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ABSTRACT

A 190 kDa B-glucosidase purified from commercial Aspergillus niger cellulase was
shown to be a dimer and to be N-glycosylated (comprised mainly of mannose). It had
unique pH dependent kinetics at high substrate concentrations. This was explained by the
finding that the B-glucosidase is both a transglucosylase that is pH independent between
pH 3 and 7, with the substrate itself being a transgiucosidic acceptor at high substrate
concentrations, and a glycosyl hydrolase with a pH optimum between 4 and 4.5. The
main transglucosidic products of the -glucosidase reaction at high pNPGle and cellobiose
concentrations were shown to be p-nitrophenyl-B-D-glucopyranosyl-B(1-+6)-
glucopyranose and 4-O-gentiobiosyl-glucose, respectively. Gentiobiose was formed at
high glucose concentrations. The enzyme is an exo-B-D-glucosidase and has at least 5
glucose subsites.

The gene for a B-glucosidase from A. niger was integrated into the genome of
Pichia pustoris. Sequencing of a CNBr peptide and studies of the physical and kinetic
properties of the recombinant enzyme showed that it was identical to the commercial -
glucosidase.

The roles of some conserved Trp and a Leu were investigated. Based on sequence

alignments of glycosyl hydrolase family 3 members and on the only available family 3



structure, eight Trp (21, 49, 139, 262, 430, 551, 806, 813) and I Leu (426) were chosen
for mutagencsis.

Analyses of the substituted B-glucosidases showed that major changes from wild
type only occurred upon substituting for Trp-49 and Trp-262. Substitutions of Trp-49
caused large decreases of transglucosidic activity. Trp-49 seems to preserve the
configuration at the non-reducing binding site, but adversely affects binding at other
subsites, and thus the acceptor action is decreased. Substitutions of Trp-262 resulted in
large decrcases of the hydrolytic activity. This results from a loss of binding interactions
with the non-reducing end glucose while the acceptor subsites are unaffected. Glycosidic
cleavage then only takes place at very high concentrations and only transglucusylis
occurs. Other more minor effects found at other positions may merit further studies.
Surprisingly., Trp-430 and Leu-426, which are known to be very important at the active
site of another family 3 glycosidase (4. vulgare B-D-glucan exohydrolase), did not secem

to be important for this B-glucosidase.
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1. INTRODUCTION
1.1 Glycosidases

Curbohydrates are essential to all living organisms and constitute a large amount
of the organic matter on earth (Kraulis et al.. 1989). Carbohydrates can be represented
by (CeH,0),. They are constituents of DNA, RNA. many important cofactors.
glycoproteins and other molecules. Monomeric sugars (monosaccharides) can be linked
together via glycosidic bonds to form polymers (oligosaccharides or polysaccharides).

Due to the abundance of carbohydrates there are many enzymes that catalyze
reactions involving glycosidic bonds. These enzymes transfer a glycosyl group from a
donor sugar to an acceptor. If the acceptor is water, the result is hydrolysis and the
enzymes that catalyze the reactions are referred 10 as glycosidases or glycosyl
hydrolases. If the acceptor is another sugar or some other group than the enzyme is
termed a glycosyl transferase (Ly & Withers, 1999).

The universal nature of oligosaccharides and palysaccharides has resulted in most
organisms producing glycosidases for carbohydrate degradation. For example, most
organisms contain ¢-amylases, cyclodextrin glucanotransferases, debranching enzymes,
exo-a-amylases, glucoamylases and a-glucosidases. These are all involved in starch or
glycogen degradation (Svensson ¢f al., 1989). Cells also contain enzymes that break
down disaccharides and other oligosaccharides. In addition, many organisms produce
glycosidases for more specific purposes. The phytopathogenic bacterium Pseudomonas
solanacearum utilizes an endoglucanase to facilitate penetration and breakdown of host

plant tissues resulting in a lethal wilting discase (Roberts er al. 1988). The sweet pea
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plant (Latlyyrus atus L.) uses cellul to break down its own cell walls so that

further development can proceed (Neelam and Sexton, 1995). Cytosolic B-glycosidases
found in many species aie thought to be involved in the metabolism of xenobiotic
compounds (Hays er al., 1998). In the kidney they may be involved in the absorption of
sugars by the proximal convoluted tubules (Huber and Brockbank. 1988).

