1
microbody
43 | osm 13853 504 56.9 28 9.0 3 outside/ microbody 2
(BGlul)
44 | osm 139385, 521 58.5 38 6.9 3 outside/ microbody 1
osm 139386
45 | osm 1729 500 56.1 20 5.34 2 outside/ microbody 1
/ plasma membrane
46 | osm 1731 514 57.5 22 7.19 3 outside/ microbody 1
47 | CL038960.29- 559 63.1 0 6.22 0 ER membrane/ 1
1 microbody
48 | CL010730.50 411 - 21 - 3 outside/ microbody 3
/ vacuole
49 | CL009530.95 531 59.5 41 5.07 6 outside/ microbody 1

The ¢cDNA nucleotide sequences, derived from exon mapping using BLASTx and
identification of splice site consensus sequences were translated to protein sequences

and analyzed by the proteomics tools at the Expasy proteomics site:

http://www.expasy.kh, and PSORT. ‘aa’ means amino acid. Mr means molecular

weight. N-link means number of N-glycosylation site. Contig clones are Beijing

Genome Institute clone number, osm clones are Monsanto Rice Genome Project clone


http://www.expasy.org/
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number and CL.clones are Torrey Mesa Research Institute genome database clone
numbers. * means gene organization pattern according to Figure 3.52. ° the gene does

not contain exons 11 and 12. © intronless gene.
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Table 3.16 Expression of rice 3-glucosidase genes judged from corresponding ESTs

No Clone Full | # EST GenBank accesssion Tissue library
? match number of ESTs
1 Contig 1036 no 0
2 Contig 12173 yes 9 AU162707, AU096577, Shoot, mature leaf,
AU163618, AU056687, mature leaf induced by
BI807518, BM420558, M. grisea, panicle
BQ907495, D48232, C72756, | (flowering stage)

3 Contig 12458 no 0

4 Contig 16091 no 0

5 | Contig 16468° | yes 0

6 | Contig 16663 no 1 BI306425 Drought stress leaf

7 Contig 16830, no 0

contig 5918-2
8 Contig 17843 yes 4 CA762923, C98907, C98908, | Shoot, drought stress
D41563 panicle (flowering
stage), panicle
(flowering stage)

9 | Contig 20212 yes 2 BI812350, CA755317 Salt stress root (3-4 wk
old), mature leaf
induced by M. grisea

10 | Contig 22112 no 1 AU056344 Mature leaf

11 | Contig 24140 yes 0

12 | Contig 2878 yes 1 D41997 Shoot

13 | Contig 29552° | yes 0

14 | Contig 3224 yes 1 BI805927 Young stem

15 | Contig 33501, no 5 AU085894, CA762922, Drought stress panicle

contig 5918-1 CA764111, CB096565, (flowering stage),
C72798, panicle (flowering
stage)

16 | Contig 3708 yes 5 AU183254, AU081347, Salt stress root (3-4 wk

AU081344, AU06214, old), immature leaf
CA755751
17 | Contig 40224° | yes 0
18 | contig 4171 yes 2 AU089744, CA999441 Shoot, cold stress
seedlings
19 | contig 4293 yes 7 AU091520, AU174728, Callus, leaf, panicle
AA751550, AU092973, (ripening stage),
C19313, C28471, C28603, immature seed

20 | contig 4308 yes 5 AU163237, AU096011, Shoot, mature leaf
BIS11510, BI811418, D46905 | induced by M. grisea,

21 | contig 445-1 yes 7 BG101702, BU572330, Shoot, drought stress
CA759481, CA759482, panicle (flowering
CA763998, CA998998, stage), cold stress
CB000178 seedlings

22 | contig 47771 no 2 AU096577, BQ907495 Shoot, mature leaf
induced by M. grisea,

23 | contig 50842° | no 0

24 | contig 50990 no 0

25 | contig 55048° | yes 0

26 | contig 55438° | no 0

27 | contig 59136° | no 0

28 | contig 7736 yes 0
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Table 3.16 (Continued)

No Clone Full | #EST GenBank accesssion Tissue library
? match number of ESTs
29 | Contig 8125 yes 5 AA751232, BI118724, Immature seed, leaf
BI812832, BQ909161, infected Blast/ Fungus,
CA767064 drought stress panicle,
mature leaf induced by
M. grisea,
30 | contig 8650 yes 0
31 | contig 86544° | no 0
32 | osm 11159 yes 8 AU033015, AU058282, Shoot, young stem,
(BGlu2) AU065170, AU065204, immature leaf
AU065193, BIS06911,
D39581, D39589
33 | osm 11161 yes 2 AU032044, D28326 Seedling root
34 | osm 11258 yes 0
35 | osm 11391 yes 3 AU182378, AU182379, Drought stress panicle,
CA765065 panicle (flowering
stage)
36 | osm 118061 yes 2 CA998259, CA998261 Cold stress seedlings
37 | osm 118774 yes 0
38 | osm 125591 yes 0
39 | osm 127811 yes 0
40 | osm 129364 yes 1 C19278 Panicle (ripening stage)
41 | osm 138100-1 yes 2 CA999014, CA999016 Cold stress seedlings
42 | osm 138100-2 yes 1 AU066064 Shoot
43 | osm 13853 yes 60 CB000637, CA999001, Seedling root, shoot,
(BGlul) CA999930, AU097444, callus, young leaf, cold
AU33138,AU222984, stress seedlings, young
AUO033196, D46605, C25358, | root, young stem,
AU162859, D46619, etc. young panicle, mature
leaf
44 | osm 139385, yes 2 AU070534, D41838 Shoot
osm 139386
45 | osml1729 yes 1 BI306425 Drought stress leaf
46 | osm1731 yes 0
47 | CL038960.29-1 | yes 0
48 | CL010730.50 no 0
49 | CL009530.95 yes 4 AU085894, CA762922, Drought stress panicle,
CA764111, CB096565, panicle (flowering
C72798, stage)

EST sequences were retrieved from the dbEST section of GenBank (http://www.ncbi. |

nlm.nih.gov/ by BLASTn search with full gene sequences. They were inspected to
ensure they matched the gene-coding region over and their full files retrieved to
determine cDNA library source tissue and clone number when necessary. The ESTs

assigned to each gene had greater than 97% identity and no higher similarity with


http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
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another gene. Full? means full-length ans #EST match means number of EST match.
Contig clones are Beijing Genome Institute clone number, osm clones are Monsanto
Rice Genome Project clone number and CL.clones are Torrey Mesa Research Institute
genome database clone numbers. °* the gene does not contain exons 11 and 12.

® intronless gene.



Chapter 1V

Discussion

In this study, 2 cDNAs for rice B-glucosidases, bglul and bglu?2, were isolated
and characterized. It was shown that both bglul and bglu2 are highly expressed in
shoots during germination, but expressed only at lower levels in other germinating
seed parts. In adult plants, bglul expression is high in flower, while the expression of
both isozymes is at lower levels in other plant parts, such as node and internode. The
function of these genes as [-glucosidases was confirmed by demonstration of [3-
glucosidase activity in recombinant proteins produced after expressing the cDNA in
E. coli. The biochemical and catalytic properties of rice BGlul were further
characterized. In addition, genes for these two enzymes and other [3-glucosidases
were identified in the rice genome database and their gene structures and

representation in the dbEST database were confirmed.

4.1 Cloning and expression of rice B-glucosidase cDNAs

Two cDNAs for rice B-glucosidases, bglul and bglu2, were amplified by RT-
PCR and their sequences were characterized. The ¢cDNA sequences for bglul and
bglu2 included open reading frames encoding 504 and 500 amino acid long precursor
proteins, respectively. Both of these enzymes appeared to enter the secretory
pathway, as judged by their N-terminal signal sequences. Sequence analysis of family

1 B-glycosidases has revealed that two Glu residues are highly conserved and appear
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within the consensus sequences T(F/L/M)NEP and (I/V)TENG (Czjzek et al., 2001).
The BGlul contains Glu residues at positions 204 and 414 that lie within the
sequences TFNEP and ITENG, while BGlu2 contains Glu residues at positions 195
and 409 that lie within the sequence TFNEP and VTENG, which closely resemble the
consensus motifs in family 1 B-glycosidases. The presence of the appropriate active
site glutamic acids in the appropriate consensus sequence motifs suggests that both
bglul and bglu2 genes at least have the potential to produce catalytically active [3-
glucosidases.

Additionally, as seen in Figure 3.13, the amino acids identified by Czjzek et
al. (2000) as critical for glucose binding (Q38, H142, E191, E406, E464 and W465 in
maize Bglul), are highly conserved in retaining glycosidases. These residues are
conserved in BGlul and BGlu2. Structural studies on maize [3-glucosidase substrate
binding, indicated that residues W378, F198, F205, and F466 that line the active site
cleft interact with the substrate aglycone (Czjzek et al., 2000). Therefore, it was
suggested that these residues, especially the variable residues F198, F205 and F466,
are critical for determining substrate specificity. These residues are indeed quite
variable in predicted rice [-glucosidases encoded by bglul and bglu2 genes,
indicating that they are likely to hydrolyze different substrates. Since the maize
W378 is well conserved, except in BGlu2 where it is changed to I, it would appear
that the substrate binding of BGlu2 is somewhat different than maize Bglul, where
W378 is thought to provide Trinteractions for substrate binding. Two other residues
near the active site in the dicot cyanogenic [3-glucosidases, corresponding to maize
Bglul Q193 and D261, have been suggested to affect the substrate specificities of

white clover linamarase and Thai rosewood dalcochinin [3-glucosidase (Ketudat
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Cairns et al., 2000). Keresztessy et al. (2001) showed that mutation of the second of
these sites from F to N in cassava linamarase did indeed increase its K, for its natural
substrate linamarin 16 fold without severely affecting the hydrolysis of pNP-
glucoside, and mutation of cassava linamarase A201 (corresponding to maize Bglul
T194) had a similar, but smaller effect. These residues were also variable, though less

so than those identified by Czjzek et al. (2000).

4.2 Expression of rice 3-glucosidase

The presence of many related genes showed that very specific probes are
critical to any study of the expression of these genes. Such probes were produced
from the 3' UTR of rice bglul and bglu2 and shown to hybridize to just one gene by
Southern analysis. Similarly, it was necessary to pay careful attention to look for
exact matches or nearly exact matches of nucleotide sequences when analyzing
database search results for ESTs corresponding to certain genes. Thus, it is not clear
that such searches can be done with complete success by fully automated methods.

The number of likely isozymes also complicates the interpretation of
traditional biochemical approaches, such as measuring activities in extracts. For
instance, the pNP-[-glucoside hydrolase activity in germinating rice peaks at 6-7 days
(Palmiano and Juliano, 1973, Akiyama et al., 1998), but our northern analysis
suggested the mRNA peaked at 8-10 days for bglul and bglu2. 1t is unclear whether
this represents translational or post-translational control of the [B-glucosidases or the
dominance of other [3-glucosidase isozymes in the extracts.

It was shown that both bglul and bglu? are highly expressed in shoots during

germination. In adult plants, bglul expression is high in flower, while the expression



168

of both isozymes is at lower levels in other plant parts. Unlike rice B-glucosidase, the
enzyme activity in barley has been shown to decrease during germination (Simos et
al., 1994). Expression of the barley [3-glucosidase is limited to maturing grains and
no new synthesis was seen in germinating tissues (Simos et al., 1994; Leah et al.,
1995; Hrmova et al., 1998). Other grass [3-glucosidases studied so far were present in
seedling including maize sorghum rye and oat (Esen, 1992; Cicek and Esen, 1998a;
Sue et al., 2000; Nisius, 1988). The transcript levels of durrinase from sorghum was
highly elevated in the node and upper half of the mesocotyl but low in root of 4-day-
old seedling (Cicek and Esen, 1998a). In dicots, hydroxyisourate hydrolase ([3-
glucosidase) transcripts of soybean were present in all the plant tissues but highest in
nodes when compared with leaves, stems, and roots, where it was constitutively
expressed at low levels (Raychaudhuri and Tipton, 2002). An activity in both
cytosolic/apoplastic and in cell wall bound B-glucosidase purified from ripe fruit
cherry increased during fruit ripening until ripe stage (Gerardi et al., 2001).

Some environmental conditions have an effect on the transcript levels of bglul
and bglu? in rice after 6-day-old seedlings were grown under biotic and abiotic stress
for additional 2 days. The drought stress seemed to be the most severe effect on the
expression of both genes. Cold and osmotic stresses have little or no effects on bglul
gene transcript levels, while salt, flooding, ethylene and abscissic acid have moderate
effects. Differences between bglul and bglu? were seen to some extent. For
instance, under flooding condition, bglul seemed to have higher transcript levels than
bglu2. While bglul transcript levels seemed to decrease more than bglu2 in the
presence of salt and abscissic acid. However, the time frame have to be considered,

since perhaps 2 days response may be different from more immediate response.
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Using microarrays, the transcript of clone 1342 matching bglul gene was upregulated
in response to high salinity stress in salt-torerant rice (var Pokkali), but not in the salt-
sensitive cultivar IR29 (Kawasaki et al., 2001). The transcript was increased from 15
min to 6 h. The cDNA encoding ORF of bglul was used in this experiment, hence
this probe may have cross hybridized with other rice [3-glucosidase mRNAs.
However, this experiment implied that different time points and rice strains have to be
considered more for these experiments.

The high expression of the rice bglul and bglu2 in rapidly growing shoots
suggests a role in growth, possibly in activation of gibberellin or cytokinin, or in
recycling of oligosaccharides generated during rapid cell wall expansion and cell
division as well as defense against pests. The high expression of bgl/ul in flowers and
presence of gibberellin glucosides in these tissues (Hasegawa et al., 1994) is
consistent with a role in phytohormone activation. Cell wall recycling is likely to be
necessary for flower expansion as well. Some role in defense for rice bglul and bglu?
also cannot be ruled out, and the enzymes may play more than one role. The roles of
rice bglul and bglu? are likely to be somewhat different, however, since their
sequence differences, especially around the active site, are likely to be reflected in
substrate specificity differences, and they have overlapping expression patterns.

It is not possible to predict what the in vivo substrate is and might be for a [3-
glucosidase based on results obtained with artificial substrates or natural substrates
from other plant taxa. This is because many [-glucosidases hydrolyze certain
artificial substrates with higher catalytic efficiency than they do their natural
substrates due to fortuitously better shape and size complementarity at the aglycone

binding site. Rice B-glucosidases may play functions similar to those attributed to
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B-glucosidases from other plants, but any such function is speculative until it is
demonstrated in vivo, the natural substrate(s) of each enzyme is isolated from rice

tissues, and the conditions under which each substrate is hydrolyzed determined.

4.3 Recombinant protein expression of rice 3-glucosidase

The functional production and purification of recombinant soluble proteins
expressed in E. coli provide a basis for the future characterization of structure and
function of rice B-glucosidases. Differences between the expression systems were
investigated for the efficient production of rice BGlul protein in E. coli. Rice BGlul
is prone to aggregate as inclusion bodies when expressed in the normal-expression
system, pET23d(+)/BL21(DE3) as mature protein. However, soluble and catalytically
functional rice BGlul was obtained when the protein was produced by N-terminal
fusion with thioredoxin (TRX) and expressed in the special E. coli strain Origami
(DE3), which is a trxB/gor double mutant. However, there was no protein produced
when the recombinant pET32(+)-bglul expressed in BL21(DE3). These results
strongly suggested that the host strains as well as the plasmid types are important for
obtaining the enzyme.

A higher percentage of the total expressed BGlul was soluble when cultures
were grown and induced at 15°, 20° or 27°C than at 37°C. This suggested that the
recombinant protein tends to form inclusion bodies when synthesis is induced at high
temperature (37°C). The recombinant linamarase of cassava Keresztessy et al. (1996)
and primeverosidase of tea leaves (Mizutani et al., 2002) in E. coli were also not

soluble and directed to inclusion bodies when cultures were grown at 37°C.
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To our knowledge, this is the first report of the recombinant expression in E.
coli of catalytically active grass [-glucosidase which is targeted to secretion and
likely be glycosylated in the plant. Expression in E. coli of other grass [3-glucosidases
has been successful in maize, oat, and sorghum in active and soluble form using
pET21a(+)/BL21(DE3) pLys system (Cicek and Esen, 1998b). However, their
protein products are not glycosylated and are targeted to the plastid, rather than to
secretory pathway. There have been a few reports of catalytically active expression in
E. coli of dicot B-glucosidases which are glycoproteins targeted to the ER via a signal
peptide. The cassava linarmarase produced in fusion with glutathione S-transferase
(GST) (Keresztessy et al., 1996) and the tea primeverosidase expressed in fusion with
maltose-binding protein (MBP) (Mizutani et al., 2002) in E. coli were active, which
demonstrated that a nonglycosylated, catalytically active form can be produced. In
the case of indican hydrolase of indigo plant, the non-fusion enzyme was produced in
active soluble form in pET19b/BL21(DE3) (Minami ef al., 1999). This suggested that
in some cases, glycosylation is not required for activity and stability.

Similar success with this fusion system was not achieved with heterologous
expression of rice BGlu2 containing 6 possible glycosylation sites. Most of the
recombinant BGlu2 was found to aggregate as inclusion bodies when produced as
mature protein in the normal-expression system, pET23d(+)/BL21(DE3) or BL21
(DE3) pLys S. A very small amount of soluble and active rice BGlu2 was obtained
when the protein was produced by fusion with TRX in the Origami(DE3) E. coli
strain. TRX fusion protein may help to decrease aggregation of insoluble protein.
However, the biologically active conformation of this protein may require additional

post-translational modifications that cannot be done in E. coli. Unfortunately, the
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recombinant clone which produced active protein lost expression of recombinant
protein over time. Therefore, an in-depth characterization could not be performed.

Fusion of polypeptides to soluble fusion partners, such as TRX, GST and
MBP, is thought to help to overcome the aggregation of insoluble protein forms by
promoting the proper folding of the attached protein into its biologically active
conformation. (Kapust and Waugh, 1999). Kapust and Waugh (1999) developed a
model to explain how MBP promotes solubility and influences the folding of its
fusion partners by comparing the solubility of 18 different fusion proteins in E. coli.
The results indicated that many aggregation-prone polypeptides could be rendered
soluble by fusing them to an appropriate partner. They suggested that MBP plays a
passive role in protein folding, merely serving to prevent the off-pathway aggregation
of intermediates in the folding process.

Does the recombinant enzyme maintain its activity even after proteolytic
cleavage of the fusion moiety? There was no loss of B-glucosidase activity of BGlul
after removal of TRX by enterokinase. Some fusion enzymes showed no loss of
activity after the cleavage, such as tea leave primeverosidase (Mizutani et al., 2002).
The cleavage of the calmodulin-binding-protein (CBP) tag from glutamate 1-
semialdehyde aminotransferase resulted in 60% loss of specific activity (Tsang et al.,
2003). This suggested possible interactions between the recombinant protein and the
CBP tag. In contrast, Keresztessy et al. (1996) showed that fusion of mature cassava
cyanogenic [3-glucosidase with GST and expression in E. coli lowered the V,x values
of enzyme activity about 100-200 fold, though it had the K, value comparable with
the native enzyme. The dissociation of the chaperonin GroEL and the cleavage of the

GST from this fusion protein led to an increase of specific activity. This suggested
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the correct folding of the recombinant protein after dissociation from the chaperonin
GroEL and removal of GST.

The expression systems which were constructed sets the stage for a variety of
investigations. First, it allows the production of the large amounts of enzyme for
purification and further characterization including tertiary structure determination.
Second, it confirmed the importance of the fusion tag and the suitable host strain in
the production of active recombinant protein. It is significant in that some plant [3-
glucosidases, such as sorghum dhurrinase2 and rice [B-glucosidases which are not
abundant proteins, purification in sufficient quantities from their natural source is
difficult for thorough characterization. Since multiple isozymes of [-glucosidase are
found in rice, with up to 49 genes identified (see section 3.10), it may be a hard task

to purify to homogeneity each isozyme from rice.

4.4 Catalytic properties of rice BGlul

The active rice BGlul, the protein product of bglul cDNA, was produced as
recombinant protein in E. coli, characterized for substrate specificity and biochemical
propertics.  Rice BGlul showed high hydrolytic efficiency with [-linked
oligosaccharides. The enzyme hydrolyzed 3-(1,3), -(1,4), -(1, 5) and -(1,6) linkage of
oligosaccharides at different rates. BGlul hydrolyzed [3-(1,4) linked oligosaccharides
with increasing catalytic efficiency (ke./Kn) values as the degree of polymerization
(DP) increases from 2 to 6. In contrast, hydrolysis of B-(1,3)-linked oligosaccharides
by this enzyme decreased with longer chain lengths, and longer polymers than DP of

3 were not hydrolyzed. BGlul also hydrolyzed sophorose and gentiobiose with high
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K, and low kg, values similar to cellobiose. The increased hydrolytic rate with
oligosaccharides is a characteristic often observed with polysaccharide exohydrolase,
unlike the rate of hydrolysis of oligomeric substrates by [-glucosidase which tend to
remain approximately constant or decrease with increasing DP (Reese et al., 1968).

Hrmova and colleagues (1996, 1998) have done extensive studies of the
substrate binding and hydrolysis of the closely related barley [B-glucosidase. They
found similar preferences for short (3-1,3-linked glucooligosaccharides and longer [3-
1,4-linked oligosaccharides. However, while the barley -glucosidase was a good
cellobiosidase and seemed to bind poorly at the third position, BGlul is a poor
cellobiosidase and is better at hydrolyzing cellotriose.

The preference of the rice BGlul for (1,4)--oligosaccharides of increasing
chain length suggested that it has an extensive subsite binding region which is
dependent on substrate geometry, as has been described for barley (Hrmova et al.,
1996, 1998, 2001). According to Hiromi et al. (1973) and Suganuma et al. (1978),
the subsite-binding region of polysaccharide hydrolases consists of an array of
tandemly arranged subsites, where each subsite binds a single glycosyl residue of the
polymers. Such an array of subsites has now been demonstrated for barley -glucan
glucohydrolases and [3-glucosidase/1,4-B-glucan exohydrolase exohydrolases
(Hrmova et al., 1998).

Rice BGlul also hydrolyzed many kinds of aglycones conjugated with
glucose, though rather poorly compared with pNPG. BGlul hydrolyzed rice
pyridoxine-glucoside rapidly as seen by TLC and HPLC. This enzyme also
hydrolyzed the cyanogenic glycosides prunasin, dhurrin, and amygdalin, but not

linamarin or DIMBOA glucoside. However, BGlul did not hydrolyze phenolic
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glycosides (arbutin, salicin), thioglucoside (sinigrin), hydroxy courmarin glucoside
(esculin), flavonoid glucoside (naringin) or a-D-disaccharides (nigerose). Therefore,
rice BGlul could not be classified as a phenolic glucosidase, myrosinase
(thioglucosidase), flavonoid glucosidase, courmarin glucosidase or a-glucosidase.

The sugar moiety seemed to have less influence on binding to the rice BGlul
enzyme than the aglycone moiety, like maize [3-glucosidase (Babcock and Esen,
1994), but unlike the rice cell-wall bound B-glucosidase (Akiyama et al., 1998) and
barley BGQ60 (Leah et al., 1995). BGlul hydrolyzed pNP-derivatives of various
monosaccharides, but with specificity for the D-form of sugar residues and the 3-O-
glycosidic linkage, as it did not hydrolyze the a-O-glycosidic bond, -S-glycosidic
linkage (pNP [-D thioglucoside), nor the L-glycosides (except for pNP-aO-L-
arabinoside). Catalytic efficiency (kca/Ky,) values varied 65 fold from pNP [3-D-
xylose to pNP [3-D fucose, which suggests that the sugar moiety has a moderately high
effect on the rate of hydrolysis. The k¢./Ky, ratio of the enzyme is highest for pNP [3-
D fucoside, indicating that this substrate is the most efficiently hydrolyzed. Since the
pentosides have a H- atom at position C-5, while the fucoside has a -CH3 group at C-
6, and the other hexosides have a -CH,OH at C-6, it is possible that the presence of a
hydrophilic substituent at C-6 detracts from binding efficiency (Svasti et al., 1999).

The fact that pNP 3-D-cellobioside was a substrate with relatively high activity
suggested the enzyme might also cleave disaccharides. However, the TLC analysis
clearly showed that the first cleavage is of the B-glucosidic bond between the 2
glucose residues, releasing pNPG and glucose. The pNPG is then rapidly hydrolyzed.

This sequential pathway is similar to an exoglucanase or exocellulase. The rapid



176

hydrolysis of cellotriose to cellobiose and glucose may reflect binding to the active
site in a manner similar to pNP [3-D-cellobiose.