The above are just a few examples that show the importance of glycosidases and
the varied roles that they can play. Because this type of enzyme has so many functions,
deficiencies or mutations that affect the functions of these enzymes could create many
problems. Heritable deficiencies in glycosyl hydrolases are among the most frequent
genetically based syndromes in man (Henrissat, 1991). Lactose intolerance results from
the accumulation of lactose in the Jumen of the small intestine because of a Jack of
lactase (Stryer, 1995). Tay-Sachs discase results from a deficiency of 3-hexosaminidase,
an enzyme that removes f-1.4-linked N-acetylhexosamine residues from
ofigosaccharides (Mark er al.. 2001). In addition there are several glycogen storage
discases that result from glycosidase enzyme deficiencies. Pompe’s disease results from
a lack of a-1.4-glucosidase and Cori's disease results from a deficiency of amylo-1.6-
glucosidase. (Stryer, 1995). Gaucher’s disease results from the accumulation of glucosy!
ceramide in monocytes or macrophages due to mutations of acid f-glucosidase (also
referred to as glucocerebrosidase) (Grace er al., 1997). Mutations in the a-galactosidase
gene result in the accumulation of neutral glycosphingolipids in tissues and fluids, a

condition known as Fabry's disease (Maranville & Zhu, 2000).




Glycosyl hydrolases are also used in industry. Approximately 12 000 tonnes of
glycosidases are made per year for use in the food industry (Bains, 1998). The major
enzymes used for this purpose are amylases, isoamylases, pullanases and cellulases.
Ampylases break starch down to smaller polymers and eventually to glucose. Both
isoamylases and pullanases are starch debranching enzymes and are also used for starch
degradation. Unbranched molecules fee different to our mouths than branched
molecules which makes these enzymes important for controlling food texture (Bains.,
1998).

Cellulases break down cellulose. Since cellulose is probably the most common
biological material in the world ((70 kg of cellulose is synthesized per person per day
(Coughlan, 1985)). These enzymes are very important. They are utilized for a variety of
applications including: bleaching of fabrics (Klahorst er al.. 1994). manufacture of food.
paper production (Torronen ez al., 1993), aroma enrichment. debittering of wines and
other beverages (Shoseyov er al.. 1988). and bio-stoning of denim (Kumar er al.. 1997).

1.1.1 Glycosidase mechanisms

Glycosidases catalyze the cleavage of glycosidic linkages. There are two
stereochemical possibilities that can occur at the anomeric center when glycosidic bonds
are broken. If the anomeric hydroxyl group retains the same configuration as did the
glycosidic bond of the substrate. the enzyme has a retaining mechanism. If the
configuration of the product is inverted with respect to the substrate. the enzyme

reaction occurs with inversion of configuration. The mechanism for both retaining and



inverting glycosidases were proposed by Koshland atmost 50 years ago (Koshland.
1953). Both mechanisms are supported by a large amount of experimental evidence.

In the retaining mechanism, catalysis occurs by a two-step double displacement
mechanism, This involves the formation (glycosylation step) and hydrolysis
(deglycosylation step) of a covalent glycosyl-enzyme intermediate (Figure 1.1). Both the
glycosylation and the deglycosylation steps require an oxocarbenium ion-like transition
state for the reaction to progress, There are usually 2 carboxylic acids involved and they
are separated by approximately 5.5 A (Ly and Withers, 1999). Onc of these forms a
covalent glycosyl-enzyme species by attacking the anomeric center of the sugar and is
referved to as the catalytic nucleophile. The other carboxylic acid participates in both
general-acid and general-base catalysis. It acts as an acid catalyst in glycosylation by
protonating the glycosidic oxygen. It acts as a general base in deglycosylation by
deprotonating the water. Therefore, the second carboxylic acid is referred to as the
acid/base catalyst.