As was noted for barley [-glucosidase (Hrmova et al., 1996), BGlul’s
specificity for cello-oligosaccharides would allow it to be characterized as a 1,4-p3-
glucan exohydrolase (3.2.1.74). However, as it hydrolyses other oligosaccharides,
and alkyl-glucosides, and showed structural similarity with family 1 glycosyl
hydrolases, classifying BGlul as a [-glucosidase (E.C. 3.2.1.21) seems more

appropriate.

4.5 Possible function of rice BGlul

Rice BGlul hydrolyzed [3-linked disaccharides and small oligosaccharides at
relatively high rates and had high transglucosylation activity towards short chain
laminari- and cello-oligosaccharides. This indicated that a possible role of the
enzyme might be further hydrolysis of oligosaccharides released from cell wall (3-
glucans and generating new oligosaccharides by recycling the sugar residues released
from the cell wall during germination or flower expansion. This is similar to barley
enzyme (Leah et al., 1995, Hrmova et al., 1998) and rice cell wall enzyme (Akiyama
et al., 1998), which appear to be involved in recycling of cell wall-derived
oligosaccharides produced during germination. However, the roles of rice BGlul,
cell-wall-bound rice [B-glucosidase and barley [3-glucosidase BII in plant tissue are
likely to be somewhat different, since they have difference in expression patterns.
The high expression of bglul in flowers and presence of gibberellin glucosides in

these tissues (Hasegawa et al., 1994) is consistent with a role in phytohormone
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activation. Interestingly, BGlul was also inhibited by IAA and GAj;, which might
indicate these compounds bind to the active site, perhaps at the aglycone binding site.
However, the glucosides of these and similar phytohormones were not available to
test whether they are actually substrates for BGlul. Some role in defense for rice
bglul and bglu2 also cannot be ruled out, and the enzymes may play more than one
role. For instance, maize BGlul has been identified by different labs as hydrolyzing
DIMBOA-glucoside, a defense-related compound (Babcock and Esen, 1994), and
phytohormone glucosides (Brzobohaty et al., 1993). The enzyme also hydrolyzed
rice pyridoxine-5'-O-f3-D-glucoside, a major metabolite in rice bran (Yasumoto et al.,
1977). This substrate might implicate BGlul in the metabolism of the coenzyme

pyridoxine (vitamin Bg).

4.6 Deduced protein sequence similarity between rice and barley [3-

glucosidases

Rice BGlul, cell-wall-bound rice B-glucosidase (Akiyama et al., 1998) and
barley [B-glucosidase (Hrmova et al., 1998) are enzymes that hydrolyze [3-linked
oligosaccharides. However, the specificity for substrate chain lengths of these
enzymes is different. In contrast to barley and cell-wall-bound rice enzyme, rice
BGlul preferred to hydrolyze (3 (1,4) linked oligosaccharides of DP higher than 3, but
did not hydrolyze disaccharides well (except laminaribiose). Thus, the comparison
between this enzyme was considered at the protein sequence level. The deduced
amino acid sequence of BGlul had the highest sequence identity (66%) with barley [3-

glucosidase BGQ60 (or BII), while cell-wall-bound rice (deduced from contig 445-1
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see section 3.10) are closely related to cyanogenic [-glucosidases. The amino acids
identified by Czjzek et al. (2000) as critical for glucose binding (Q38, H142, E191,
E406, E464 and W465 in maize Bglul) are conserved in BGlul, cell wall bound rice
and barley [B-glucosidase. Interestingly, rice BGlul protein sequence was closest to
barley BGQ60 at some of substrate binding residues that line the active site cleft and
interact with the substrate aglycone of maize [3-glucosidase (W378, F198, F205, and
F466) (Czjzek et al., 2000), suggesting it may have a similar substrate-specificity.
However, these above mentioned amino acid residues were different from those in the
cell-wall-bound enzyme and may indicate for the different substrate specificties with
some oligosaccharides and glycone specificity. Therefore, the tertiary structures of

these enzymes are needed to elucidate the enzyme-substrate binding mechanism.

4.7 Biochemical properties of rice BGlul

4.7.1 Molecular weight and pl

Rice BGlul is a monomeric protein with Mr of TRX fusion and nonfusion rice
BGlul was estimated to be 66 and 54 kDa, respectively. The Mr of rice BGlu2
mature protein (produced as mature protein in E. coli) is 52 kDa. This is similar to
the cell-wall-bound rice B-glucosidase’s Mr (56 kDa) which is a monomeric protein
(Akiyama et al., 1998). In contrast, both Fr-1 and Fr-2 rice [3-glucosidases partially
purified by Muslim (1995) have the denaturing form Mr of 60 kDa and native dimers
of 120 kDa. The barley and maize [3-glucosidases have Mr’s ranging 53 to 62 kDa
(Leah et al., 1995; Hrmova et al., 1996; Esen, 1992). So, the Mr of rice BGlul and

BGlu2 are in this range. Many [-glucosidases contain identical subunits. For
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instance, the furostanol glycoside 26-O-3-glucosidase from Costus speciosus is a 110
kDa protein with two subunits with Mr of 54 and 58 kDa (Inoue and Ebizuka,1996).
Furthermore, the isoflavone hydrolyzing B-glucosidase from chickpea has apparent
Mr of 125-135 kDa with two identical subunits of 68 kDa (Hosel an Barz, 1975).

The predicted plI of BGlul is 9 indicated that the enzyme is a basic protein.
This is consistent with the fact that BGlul entered the acidic pH gel, but not basic pH
gel. The enzyme also hydrolyzed 4MUGIc in acidic pH native gel. The basic pl of
the rice BGlul is similar to that described for the other enzymes involved in
oligosaccharide hydrolysis and purified from cell-wall of rice (pI 10) (Akiyama et al.,
1998), germinated barley (pI 9-9.5) (Leah et al., 1995), and barley BI (8.9) and BII (9)
(Hrmova et al., 1996). [B-glucosidase partially purified from rice seedlings (Muslim,
1995) also has pl value of 9.83 and 9.42 for Fr-1 form , while Fr-2 was 10.08. While
Iwami and Yasumoto (1986) found three different enzymes have pl 5.6, 6.7, and 8.2.
In addition, a rice B-glucosidase which hydrolyzed conjugated gibberellin from dwarf-
rice (O. sativa cv. Tan-ginbozu) was partially purified by using CM-Sephadex C-50
chromatography (Schliemann, 1984), which suggested that the enzyme seem to be a
basic protein. From the above mentioned reports, it is obvious that rice [3-

glucosidases consist of more than one form, and both acidic and basic proteins.

4.7.2 pH and temperature profile of stability and activity
The pH optimum for activity of BGlul was 5.0 and the enzyme was stable at
25°C in the pH range 5.0 to 7.0 up to 24 hr. This indicated that the enzyme was stable

for a long time at the pH of optimum activity. Esen (1993) indicated that almost all
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B-glucosidase have an optimum pH in the 5 to 6 range. The pH optimum of the
enzyme is related to the pH environment of the catalytic glutamic acids.

The temperature optimum of the enzyme was 15 to 35°C. Thermostability
studies indicated that the enzyme was relatively stable at its temperature optimum of
activity (20 and 30°C), when incubated for up to 60 min. Dixon and Webb (1979)
stated that the optimum temperature for a given enzyme depends on a balance
between the rate of catalytic reaction and denaturation. B-glucosidases from different
organisms might have different optimum temperature and stability, which would
indicate different interaction stabilizing enzyme tertiary and quaternary structures.
However, the temperature optimum of rice BGlul is lower than that of other plant 3-
glucosidases; such as maize (50°C) (Esen, 1992). However, the recombinant enzyme

may not be as stable as the native enzyme in the plant.

4.7.3 Inhibition studies

Glucono-1,5-lactone, an analogue of the oxocarbanium ion-like transition
state, strongly inhibited rice BGlul like some other -glucosidases (Akiyama et al.,
1998; Babcock and Esen, 1994, Svasti et al., 1999). However, glucono-1,5-lactone is
not a very effective inhibitor in some cases, such as soybean IC50 of this inhibitor
was 24 mM (Hsieh et al., 2001).

Galactono-1,4-lactone, IAA, GAj;, pyridoxine, 4-methyl umbelliferone, Tris
base and imidazole also showed some inhibitory effect, but the degree of inhibition
was much less. On the other hand, glucose and other monosaccharides had no effect

on enzyme activity at 10 mM, suggesting that sugars do not bind tightly to the active
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site. This inhibition pattern is like that of cell-wall-bound (Akiyama et al., 1998) and
Fr-1 and Fr-2 rice -glucosidases (Muslim, 1995).

SDS, an amphiphatic anion detergent, is a strong denaturing agent. Rice
BGlul is susceptible to denaturantion by this detergent which reduced pNPG
hydrolase activity. When incubating the enzyme with 1 mM pNPG, the activity was
totally lost in the presence of SDS at or above 0.04 percent. The degree of denaturing
effect varies considerably, depending on concentration, pH, temperature, and the
structure of a given [3-glucosidase (Esen and Gungor, 1993).

BGlul showed activity loss when it was subjected to increasing concentration
of ethanol. BGlul lost activity up to 50% after it was incubated with pNPG in the
presence of 30% ethanol. Pure organic solvents are non-aqueous media; therefore,
organic solvents reduce enzyme activity and stability by disrupting hydrogen-bonding
interactions with the solvent. The ethanol acts as competitive inhibitors of almond [3-
glucosidase: at 6 M concentration, ethanol decreased the activity by 69.5% (Romeu et
al., 1994).

Several metal ions have been shown to have an inhibitory effect on [3-
glucosidase activity; for example: Ag", Ca*", Co*', Cu**, Fe3", and Hg*" (Zollner,
1993). Of all the chemicals tested for the inhibition of enzyme activity, only copper
and mercury ions inhibited the enzyme. This sensitivity was similar to that of maize
B-glucosidase (Esen, 1992). The addition of 2-mercaptoethanol (2-ME), however,
caused an additional loss of activity of the enzyme. Mercuric compounds usually
inhibit enzymes by reaction with sulfhydryl groups (SH). The importance of SH
groups of cysteine residues may be involved in stability and activity of B-glucosidases

(Hakulinen et al., 2000). However, the strongest inhibition of Thai rosewood [3-
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glucosidase with mercuric compounds, at the level of 107 M possibly results from
chelation of catalytically active acidic amino acids in the enzyme, as suggested for
other enzymes (Svasti et al., 1999). BGlul is a monomeric enzyme without the
presence of intermolecular disulfide bonds. This suggested that the loss of an activity
by metal ion may not be due to the accessibility of the protein SH groups to these
compounds as previously described for other (B-glucosidases such as maize (Esen,

1992) or soybean (Hsieh et al., 2001).

4.8 Transglycosylation activity of rice BGlul

BGlul showed high efficiency in the synthesis of many glucoside compounds.
Like cell wall-bound rice [-glucosidase (Akiyama et al., 1998) and barley [3-
glucosidases from germinated seeds (Hrmova et al., 1998), BGlul can use a variety of
oligosaccharides, such as cello-oligosaccharides and laminari-oligosaccharides, which
act as both glucose donor and glucose acceptor molecules to synthesize the longer
oligosaccharides. Both rice BGlul and cell wall-bound (3-glucosidases catalyze this
reaction in the presence of low concentrations 5 and 2 mM, respectively, of
oligosaccharides substrates, which indicates the high transglycosylation efficiency of
these enzymes. So, The transglycosylation properties of rice BGlul with different

glucose acceptor molecules were investigated.

4.8.1 Transglycosylation of pNP B-D-glucoside
The rice enzyme, likes barley B-glucosidase (Hrmova et al., 1998), could use

pNPG both as glucose donor and acceptor in the transglycosylation reaction leading to
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the synthesis of high amounts of pNP-containing compounds including pNP (3-D-
cellobiose, pNP [-D-cellotriose and at least two unidentified compounds which likely
to be pNP-oligosaccharides. These other two compounds maybe pNP-laminaribiose
and pNP-gentiobiose, which were seen by Hrmova et al. (1998) with barley -
glucosidase. Different conformation of pNP-diglucosides generates by transglycosy-
lation begs the question how the glucosyl molecule can be transferred from the donor
to different hydroxyls on the acceptor molecule by the enzyme. Hrmova et al. (1998)
suggested that this abilities derived from some flexibility in the binding of a glucosyl
residue to subsite +1 of barley B-glucosidase, which allows the pNPG to move
sufficiently in the active site to present hydroxyls on C atoms 3, 4 and 6 to the bound
glycone prior to transfer of that bound glucosyl residue to the pNPG.

The transglycosylation reaction is controlled kinetically, hence the yield of
glycoside is determined by a delicate balance between the rates of donor synthesis and
hydrolysis, on the one hand, and product hydrolysis on the other (Rantwijk et al.,
1991). The other B-glycosidases reported so far required high substrate concentra-
tions to exhibit sufficient transglycosylation activities (Hrmova et al., 1998; Mala et
al., 1999). The efficiency of BGlul in the pNPG transglycosylation also depends on
the substrate concentration. However, at 10-20 mM pNPG, high amounts of products

can be observed in a short incubation period.

4.8.2 Transglycosylation of ethyl alcohol
Rice BGlul also catalyzed the transfer of glucose from pNPG to ethyl alcohol,
to form ethyl glucoside. High amounts of ethyl glucoside product were obtained in

the presence of 5-20% alcohol. However, decreased product in the presence of a high
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percentage of ethyl alcohol in the solution limits the efficiency of BGlul to catalyze
this reaction suggesting that inhibition may occur. The synthesis of alkyl glucosides
by many [-glucosidases in the presence of alcohol using glucose donors such as
pNPG or cellobiose have been reported (Makropoulou et al., 1998; Fischer et al.,
1996; Svasti et al., 2003). Instead of pNPG as glucose donor, almond B-glucosidase
could use cellobiose and gentiobiose as glucosyl donors, while Thai rosewood [3-
glucosidase could use gentiobiose but the cassava enzyme could use neither of them
(Svati et al., 2003). For rice B-glucosidase, some disaccharide and oligosaccharides
such as cellotriose, cello tetraose, laminaribiose and laminaribiose, except cellobiose
(because of low catalytic efficiency) may be used as glucosyl donor instead of pNPG
to produce variety of alkyl glycosides with different degree of polymerization.
However, the high costs of these oligosaccharide substrates are prohibitive for this
use.

For application of this enzyme for synthesis of alkyl glycosides, which have
potential use as biodegradable detergents, the enzyme might be tested with various
alcohol chain-lengths.  Interestingly, almond, Thai rosewood and cassava [3-
glucosidases not only have the ability to synthesize hexyl glycosides by transferring
glucose from pNP-glycosides to hexanol, they also have the ability to cleave this
substrate (Romeu et al., 1994; Srisomsap et al., 1996; Eksittikul et al., 1988). This
suggested that the binding of the aglycone binding portion in the active sites of these
enzymes with the hexyl group are important for both synthesis and hydrolysis
reactions. Since rice BGlul cleaved the hexyl and octyl glucosides, with low

efficiency but high binding strength (low K,,), this implied that the aglycone binding
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portion in the active site of BGlul could bind octyl and heptyl molecule. Hence, the

synthesis of alkyl glycosides from longer chain alcohol may be possible.

4.8.3 Transglycosylation of pyridoxine

In addition to the hydrolysis of pyridoxine-5'-O-B-D-glucoside, rice BGlul
enzyme also showed considerably high transglycosylation activity towards pyridoxine
to make pyridoxine-5'-O-3-D-glucoside in the presence of the glucose donor molecule
p-nitrophenol [3-D-glucoside. Though its low catalytic efficiency for the hydrolysis
suggest this may not be a physiological function of the enzyme, the transglycosylation
reaction implies the enzyme may play a role in the glycosylation of pyridoxine seen
when germinating rice is incubated with pyridoxine (Suzuki et al., 1986). However,
this evidence may imply another possible function of the enzyme in germinating shoot
and panicle at flowering stage. This enzyme may be involved in hydrolysis of the
coenzyme pyridoxine from its glucose-conjugated storage form, and the formation of
pyridoxine glucoside via transglucosylation during flowering stage to accumulate the
inactive vitamin form just prior to storage in the seeds.

This hypothesis is consistent with the data of Iwami and Yasumoto (1986).
They found that three different rice bran [-glucosidases (based on their isoelectric
point measurements: i.e., pH 5.6, 6.7, and 8.2) catalyzed the transfer of the glucosyl
moiety of pNPG to pyridoxine to synthesize pyridoxine-f3-D-glucoside. Conjugation
of pyridoxine and glucose by incubation of cellobiose and pyridoxine in the presence
of the wheat bran [-glucosidase was previously reported (Suzuki et al., 1979).
Although many papers reported the synthesis of pyridoxine glucoside, the mechanism

of its formation in plants has not been determined (Gregory, 1993).
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There have been no reports about the primary structure of plant [3-
glucosidases that catalyze the transglucosylation to synthesize pyridoxine glucosides.
So, this is the first rice B-glucosidase for which a protein sequence has been deduced
and shown to catalyze this reaction. This enzyme can be used for the synthesis of
pyridoxine glucoside in vitro to use for vitamin research, such as screening for
enzymes that hydrolyze this substrate efficiently.

In plants including rice, vitamin B¢ is found predominantly as pyridoxine-5'-
O-B-D-glucoside or other complex conjugates such as 4'-O-(-D-glucosyl)-5'-O-(p3-
cellobiosyl) pyridoxine, and 5'-O-([3-cellobiosyl) pyridoxine (Yasumoto et al., 1977,
Tadera et al., 1988). Though the functions of vitamin glycosides are not completely
understood, one possible function of pyridoxine glucoside in plants is to serve as a
metabolically inactive storage form (Gregory, 1998). These conjugates are partially
utilized in humans and have a competitive inhibitory effect on the absorption and
utilization of pyridoxine. So treatment of plant material with (-glucosidases may
improve the nutritional content of the plants (Gregory, 1993).

Some research groups have extensively studied the production of efficient
catalysts for glycoside synthesis but not hydrolysis by mutation of amino acid
residues (Withers, 2001). Wang et al. (1994) showed that mutation of the catalytic
nucleophile glutamic residue, to a non-nucleophilic residue such as alanine,
eliminated activity in a retaining glycosidase. The mutant had maximal hydrolysis
rates at least 105 times lower than the wild type enzyme. Circular dichroism and X-
ray crystallographic analyses in several cases revealed that such mutants fold
correctly, thus have an active site capable of binding both the aglycone and glycone

moieties. Since rice bglul cDNA was cloned and the BGlul protein sequence was
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thereby determined, the mutation of amino acid residue for efficient catalyst for
glycoside synthesis but not hydrolysis of this enzyme might be investigated in the
future. [-glucosidases from rice might also have the potential for deglycosylation and

production of novel glycosides and oligosaccharides.

4.9 Inhibition of rice germination by [B-glucosidase inhibitor

An examination of the physiological role of rice [-glucosidase by
histochemical localization of the enzyme in dry seeds and application of inhibitors of
the enzyme to the germinating seeds was previously done by Muslim (1995).
Glucono-1,5-lactone is known to be strong inhibitor of [-glucosidases of various
enzyme sources including rice BGlul. This compound directly competes with a
regular substrate for binding site in the enzyme.  Muslim stated that rice -
glucosidases present in dry seeds were preexisting enzymes and was located
histochemically in the embryo and in the aleurone layers. In his study, gluco-1,5-
lactone inhibits the germination at the activation stage with 50% germination
inhibition value at 63.5 mM.

The result in this study showed that in the presence of gluco-1,5-lactone, the
seeds were able to germinate. At 25 and 50 mM glucolactone the seeds still
germinated but with lengths of the shoot and root that were much shorter than the
control (0 mM). Even when gibberellin was added (GAs;, 1 mM application), this
could not overcome the inhibition. The enzyme inhibitor could block at a step after
gibberellin; that is why it is not reversed by GAs;. Both results are consistent with

Muslim’s work.
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Although gluconolactone is a potent inhibitor of rice germination, it requires
that a high concentration be applied to the rice seeds. In aqueous solution,
gluconolactone is hydrolyzed to gluconic acid by water. The inactivation and
instability of gluconolactone might be the reason for the need for high concentration
of this inhibitor. X-glucosidase activity in rice seeds and seedlings were also
inhibited by gluconolactone. The inhibition was only temporary, since with longer
incubation time in staining buffer (more than 3 h), the development of the staining
eventually occured. These data indicate that the inhibition is reversible only when the
inhibitor is diluted out.

Functionally, the aleuron layers serve as a storage tissue, containing mostly
protein bodies and lipid bodies. During germination, aleuron layers serve as a site of
gene expression and synthesis of several hydrolytic enzymes, (for example a-amylase
isozymes) (Thomas and Rodriguez, 1994). The embryo is the most active part in
regulating mobilization of storage materials from the endosperm to sites of growth
and development during germination. The highly dynamic cell division in the embryo
occurs along the embryo axis (Thomas and Rodriguez, 1994). The presence of rice
B-glucosidases in dry seeds as preexisting enzymes located in the embryo and in the
aleurone layer, indicated the enzyme may play an important role in germinating
process. Some studies showed that [3-glucosidases in rice regulate gibberellin
(Schliemann, 1984), cytokinin (Saha et al., 1984), and pyridoxine (Iwami and
Yasumoto, 1986) availability and activity. Therefore, gluconolactone may inhibit the
activity of these hydrolytic enzymes, and thus blocks the metabolic processes needed

for germination.
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4.10 Rice B-glucosidase gene family

In the past, most studies have assumed a small number of (-glucosidase
isozymes in plants because only a small number of enzymes are present in large
amounts and hydrolyze the artificial substrates commonly used and thus can be
detected. However, a search of rice genome databases identified 49 B-glucosidase
genes at this point, at least 26 of which are expressed. Since cDNA or ESTs have
been identified were from transcripts corresponding to at least 26 of these genes and
the EST data are incomplete, the number of expressed genes is likely to be high.

This is not unexpected since a search of the Arabidopsis thaliana genome
identified 48 glycosyl hydrolase family 1 homologues (A. Esen, unpublished). How
many of these genes are functional (-glucosidase genes? The presence of the
appropriate active site glutamic acids in the appropriate consensus sequences motifs
suggests that all the full length genes identified in the rice genome database at least
have the potential to produce catalytically active [-glucosidases. Additionally, as
seen in multiple sequence alignment in Appendix A, the amino acids identified by
Czjzek et al. (2000) as critical for glucose binding (Q38, H142, E191, E406, E464
except W465 in maize Bglul) are well conserved in these predicted sequences. Only
the predicted [B-glucosidase from contig 3224 has H in stead of Q38 in maize. The
predicted B-glucosidase including OSM12458, contig 7736, 33501, 3224, 8125,
CL38960.29-1 and CL009350.95 have I/L/M/Y/F intead of W465 in maize. The
residues that line the active site cleft and interact with the substrate aglycone of maize

(Czjzek et al., 2000) are indeed quite variable in the predicted rice B-glucosidases
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(Appendix A), indicating they are likely to hydrolyze a variety of substrates, assuming
their substrate binding is similar to that of maize Bglul.

The number of likely isozymes also complicates the interpretation of results
from traditional biochemical approaches, such as measuring activities in extracts. It is
unclear whether this represents translational or post-translational control of [3-
glucosidases or the dominance of other [-glucosidase isozymes in the extracts.
Protein purification may also be difficult due to the similar sizes and isoelectric points
(pD) of several predicted isozymes, as seen in table 2. For instance, 6 putative proteins
have predicted isoelectric points in the 5.50 to 5.79 range, and Mr of proteins each
range from 53 to 63.6 kDa within 0.2-1 kDa different from other isozymes. Though
multimerization and glycosylation differences may exist, it is likely to be difficult to
separate these isozymes, if they are expressed in the same tissues. Therefore,
production in heterologous hosts and specific immunological approaches are likely
necessary to assess the roles of individual isozymes.

Gene structural analysis of the B-glucosidases showed that intron/exon splice
sites were conserved, but 5 patterns of gene structures were distinguished by the
number of exons and introns. It was found that Arabidopsis thaliana has as many
gene organization patterns as rice, though they are different to some extent (A. Esen
unpublished). Genes with 13 exons (group 1) probably represent the ancestral gene
organization and they appeared to be highly divergent by protein sequence analysis.
Those genes with 11 exons clustered together in one group with barley BGQ60
(which is also missing the intron between group 1 exons 2 and 3), while those with 9
and 12 exons clustered in a separate group. This phylogeny is consistent with an

ancestral plant B-glucosidase having 13 exons and 12 introns, with losses of introns in
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groups 2, 3 and 4 since 13 exons are most divergent and gain of introns would require
their insertion at the exact same splice site position. Six of the seven intronless genes
found in BGI database had the highest sequence identity with microorganisms. These
sequences may derive from the contamination of endophyte DNA in the rice genome
sequences. However, these genes may be the retrotransposon on the rice genome.

The OSM129364 and bglul gene appears to have diverged from the barley
BGQ60 gene after it diverged from the other rice B-glucosidases, so the rice/barley
ancestor species would have contained already diverged ancestors to these genes
group. However, an unreliable evolution divergece was seen in the contig 445-1, cell-
wall bound rice B-glucosidase (Akiyama et al., 1998). This gene was grouped
together with cyanogenic glucosidase, though its function seems to be in
oligosaccharides hydrolysis. As recently noted by Henrissat and Davies (2000), it is
not generally possible to assign glycosyl hydrolase function based on sequence
similarity scores alone.

Although these four draft sequences provide a rich resource for data mining,
this analysis was somewhat limited by the use of the rice genome database, which

seemed to contain about 93% coverage of the genome.



Chapter V

Conclusion

In this study, 2 cDNAs for rice B-glucosidases, bglul and bglu?2, were isolated
and characterized. The cDNA sequences for bglul and bglu? included open reading
frames encoding 504 and 500 amino acid precursor proteins, respectively. Both of
these enzymes appeared to enter the secretory pathway, as judged by their N-terminal
signal sequences. The BGlul protein sequence had the highest sequence identity
(66%) with barley B-glucosidase BGQ60, while BGlu2 protein had highest sequence
identity (54%) with amygdalin hydrolase of Prunus serotina. The presence of the
appropriate active site glutamic acids in the appropriate consensus sequence motifs
suggested that both bglul and bglu2? genes at least have the potential to produce
catalytically active [3-glucosidases.

Southern blots using gene-specific probes indicated that bglul and bglu2 were
single copy genes. The patterns of hybridization were different, indicating that bglul
and bglu2 probes do not hybridize to the same genes. It was shown that both bglul
and bglu2 are highly expressed in shoots during germination, but expressed only at
lower levels in other germinating seed parts. In adult plants, bg/ul expression is high
in flower, while the expression of both isozymes is at lower levels in other plant parts,
such as node and internode. Subjecting seedlings to various stress conditions for 2

days resulted in similar or lower bglul and bglu2 expression levels.
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cDNAs encoding the mature [3-glucosidase proteins, BGlul and BGlu2, were
amplified by the polymerase chain reaction (PCR) and cloned into various expression
vectors in order to generate an effective systems for producing recombinant protein
for functional and structure analysis. BGlul and BGlu2 were produced in redox-
deficient E. coli as N-terminal thioredoxin fusion proteins. However, BGlul seemed
to be found more in an active form, while most of BGlu2 fusion protein appeared to
be localized to inclusion bodies, though some active, soluble protein was produced.

Thioredoxin fusion BGlul was purified by chelated-metal affinity
chromatography. Purified rice BGlul was further analysed for its biochemical
properties and substrate specificity. The apparent Mr of the TRX BGlul fusion and
non fusion protein (after cleavage with enterokinase) was estimated to be 66 and 54
kDa, respectively. Native rice BGlul fusion protein is about 66 kDa indicating that
the enzyme is a monomeric protein. The enzyme activity had pH and temperature
optima at 5.0 and 15-35°C, respectively.

Rice BGlul hydrolyzed [-oligosaccharides with the highest catalytic
efficiency among the substrates tested. The enzyme hydrolyzed (3-(1,3), -(1,4), -(1, 5)
and -(1,6) linkage of oligosacchirdes at different rates. For cello-oligosaccharides, the
catalytic efficiency (k../Ky) values increased with increasing chain length of the
cello-oligosaccharides. In contrast, hydrolysis of [3-(1,3)-linked oligosaccharides by
this enzyme decreased with longer chain lengths and longer polymers than DP of 3
was not hydrolyzed. In addition to hydrolysis activity, BGlul showed transglycosyla-
tion activity towards laminari-oligosaccharides with DP of 2 and 3, and cello-
oligosaccharides with a DP of 3 and 4. BGlul also hydrolyzed pyridoxine-5'-O-3-D-

glucooside. Studies with several other available natural substrates showed that these
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compounds were hydrolyzed poorly or not at all. In addition, BGlul hydrolyzed the
pNP [-glycosides of the monosacharides, D-glucose, D-fucose, D-galactose, D-
mannose, D-xylose, and the disaccharide D-cellobiose and pNP-a- L-arabinoside.

The transglycosylation activity of rice B-glucosidase was also studied. Rice
BGlul, catalyzed substrate transglycosylation with pNPG, which acts both as a
glycosyl donor and acceptor to produce high amounts of larger pNP-derivatives.
BGlul also catalyzed the transfer of glucose from pNPG to ethyl alcohol to form ethyl
glucoside) and to pyridoxine to synthesize pyridoxine-5'-O-3-D-glucoside.

Rice BGlul was inhibited by many aglycones and aglycone analogues for
known plant glycosides, but not inhibited by monosaccharides at 10 mM. Glucono-
1,5-lactone, a strong inhibitor of many [3-glucosidases, strongly inhibited BGlul.
Galactono-1,4-lactone, IAA, GA;, pyridoxine and 4-methyl umbelliferone also
inhibited BGlul, but the degree of inhibition was much less.

In the presence of the B-glucosidase inhibitor glucono-1,5-lactone, rice seeds
were able to germinate. At 25 and 50 mM glucono-1,5-lactone, the seeds still
germinated but with lengths of shoots and roots averaged much shorter than the
control. Even when gibberellin was added (GAs;, 1 mM application), however, the
inhibition could not be overcome. X-glucoside hydrolysis activity of [B-glucosidase
in rice seeds and seedlings was also inhibited by this inhibitor.

Genes homologous to glycosyl hydrolase family 1 B-glucosidase have been
identified from the Beijing Genomic Institute, GenBank at NCBI, the Monsanto Rice
Genome Sequencing Project, Torrey Mesa Research Institute rice genome databases.

Forty-nine [3-glucosidase genes, including 32 full-length genes, 10-nearly full-length
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genes, and 7 intronless genes, were identified. The open reading frames (ORFs) of
forty-nine gene-derived cDNAs showed significant shared deduced amino acid
sequence identity to each other and other known [-glucosidase sequences. Intron-
exon boundaries and intron numbers are highly conserved among rice and other plant
B-glucosidase genes. At least 26 rice [3-glucosidase genes have corresponding ESTs,
indicating their expression, and these ESTs came from many tissues, including
seedling (shoot and root), immature plant parts (stem, root, leaf), mature leaf, panicle
at flowering and ripening stage, immature seeds, and callus. The expression of [3-
glucosidases in many tissues and plant developmental stages suggests their general
importance to plants.

In conclusion, the fundamental knowledge about rice [B-glucosidases, bglul
and bglu2, including structure, gene organization, temporal and spatial expression,
expression levels in response to various environmental conditions were characterized.
In addition, the biochemical properties, substrate specificity, and transglucosylation
activity of rice BGlul were characterized these studies suggested possible functions
of the enzyme. This work is a good start toward determining the roles of the
Glycosyl hydrolase family 1 B-glucosidases in rice, which presents an opportunity to
investigate the molecular basis for differences in substrate specificity, which may be
correlated with the evolution of enzyme functions. In the future, the tertiary structure
of rice BGlul should be studied to understand the enzyme-substrate binding
mechanism and gain a thorough understanding of the basis for the different substrate
specificity as compared with other enzymes in this family. Knowledge gained
through these studies may be applied to use in biotechnological and industrial

Processes.
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Appendix A

Multiple sequence alignment and standard curve

1. Multiple sequence alignment of predicted protein sequences from rice [3-
glucosidase homologues found in rice genome databases

Rice cDNA derived sequences are labeled as bglul and bglu2. Other plant 3-
glucosidases are labeled as: maizel (AC AAD10503), barley (BGQ60) (AC
AAA87339), and cassava (AAB71381). The number represent proteins predicted
from the Rice Genome database contigs with these numbers: cg is contig clones of
Beijing Genome Institute clone number, osm is the Monsanto Rice Genome Project
clone number and CL.is Torrey Mesa Research Institute clone number. Sequences
corresponding to the catalytic acid/base and nucleophile consensus sequences are
marked by a thick line over the top. Residues shown by Czjzek et al. (2000) to
contact the DIMBOA aglycone in the maize B-glucosidase are indicated by: ¥, while
those conserved residues making contacts with the sugar are marked by: A above the
column. Other residues shown by Keresztessy et al. (2001) by site directed-
mutagenesis or predicted by Ketudat Cairns et al. (2000) based on homology
modeling to play a role in substrate binding and specificity of linamarase and Thai
rosewood dalcochinase are marked by: o. Shading represents the conservation of
residues within the alignment (black for the most common residue in a column and
grey for similar residues). The alignment was generated using the Clustal X
implementation of Clustal W (Jeanmougin et al., 1998; Thompson et al., 1994);

analyzed and manually adjusted by Genedoc (Nicholas and Nicholas, 1997).
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2. Standard curve of p-nitrophenol
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4. Stand curve of BSA by Bio-Rad Protein Assay
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Appendix B

Plasmid maps

1. pBlueScript IT SK(+)

f1 (+) origin 135-441
B-galactosidase «-fragment 4460-816
multiple cloning site 653-760

lac promoter 817938

pUC origin 1158-1825 :
ampicillin resistance (bla) ORF 197462833 pBIuescr;gik[I)I SK {+)

pBluescript Il SK (+/-) Multiple Cloning Site Region
(sequence shown 598-826)

Apal Hine
pest e g B me &
I Lt
TTGTAAF\ACGACGGCCRG-I;GAGCGCGCGTAATF\CGAGTC}\CTa‘\TAGGGQ&AATTGGGTAGCGGGCGCGCCCTCGAGGTCGRC. xen
MI13 20 primer binding sié T7 primer binding site - K5 primer binding site..
BsplO6 1 Mot |
Cla |

: r—lhnd ] F_lwgw EINR! |P5+.| T‘mul ?.,.“H | flspu 1 ;l"\bul
.. .GGTATGGATAAGCTTGATATCGAATTCCTGCAGCCCGGGGGATCCACTAGTTCTAGAGCGGCCGCCACCGCGGTGGAGCTC. . .

o ]

%u.ﬂ' Bstd | Sacll Sae |
| |

TR primet binding site SK primer Binding st

- T3 Promoter BasH Il i-gal c-fragment

o 1
‘e CAGCTTTTGTTEGCTTTAGTGAGGGTTAATTGCGCGCTTGGGGTMT‘CATGGTGATAGGTGTTTCC

L)

T3 primer binding site W13 Reverse primer binding site
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2. pET-23d(+) Vector

The pET-23d(+) vector carry an N-terminal T7¢Tag sequence plus an optional
C-terminal HiseTag sequence. The cloning/expression region of the coding strand
transcribed by T7 RNA polymerase is shown below. The f1 origin is oriented so that
infection with helper phage will produce virions containing single-stranded DNA that
corresponds to the coding strand. Therefore, single-stranded sequencing should be

performed using the T7 terminator primer.

Xho 1{158)

Sty I{s7)
Ngoh, V(3525 Bpu1102 lisg)

Drd I;34239)
Dra [ll{3424)

Dsa |36
Bpuli) ljazq)

Bbs |{508)
~—-Bsq l{548)
Ecod? 1154z

BsaH liza1a)

Sea (2781} T +
PELAY

Pwu lljgrs
Pwu l{2851)
Tth111 Iy1123)
Pst l(2528) Bst1107 |11 1501
Bgl l{2401) Sap li1272)
Afl 111(1388)

Ahd 2281} BspLU11 Ij13a8)

Aharkd 1Ry

T7 promoter primer #69348-3

Bglll T7 promoter Xbal rbs
ARATETCRATE RS AAAT TAATAL GAE TCAL TATAGGEAGAL CACAACGRTTTCC CTCTAGARATARTTTTETTTAACTTTAAGAAGGAGA
. - Hir I Eag| )
MNidel Mhel  T7-Tag PET-238 ool | EcoRl| Sacl  Sall Hindll_ Nafl  Xhal His+Tag

TATACATATEEC TACCATOACTEOTEEACAGE AAATEEETCELEEATCEBART TEBARCTECETCEACAACCTTEECELCAEACTEBAGCACCACCACCACCACCACTEA
Meth | oSerMetThre | yEIyC InEInMetElyArgEl ySerS i uPhekl uLsuArghrgll nA | alysC | yArgThrArgh | oProf raPraPraProleu

pET-22b ..  GETCEGGATCCOAATTCEAGCTCOATCCACAACCTTALCOCCOLACTCOABLACCALCACCALCACCACTCA

FET'zsﬂcg | o BlyArgAapP rofanderSerderVal AzpLyslsud af oA ol eu@ IuH | =H | sH | #H | 3H | sH | 3End
-..TACCATEECTAGC . . . pET-23c.d .. GBETCEGATCCCAATTCEAGLTCCATECACAAGCTTECEECCRCALTCEAGEACCACEACCACEACCACTEA

MotAloSer... +..QlvArglleArglleArghlal roSsrThrisrisufrgP rod | 38erSerThrThrThrThrThrThrElu

Bpur1102 | T7 terminator
BATCCARC TECTAACAAARCCCEAAAGEAARC TEART TRACTACTACCALL ECTHRBEMTMET&HHIMCCE CTTERRRCCTCTAARCARRTCTTRARGRATTTTITTA

T7 terminator primer #G9337-2

pET-23a-d(+) cloning/expression region
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3. pET32a(+) Vector

The pET-32a(+) vector is designed for cloning and high-level expression of
peptide sequences fused with the 109 amino acids of thioredoxin protein (Trx Tag).
Cloning sites areavailable for producing fusion proteins also containing cleavable
His6 Tag and S Tag sequences for detection and purification. The sequence is
numbered by the pBR322 convention, so the T7 expression region is reserved on the
circle map. The cloning/expression region of the coding strand transcribed by T7

RNA polymerase is shown below.

Ava l{158)
Xho I{158)
Ea% I{166)
ot [i166)
Hind {173}
Sal lj179)

Sac I{190)
EcoR lj192)
BamH |{158)
EcoR Vi208)
Nco l{z12)

Ij5888)
Dra ll1;5858) Viea)
g Msr (251)

Rsr ll{5ag)
Xba l(72m)

Sgra fig40)

Sph 1{908)
EcoN lj1058)

Sca lj4905)
Pwu l{4885)
Pst li4780)
ApaB 1{1208)
Bsa lja578)
Eam1105 l{4357}

PR s

AlwN lidoas)
BssH 1l 1a32)

Hpa lizo27)
BspLU11 lj2622)

Sap {3508}
Bst1107 |(3393)

Psha li2268)

Tth111 l(aze7) PspS lliz628)
Bsp( l{3148)
T7 promoter lac operator Xbal rbs
TAATACEACTCACTATAGERAGAATTATRASCARATAACAATTCCELTCTABARATAATTTITATTTAACTTTAAGAARRAGA

Trx=Tag _ Msel HissTag
TATACATATRAGC . . .315bp. . .CTRRCCAETTCTAET TETREECATATACACCATCATCATCATCATTETTCTRRTC TAATRCCACRCRETTET

Metler 10600, . LauAIﬁIy&cr‘IyScrﬁIyHIcHﬂ.HIcH|sHIcH|sH|cH|tS-rhrGI&-u\fulProﬂqEIIStr
7 S¢Tag EHTE

SeTag | _Kpnl thrombin
GRTATEAAAGARACCGCTECTGLTAAATTCEAACGCCAGEACATGGACAGCECAGATCTEGETAC CG!CGACG!EGACMG

l:Iyﬂu‘tLy:EluThrAlulInlld.ycPhul:IulrﬁInHI:Hn‘tllp!arPrnlsanul:IyThr.l,a A
7-32a(+) Avai | enterckinase
_ Mool ﬁ:ﬁ V BamH | EcoR| Sacl Sall n‘md 1l Marl Xnol Hise Tag
BCCATEGECTRATATCROATCCRAAT TCRAGC TEARATCCAGE TACTAA
AloMetd loAspl |aGlydarGl uPhaGl uLaukr,Aqul n.ﬁ I u&yce | yﬂr’ThrargAI nProPrnProPrnPrd.auﬂrgSerG lyEyzEnd

ECCATERCRAATATCARATCCAAATTCEARC TCCATCRACAARC T TR AECEACACTEAARCATCACCATCACCACCACTRARATCCRACTRCTAR  pET-320(+)

Al aMetA lal ledwrAspP rods nderSerderValAsplysiouflaf oA lal wu@IuH|sH I9H| #H | sH | sH | sEnd

CCCATCCCATATCTETCEATEC CARTTEGARCTECETCEALAACE TTECOaECRCAL TECACCAC CACCAECACCAECACTEAGATCEBGETEETAA pET-320(+)

4 | aMetC | yTyrLouTrpl |sArgl | whrgh | oPreSerThriarLauirgfrol | #5erSerThrThrThrThrThrThrE (Ul | sArgleulsuThr
Bowllnz | T7 terminator

CARACCCC AR A CCTeARTTECE T TEE CACCCE TRACCAATAAC TAGCATAACCCCTTRREECE TCTAAACGECTETTRACEBLTTTTTTR
LysPro&l uArglysieuSerTrpLuuleuProf roleulerAsnAonErd

T7 terminator primer #89337-3

pET-32a-c(+) cloning/expression region
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4. pET39b(+) vector

The pET39b(+) vector is designed for expression of DsbA fusion proteins. The
cloning/expression region of the coding strand transcribed by T7 RNA polymerase is
shown below. The fl origin is oriented so that infection with helper phage will
produce virions containing single stranded DNA that corresponds to the coding
strand. Therefore, single stranded sequencing should be performed using the T7

terminator primer.

Avr llpaty
Xho lj174)
Eag lj1edy
Mot 1j1az)
Hind Hl{zey
Sal 195y
Sac lizo8)
EcoR lizog)
BamH li214)
Neo lza27)
Srf ljzds)
BsaR li250)
Kpn lrzrny
Mesp Viaot)
Sca l{341)
Sac Hfass
Spalpo)

Dra 10li5ae)

Afi I8y
/ Pt liss3)
Bephl e

Asc {17}

Peu lis163) :
i FinA li2e)

Sqf 15163
M {030}
X¥hba {(1068)

Nru li4620)

pET-39b(+)
EooS7 It4s00) (E“}G bp}
Ahal 104377}
Ml fy1860)
Bai l(1874)
Bza5 lj#134)

v
BepLU11 {3861 Apa l[2071)

Sap }
Bet1107 i3z
Tth111 liaroa)

pET SHES prime lac operater Xba rhs
AT ATC ORI A TAG ST A TCa AR TEAATC T RATCCC A AR T TAATACEAC TEACTATAGRGE AA TTATAGC ARA TAACAATTCCCC TETAGRAATAATTTTETT TAACT T TAAGAARRAGAT ATACAT

5-DebAsTag prime: 8701773
Db e 3 Bl UL
AT A AR AR GATTT GG TRE LA TeE L TR TTTAGT TTTAGCET TTASLECATC GECEGCE. . . 62T0p. .  CAGCAGTATGCTEATACAGTEAAATAC TTAAGTGAGAAAARAGEATCAAC TAETGRTCTRET
Mok Lys Lyz lia Trpleu Als lsu dla Gly Lau Vol lsu dla Phe Sar Ao Ser ﬂlj da . 17%sa. . Gin Sn Tyr e dep The Yal Lys Fyr Low Ser Gl bys lys Gly Sar Thr Ser Gy Sar Gy
signal peptidass

SvTag primer 8500453
HissTag Sc=) STag Naphy = Kpri |
AT AL AT A AT AT T R T TR TGl L AR TAG T A T e AR T T aTAT R AAA AR AT G TR TR TARAT TEGAA LS C AL ACATGEACAGECUAGATC TGS TACT
Fis Hix He His Hie Hs Sor Sa Gl Lsw Yl Pro drg Gly Sor The e e Gy Net Lys B Thr Ala o Ala LysPhe Gk &g Gin His Het Asp Ser Pre Amp Leu By Thr
thrombin Eagl )
Bifl Bser | Neo BamiH | EcoR | _Sacl Sall  Hed )l Matl Xho | His<Tag
AT AL CAC A LA A e LT TE T LT AL LA TC o AT AT L BA T LA A TT LA T TCR AL AR CC T TR CCCCECAC TCCABCACCACCAC CACCACEALCACCAC TAA
tap Ser Pro Gy Phe Ser 3er Thr et Ao lie Ser Awp fro Asn Ser Ser Ser Yol Awp lys lau Mo Ao Ak Us dlu Hs He His Hs Hiz Hs Hiz Hs End
enterckinase

At} Bpuitgz T tarmiliialio

TTGAT TAATACE TASRT TR TARATAAA RCCC G ARG CAAGL TEAR T TREL TR T ACCEL TRAGCAA TAR TANCATAACLL L TTREEELLTE TAAACEEETETTRASSERTTTTTTE
T7 termisator primer #60337-3

pET-39b(+) cloning/expression regions
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5. pET40b(+)

The pET40b(+) vector is designed for expression of DsbC fusion proteins. The
cloning/expression region of the coding strand transcribed by T7 RNA polymerase is
shown below. The fl origin is oriented so that infection with helper phage will
produce virions containing single stranded DNA that corresponds to the coding
strand. Therefore, single stranded sequencing should be performed using the T7
terminator primer.

[Avr 1131}
Xho 1j174)
Eag lj1azy
Not lj1%2)
Hind Ni1e9;
Sal lyias)
Sac lj208)
EcoR 208y
BamH l(214)
EcoR Wizaz)
Nco ljz2r)
Srf ljza8)
BseR l250)
Kpn 271}
Bal llizra)
Nsp Viaot)
Mun Jj332)
Sca liz41)
Sac llj285)
Spel(is8)

DOra lllEgad)

Pyu I(E247)

Sgf 5247} BarG Iiad1)
Nde l1114)
Xbali1152)
U las0d) SgrA Wiz6s

Sph ia1g

ET-40b(+
P (6190Dp$ )

5T lgagas)

Ml Tp10ed
BesS li4218) Bl Ij1058]
BeplU11 lianas, Apa li2156
Sap lizazy
Bst1107 ljza14) BseH lhzass)
Tth111 3700 Hpa lj24350)
pET upstream primer #69214-3 M.‘ lac operator Xbal rhs
PET: UpSTOa: PR e e e i IS

ATCCATEL B TABACEATCEARATCEATCTCEATEL COCEAAAT TAATALBAC TEALTATARGEEAAT TETAACCCEATAACAATTEE CCTETABARATAATTTTET TTAACT T TAABAAGEAGATATACAT

DsbC S-DsbC+Tag primer #70178-3
ATRAREAAAEETTTTATCTTET TTACTTTRT TABCEECRTTTTCABBE TTTECTEACGCTEAT. . (B0Bbp. . . CAATTTCTCEACCAMCACC AAAAARTRACCAREBETAAARCATCAAC TACTEETCTEET
Pt Lys Lyd @y Prm Pt Lo Plwe The Lou Leu Mo Nlm&rllymlhMNJW...EOZH...GIHPI‘ILNWII His @it Lys Mot Thr Sor @y Lys Gly Ser Thr Ser Gly Ser Gy

signal peptidase

S+Tag primer #65045-3
His:Tag Scal  _Munl S*Tag  Nsp Bgill
CATCACCATCACCATEACTCCACAEE L TASTHECAL ACGHT ART ACTACAAT TRATATG ARARARALCRE TAE TOE TAAAT TCGAACACCARCAL ATURACARCCEAUATC TRRATACE
Hes His Hes His His His Ser Ak Bty Lew Yol Pro Arg &y Sec The Ala e Sy Pet Ly €l The Nummmmuuw His Mot Asp e Pre Asp Lau €y The
thrombin
Srfl Bsell  Neol EceRV Bamb| EcoR| Sacl _ Sall Hind Il Nofl _ Xhol HisTag

EATE&CGACGAI:&&GAGCI:CGGGCTTCTCCTC&&CCRNGI:G!TATCGE&TCCGMTTCmtTCCGRGAC!RGCTTECGGCCGI:&CTCEMI:&CCMCACCMCAI:I:&CCMC&CTM
Pro Bly Phe Ser Sec The Mot Ao Do Ser Asp Pro Asn Sor Ser Ser Yal Asp Lys Leu Ala Ala Ao Lew Ghs Hs His He His His His His Him End

enterckinase
Avrll Bowlioz | TT terminator
TTCATTAATACE TAGEC TR TAAACAAACC CCCAAA R CAACE TRACTTE R TECTECCACCCCTEARCARTAALTACCATAACCCCTTEREECCTETAAACERETCTTCARREETTTTTTE
-~
T7 terminatar primer #63337-3

pET-40b(+) cloning/expression regions




Appendix C

Competent cell preparation and antibody production

1. Competent cell preparation

E. coli DH5 strain, a cloning host strain, was used to prepare competent cells
by using CaCl, methods as described by Sambrook et al. (1989). A single colony of
DHS5a E. coli was inoculated into 5 ml of LB broth (Appendix D) and grown at 37°C
overnight (12-14 h) with 160 rpm shaking. The overnight culture was used as
inoculum for preparation of competent cells. One milliliter of inoculum culture (1%)
was added into a 500 ml flask containing 100 ml of LB broth and grown at 37°C with
240 rpm shaking until the optical density (OD) at 600 nm was about 0.3-0.4 (about 3
h). The cell culture was transferred into a pre-chilled polypropylene tube, chilled on
ice for 10 min, and pelleted by centrifugation at 3000 x g at 4°C, 10 min. The cell
pellets were resuspended completely and gently with 20 ml of ice-cold CaCl, Solution
(60 mM CacCl,, 10 mM PIPES pH 7.0, 15% glycerol) (Appendix D). The resupended
cells were pelleted by centrifugation as described above. The cell pellets were
resuspended completely and gently again with 20 ml of ice-cold CaCl, Solution and
chilled on ice for 30 min. The pellets were centrifuged as above, resuspended in 2 ml
ice-cold CaCl, solution containing 7% dimethyl sulfoxide (DMSO), and aliquoted into
microtube (100 pl/tube). These competent cells were immediately kept at -70°C in a

freezer until transformation.
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2. Antibody production

Polyclonal antibodies are produced in rabbits with specific peptides derived
from BGlul and BGIlu2 protein sequences and BGlu2 recombinant protein produced

in E. coli.

2.1 Peptide synthesis as antigens

Short synthetic peptides were used to generate specific antibodies for BGlul
and BGlu2 protein. The peptide sequences were derived from deduced amino acid
sequences which were unique to the BGlul and BGIlu2 proteins. The peptide
sequences were selected from a variable loop region among the deduced amino acid
sequences of rice B-glucosidase genes identified from the Monsanto Rice Genome
Database (see method 2.11). Peptides were synthesized by Genemed Synthesis, Inc.,
South San Francisco, CA. The selected BGlul peptide sequence was NHj;-
CGKGQALMQQTPTSYS-CONH,, and BGlu2 was NH;-CGKSIPPPNSNELSYD-

CONHo,.

2.2 Peptide-carrier conjugation

Two milligrams peptide was dissolved in 300 ul conjugation buffer (83 mM
sodium phosphate buffer, 0.1 M EDTA, 0.9 M NaCl, 0.02% sodium azide, pH 7.2).
Next, 2 mg pre-activated carrier protein, Imject supercarrier BSA or mcKLH
(PIERCE, Rockford, IL) was dissolved in 200 pul distilled water. Then, the peptide
and activated carrier solutions were mixed immediately by pipeting, and the mixture
was allowed to react for 2 h at room temperature. To remove EDTA, an anti-

coagulant which should not be injected into laboratory animals, the conjugate was
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purified by gel filtration. The conjugates were applied to Dextran gel filtration
columns (with molecular weight cut-off 5,000), and eluted with 0.083 M sodium
phosphate, 0.9 M NaCl, pH 7.2. The absorbance at 280 nm of the collected fractions
was measured to find the fractions containing the conjugate. The conjugate was kept

frozen at -20°C until immunoinjection.

2.3 Purification of inclusion bodies as an antigen

One gram cell pellet of BL21(DE3) E. coli, which expressed BGIlu2 as
inclusion bodies from pET23d(+) as described in method 2.7, was extracted to remove
soluble proteins 10 times with 5 ml of 20 mM Tris-HCI pH 8.0, 1% Triton X-100
buffer in each time and centrifuged to pellet the cells. The cell pellet was resuspended
in 500 pl 2 X SDS sample buffer. The suspension was boiled for 5 min and loaded
onto 12% SDS-PAGE gels. After electrophoresis, proteins were visualized by
staining with Coomassie Brilliant Blue R 250. The expected size protein band was
cut from the gels and ground in a mortar and pestle to fine pieces. The gel was boiled
in 2 ml of 100 mM sodium phosphate buffer pH 7.4 containing 0.5% SDS and 5% 2-
mercaptoethanol at 75°C, for 15 min. The gel was centrifuged and the pellet
discarded. The supernatant was kept at

-20°C until immunoinjection.

2.4 Antigen injection
BGlul and BGlu2 conjugated peptides and BGlu2 inclusion body protein
immunogen were injected into rabbits coded 403, 406 and 404 respectively. The

injection and bleed procedure was done as follows:
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Day Procedure Amounts (v/v) per rabbit
0 Pre-bleed 5 ml serum for 403-0,404-0, 406-0
Primary injection (1:1) 400 pg protein or 200 pg conjugated
peptide solution in Freund's Complete
adjuvant

14 | First boost injection (1:1) 400 pg protein or 200 pg conjugated
peptide solution in Freund's Incomplete
adjuvant

21 First immune bleed (1) 5 ml serum for 403-1, 404-1, 406-1

28 Second boost injection (1:1) 400 pg protein or 100 pg conjugated
peptide solution in Freund's Incomplete
adjuvant

35 Second immune bleed (2) 5 ml serum for 403-2, 404-2, 100 ml for
406-2 (Last bleed)

42 | Third boost injection (1:1) 300 pg protein or 100 pg conjugated
peptide solution in Freund's Incomplete
adjuvant

49 | Third immune bleed (3) 5 ml serum for 403-3, 100 ml for 404-3
(last bleed)

56 | Fourth boost injection (1:1) 100 pg conjugated peptide solution

in Freund's Incomplete adjuvant

63 Fourth immune bleed (4) 100 ml for 403-4 (last bleed)

After the immune blood samples were taken from each rabbit, the blood
samples were put in refrigerator until clotting (about 6-12 h). The serum (upper phase)
was collected by centrifugation at 3,000 x g for 10 min. The lytic complement
activity of serum was abolished by heating at 56°C for 30 min. For long-term storage,
antibodies were aliquoted in to many tubes and kept at -30°C. Some aliquots were

stored in 50% glycerol at -30°C.
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2.5 ELISA Titration of Anti-Serum

The serum was taken to check the production of specific antibodies after the
second injection by ELISA. The ELISA test was performed to determine the
interaction between the antigen and the antibody by calculating the titer of a specific
polyclonal antiserum. 96-well microtiter plates coated with 100 ul peptide (5 pg/ml)
or purified recombinant protein (5 pHg/ml) prepared in coating buffer (50 mM
NaHCO3/Na,COs buffer, pH 9.5). The plates were incubated at 4°C overnight on an
orbital shaker. Unbound peptides or proteins were removed by washing 4 times with
200 pl PBST buffer (Appendix) and padded dry on paper towels. Serum dilutions
were prepared by diluting the serum with PBST. Serial dilutions were made as

follow:

A. sample preparation for pre-bleed serum (control) and test bleed

B. 1:100 (100 pl A +990 pl PBST) G. 1:3,200 (500 pl F + 500 pl PBST)
C. 1:200 (500 pl B + 500 pl PBST) H. 1:6,400 (500 pl G + 500 pl PBST)
D. 1:400 (500 pl C + 500 pl PBST) 1. 1:12,800 (500 pl H + 500 pl PBST)
E. 1:800 (500 pl D + 500 pl PBST)  J. 1:25,600 (500 pl I + 500 pl PBST)

F. 1:1,600 (500 ul E + 500 pl PBST)

One hundred microliter of serum samples were added to wells (Starting from B), run
in duplicate and incubated at room temperature for 2 h. Then, the serum dilutions
were removed and the wells were washed immediately and thoroughly 4 times with

200 pl PBST. One hundred microliters of 1:2000 dilution in PBST of the secondary
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antibody, goat anti-rabbit coupled to horse radish peroxidase, was added to each well,
and incubated at 37°C for 2 h. The solutioOn was discarded and the wells were
washed immediately and thoroughly 4 times with 200 pl PBST. One hundred
microliters of 1 mg/ml 2,2'-azinobis(3-ethylbenzthiazolinesulfonic acid) (ABTS) in
citric acid pH4.0 substrate plus 0.006% hydrogen peroxide was added to the wells and
the green product color of oxidized ABTS was developed at room temperature for 5-
10 min. One hundred microliters of 10 mM sodium azide was added to each well to
stop the color development and the absorbance read immediately at 405 nm. The titer
value is estimated to be the dilution that yields a A4ps value similar to that of the

lowest dilution when tested against a fixed (the same) dilution of the test antigen.



Appendix D

Solution preparation

1. Reagents for baterial culture and competent cell transformation

1.1 LB broth containing antibiotics (1 L)

Dissolve 10 g Bacto Tryptone, 5 g Bacto Yeast Extract and 5 g NaCl in 800
ml distilled water. Adjust pH to 7.2 with NaOH and the volume to 1 L with distilled
water. Autoclave the solution at 121°C for 15 min. Allow the medium to cool to 50°
C before adding antibiotics with concentration recommended for each cloning system

and store at 4°C.

1.2 LB plate with 100 pg/ml of ampicillin (1 L)

Dissolve 10 g Bacto Tryptone, 5 g Bacto Yeast Extract, 5 g NaCl and 15 g
Bacto agar in 800 ml distilled water. Adjust pH to 7.2 with NaOH and the volume to
1 L with distilled water. Sterilize by autoclaving at 121°C for 20 min. Allow the
medium to cool to 50°C, then add ampicillin to a final concentration 100 pg/ml. Pour

medium into Petri-dishes. Allow the agar to harden, and keep at 4°C.

1.3 LB agar plate with 100 pg/ml of ampicillin, 15 pg/ml kanamycin, 12.5
Hg/ml tetracyclin (1 L)
Dissolve 10 g Bacto Tryptone, 5 g Bacto Yeast Extract, 5 g NaCl and 15 g

Bacto agar in 800 ml distilled water. Adjust pH to 7.2 with NaOH and the volume to
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1 L with distilled water. Sterilize by autoclaving at 121°C for 20 min. Allow the
medium to cool to 50°C, then add ampicillin to a final concentration 50 pg/ml,
kanamycin 15 pg/ml, 12.5 pg/ml tetracyclin. Pour medium into Petri-dishes, allow

the agar to harden, and keep at 4°C.

1.4 LB plate with 100 pg/ml of ampicillin/IPTG/X-Gal
Make the LB plates with ampicillin as above. Then spread 50 pl of 100 mM
IPTG and 25 pl of 50 mg/ml X-Gal over the surface of the plates and allow to absorb

for 10 min before use.

1.5 Antibiotics solution stock
Ampicillin (50 mg/ml): dissolve 50 mg ampicillin in 1 ml sterile distilled water.
Kanamycin (30 mg/ml): dissolve 30 mg kanamycin in 1 ml sterile distilled water.
Tetracyclin (12.5 mg/ml): dissolve 12.5 mg tetracyclin in 1 ml absolute alcohol.
Chloramphenicol (34 mg/ml): dissolve 34 mg chloramphenicol in 1 ml absolute
alcohol.

Filter sterile all antibiotics solution and keep at -20°C.

1.6 IPTG stock solution (100 mM)
Dissolve 0.12 g IPTG (isopropyl thio-f3-D-galactoside) in distilled water and

make to 5 ml final volume. Sterilize by filter sterilize and store at -20°C.

1.7 X-gal stock solution

Dissolve 50 mg X-gal in DMF and store in the dark bottle at -20°C.
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2. Reagent for competent cell preparation
2.1 CaCl; Solution (60 mM CaCl,, 10 mM PIPES pH 7.0, 15% glycerol)
To prepare 100 ml solution, mix the stock solution as follow:
- 6 mlof 1 M CaCl;, (14.7 g/100 ml, filter sterile)
- 10 ml of 100 mM PIPES (piperazine-1,4-bis(2-ethanesulfonic acid)) pH 7.0
(3.02 g/100 ml adjust pH with KOH, filter sterile)

- 15 ml of 100% glycerol (autoclave at 121°C, 15 min)

Add sterile distilled water to bring a volume up to 100 ml. Store the solution at 4°C.

2.2 SOC media (1 L)

Dissolve 20 g Bacto Tryptone, 5 g Bacto Yeast Extract, 10 ml 1M of NaCl
(5.85 g/100 ml), 2.5 ml 1 M KCI (7.44 g/100 ml) in distilled water and make to 980
ml final volume. Sterilize by autoclaving at 121°C for 20 min. Allow the medium
cool to room temperature, then add 5 ml of 1 M MgCl, 6H,0 (20.33 g/100 ml), 5 ml
of 1 M MgSO, 7 H,0O (12.30 g/100 ml), 10 ml of 2 M of glucose (36 g/100 ml) which

were filter sterilized. Store the solution at 4°C.

3. Reagents for isolation plasmid DNA (boiling prep)

3.1 STET (100 mM NacCl, 10 mM Tris pH 8.0, 1 mM EDTA, 5% Triton X-
100) (100 ml)

Mix 20 ml of 1 M NaCl (sterile), 2 ml of 1 M Tris-HCI pH 8.0 (sterile), 0.4 ml
of 0.5 M EDTA pH 8.0 (sterile), 5 ml Triton X-100 and adjust the volume to 100 ml

with sterile distilled water. Store at room temperature.
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3.2 3 M Sodium acatate pH 4.8 (100 ml)
Dissolve 24.6 g sodium acetate in 80 ml distilled water. Adjust pH to 4.8 with
glacial acetic acid and the volume to 100 ml with distilled water. Sterilize by

autoclaving at 121°C for 20 min. Store at room temperature.

3.3 RNase A (10 mg/ml)
Dissolve 10 mg RNase A in 10 mM Tris-HCI pH 7.4, 15 mM NaCl buffer

(sterile). Store at -20°C.

3.4 1 M Tris-HCI pH 7.4 and pH 8.0 (100 ml)
Dissolve 12.11 g of Tris Base in 80 ml distilled water. Adjust pH with HCI to
pH 7.4 or 8.0 and a volume to 100 ml with distilled water and autoclave at 121°C for

20 min. Store at room temperature.

3.5 0.5 M EDTA (pH 8.0) (100 ml)

Dissolve 18.61 g EDTA (disodium ethylene diamine tetraacetate 2H,0) in 70
ml distilled water. Adjust pH to 8.0 with NaOH (about 20 g) and the volume to 100
ml with distilled water. Sterilize by autoclaving at 121°C for 20 min. Store at room

temperature.

4. Reagent for agarose gel electrophoresis
4.1 50 X TAE for agarose gel electrophoresis (1 L)
Mix 242 g Tris base, 57.1 ml glacial acetic acid, 100 ml 0.5 M EDTA (pH 8.0)

and adjust the volume to 1 L with distilled water. Store at room temperature.
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4.2 6 X DNA loading dye (10 ml)
Mix 0.025 g Bromophenol blue, 0.025 g xylene cyanol and 3 ml of 100%

glycerol in distilled water to a 10 ml final volume and store at 4°C.

5. Reagents for total RNA isolation by using CTAB

5.1 DEPC treated water (1 L)

Add 1 ml of diethyl pyrocarbonate (DEPC) in distilled water and make to 1L
final volume. Shake vigorously overnight and autoclave the solution at 121°C for 15

min to inactivate the remaining DEPC. Store at room temperature.

5.2 2 X CTAB solution (100 ml) (2% Cetyltrimethylamonium bromide
(CTAB), 0.1 M Tris-HCI1 pH 9.5, 20 mM EDTA, 1.4 M NaCl, 5% 2-mercabtoethanol)
Dissolve 2 ml CTAB, 1.21 g Tris base, 7.44 g EDTA and 8.19 g NaCl in
distilled water and adjust the volume to 95 ml. Sterilize by autoclaving at 121°C for

40 min and add 1 ml 2-mercaptoethanol just prior to use.

5.3 10 M LiCl (100 ml)
Dissolve 42.39 g LiCl in distilled water to 100 ml final volume. Sterilize by

autoclaving at 121°C for 20 min. Store at room temperature.

5.4 3 M Sodium acetate pH 5.2 (100 ml)
Dissolve 24.6 g sodium acetate in 80 ml distilled water. Adjust pH 5.2 with
glacial acetic acid and the volume to 100 ml. Sterilize by autoclaving at 121°C for 20

min. Store at room temperature.
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5.5 TE saturated phenol (pH 9.0)

Mix 300 ml TE (pH 8.0), 300 ml melted phenol at 50°C, and 4.5 g 8-

hydroxyquinoline. Incubate at 4°C overnight. Remove supernatant. Store at 4°C.

5.6 Chloroform solution (Chloroform: Isoamylalcohol = 24:1)

Mix 960 ml chloroform with 40 ml isoamyalcohol. Store at room temperature.

6. Reagents for northern blot analysis

6.1 10 X MOPS buffer (200 mM MOPS, 50 mM sodium acetate, 10 mM
EDTA) (1 L)

Dissolve 41.7 g MOPS free acid, 6.8 g sodium acetate, and 3.7 g EDTA in 700
ml sterile DEPC treated water. Adjust pH to 7.0 with NaOH, and a volume to 1 L

with DEPC treated water. Store at 4°C.

6.2 1 X MOPS buffer (Running buffer) (1 L)
Mix 100 ml of 10 X MOPS buffer, 20 ml 37% (=12.3 M) formaldehyde and

&880 ml DEPC treated water. Store at 4°C.

6.3 1.5% Formaldehyde agarose gel (100 ml)

Dissolve 1.5 g agarose in 100 ml 1 X MOPS buffer and heat in microwave.

6.4 RNA premix (500 pl)
Mix 62.5 pl 10X MOPS, 109 pl 37% formaldehyde and 312.5 pl formalmide.

Mix this solution with RNA solution in ratio 1:1 (v/v).
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6.5 5 X RNA loading buffer (10 ml)
Mix 16 pl saturated bromophenol blue, 80 pl of 0.5 M EDTA (pH 8.0), 720 pul
37% formaldehyde, 3084 pl formalmide, 4 ml 10 X MOPS buffer, and 2 ml of 100%

glycerol. Add DEPC treated water to final volume 10 ml (Stability 3 months at 4°C)

6.6 20 X SSC (3 M Na(l, 0.3 M Sodium citrate) (1 L)
Dissolve 175.3 g NaCl, 88.2 g sodium citrate in 800 ml distilled water. Adjust
pH to 7.0 with NaOH and the volume to 1 L. Sterilize by autoclaving at 121°C for 20

min. Store at room temperature.

6.7 Hybridization buffer (1 mM EDTA, 0.5 M phosphate buffer, 7% SDS,
1% BSA) (250 ml)

Mix 0.5 ml of 0.5 M EDTA (pH 8.0), 85.5 ml of 1 M Na,HPOy, 39.5 ml of 1
M NaH,;PO4, and 17.5 g SDS and adjust a volume to 250 ml with distilled water.
Sterilize by autoclaving at 121°C for 20 min. Sit to cool down to 60°C and then add

2.5 g BSA. Store at room temperature.

7. Solutions for protein

7.1 SDS-gel loading buffer (5 X stock) (2.5 M Tris, 10% SDS, 0.5%
Bromophenol blue, 50% glycerol)

Dissolve 0.30 g Tris Base, 1 g SDS, 0.05 g Bromophenol blue, 5 ml glycerol
and adjust pH to 6.8 with HCI and the volume to 8 ml with distilled water. Before use
add 20 pl of 2-mercapthoethanol to 80 pl of solution mixture. Store at room

temperature.
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7.2 1.5 M Tris pH 8.8 (100 ml)
Dissolve 18.17 g Tris Base in 80 ml distilled water. Adjust pH to 8.0 with

HCI and the volume to 100 ml with distilled water. Store at 4°C.

7.3 0.5M Tris pH 6.8 (100 ml)
Dissolve 6.06 g Tris Base in 80 ml distilled water. Adjust pH to 6.8 with HCI

and the volume to 100 ml with distilled water. Store at 4°C.

7.4 30% Acrylamide solution (100 ml)
Dissolve 29 g acrylamide and 1 g N, N'-methylene-bis-acrylamide in distilled
water to a volume 100 ml. Mix the solution by stirring for 1 h to be homogenious and

filter through Whatman membrane No. 1. Store in the dark bottle at 4°C.

7.5 Tris-Glycine electrode buffer (5 X stock) (1 L)
Dissolve 30.29 g Tris Base, 144 g glycine, 5 g SDS in distilled water. Adjust

pH to 8.3 with HCI and the volume to 1 L with distilled water.

7.6 Staining solution with Coomassie brillant blue for protein
Mix 1 g Coomassie brilliant blue R-250, 400 ml methanol, 500 ml distilled

water and 100 ml glacial acetic acid and filter through a Whatman No. 1.

7.7 Destaining solution for Coomassie Stain
Mix 400 ml methanol, 100 ml glacial acetic acid, and add distilled water to a

final volume of 1000 ml.
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7.8 10% (w/v) Ammonium persulfate (1 ml)

Dissolve 100 mg ammonium persulfate in 1 ml distilled water. Store at -20°C.

7.9 12% Separating gel SDS-PAGE (10 ml)

Mix the solution as follow:

1.5 M Tris (pH 8.8) 2.5ml
Distilled water 3.3 ml
10% (w/v) SDS 0.1 ml
30% acrylamide solution 4.0 ml

10% (w/v) ammonium persulfate 0.1 ml

TEMED 0.004 ml

7.10 5% Stacking gel SDS-PAGE (5 ml)

Mix the solution as follow:

0.5 M Tris (pH 6.8) 1.26 ml
Distilled water 2.77 ml
10% (w/v) SDS 0.05 ml
30% acrylamide solution 0.83 ml

10% (w/v) ammonium persulfate 0.05 ml

TEMED 0.005 ml

7.11 1 X Acetic acid-B-alanine running buffer pH 4.5 (1 L)
Dissolve 31.2 g B-alanine and 8 ml glacial acetic acid in distilled water and

adjust to 1 L final volume. Store at 4°C.
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7.12 4 X Acetic-KOH resolving gel buffer pH 4.3 (100 ml)
Mix 48 ml 1 M KOH and 17.2 ml glacial acetic acid and add distilled water to

100 final volume.

7.13 4 X Acetic-KOH stacking gel buffer pH 6.8 (100 ml)
Mix 48 ml 1 M KOH and 2.9 ml glacial acetic acid and add distilled water to

100 final volume.

7.14 10% Separating gel acidic native PAGE (15 ml)
Mix the solution as follow:

4 X acetic-KOH resolving gel buffer pH 4.3 5 ml

Distilled water 7.99 ml
30% acrylamide solution 6.65 ml
300 mM sodium sulfile 0.2 ml
10% (w/v) ammonium persulfate 0.15 ml
TEMED 0.01 ml

7.15 5% Stacking gel acidic native PAGE (5 ml)
Mix the solution as follow:

4 X acetic-KOH stacking gel buffer pH 6.8 1.26 ml

Distilled water 2.86 ml
30% acrylamide solution 0.83 ml
10% (w/v) ammonium persulfate 0.05 ml

TEMED 0.005 ml
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8. Solution for western blotting

8.1 1 X PBS (1.59 mM KH,POj, 8.4 mM Na,HPOy, 2.68 mM KCl, 137 mM
NaCl)

Dissolve 0.216 g KH,PO4, 1.192 g Na,HPO4, 0.199 g KCI, 8 g NaCl in

distilled water and make to 1 L final volume.

8.2 1 X PBST (1.59 mM KH,POy, 8.4 mM Na,HPOy,, 2.68 mM KCIl, 137 mM
NacCl, 0.05% Tween 20)
Dissolve 0.216 g KH,PO4, 1.192 g Na,HPO,, 0.199 g KCI, 8 g NaCl, 0.5 ml

Tween 20 in distilled water and make to 1 L final volume.

8.3 Fast green staining solution
Dissolve 0.05 g Fast green with 20 ml methanol, 5 ml glacial acetic acid, 75

ml distilled water.

8.4 3 mg/ml 4-Chloronapthol (20 ml)

Dissolve 60 mg 4-chloronapthol in 100% methanol and adjust to 20 ml final

volume. Store in the dark bottle at 4°C.

9. Buffers and Reagents for enzyme assay
9.1 10 mM p-Nitrophenol (10 ml)
Dissolve 0.0139 p-nitrophenol in 50 mM NaOAc pH 5.0 buffer and make to

10 ml final volume.
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9.2 50 mM NaOAc pH 5.0 buffer (100 ml)
Dissolve 0.41 g NaOAc in 80 ml distilled water, and adjust pH to 5.0 with

glacila acetic acid and the volume to 100 ml with distilled water.

9.3 20 mM Tris-HCI pH 8.0 buffer (100 ml)
Dissolve 0.24 g Tris base in 80 ml distilled water, and adjust pH to 8.0 with

HCI and the volume to 100 ml with distilled water.

9.4 0.4 M Na,CO; (100 ml)
Dissolve 0.42 g Na,COs in distilled water, and adjust the volume to 100 ml

with distilled water.
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