The mechanism for ransferolysis is very similar to the retaining glycosyl
hydrolase mechanism described above (Figure 1.1). Essentially. the glycosylation
portion of the reaction is the same. The difference occurs in deglycosylation. Instead of
hydrolysis of the glycosyl-enzyme intermediate by general base catalyzed activation of a
water molecule. the general base is thought to activate an alcohol group of a different
molecule. The activated hydroxyl attacks the anomeric carbon resulting in the formation
of a larger oligosaccharide. Since glycosyl transferolysis is so similar to glycosyl

hydrolysis, many ¢nzymes can perform both activities. Transferolysis can occur with a



Figure 1.1. The proposed double-displacement mechanism for a retaining
glycosidase. In the first half of the reaction the enzyme is
“glycosylated™. The catalytic nucleophile (a carboxy! group)
attacks the sugar anomeric center while the other carboxyl group
acts as an acid catalyst and protonates the glycosidic oxygen. This
results in the formation of a glycosyl-enzyme covalent
intermediate. The oxocarbenium ion-like transition state is
represented by (3 ). In the second half of the mechanism the
enzyme is “deglycosylated”. If this occurs via a water molecule it is
referred to as hydrolysis (R' = H). If R' is a different molecule the
enzyme is deglycosylated by transferolysis (if R’ is a second sugar
the reaction is called transglycosylation). Regardless of the the
identity of the R’ group. it is thought to be deprotonated by a
carboxyl group acting as a base catalyst. A sccond oxocarbenium
ion-like transition state (I ') occurs and the sugar is released by the
glycosidasc and the anomeric hydroxyt retains the anomeric
configuration of the original glycosidic bond. It is usually thought
that the 2 oxocarbenium ion-like transition states are identical.

Adapted from Ly and Withers, 1999).
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variety of different alcohols. If the alcohol is a sugar. the reaction is called
transglycosylation. If the transfer reaction is specific to a sugar type (e.g. glucose) the
name of the specific sugar is included in the reaction name (transglucosylation).

Inversion of the configuration at the anomeric center occurs when a glycosidase
proceeds by a direct displacement reaction. In this mechanism, 2 carboxyl groups are
also required and an oxocarbenium ion-like transition state occurs (Figure 1.2).
However. the carboxylic acids are situated farther apart (~9.5 A). This arrangement,
provides enough room for both the substrate and water to bind together. Therefore, one
of the carboxylic acids can provide general base catalytic assistance to the water while
the other carboxylic acid contributes to general-acid catalysis resulting in cleavage of the
glycosidic bond (Ly and Withers. 1999).
1.2 Glycosidase families

In recent years a large amount of information has been gathered on glycosidases.
More than 1000 glycosidases have been sequenced and the sequences have been
analyzed for similarities. Based on these analyses, glycosidases have been divided into
85 families. Generally. families contain several types of glycosidases, but since the
sequences within a family are similar, the structures are likely to be similar. Table 1.1
shows some of the features of the different families that contain at least one enzyme
whose structure has been determined. Proteins that belong to a particular family are
likely 1o be functionally similar and are derived from a common ancestor (Henrissat &
Bairoch, 1996). The PROSITE numbers given in the table can be used to obtain

information regarding some of the glycosyl hydrolase families
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Figure 1.2. The proposcd direct displacemient mechanisim for an inverting glycosidase. In the first step, one of the
carboxylic acids in the active site provides gencral base catalytic assistance to the attack of water. The
other carboxyl group provides general acid catalytic assistance for cleavage of the glycosidic bond. The
oxocarbenium jon-like transition state is indicated by ( § ). Generally there is only enough room for the
substrate and water to bind at the same time. Therefore, transglycosylation is unlikely to occur by this

mechanism. Adapted from Ly and Withers (1999).



Table 1.1 Glvcosyl hvdrolase families that have at least one structure completed.
Family Enzyme Types PROSITE | Retention/Inversion
1 B-glucosidase, 6-phospho-B-galactosidase and | PDOCO0495 retention
B-glucosidase. lactase-phlorizin hydrolases.
MYTC
2 B-galactosidases, B-glucuronidases. f3- PDOCO00531 retention
mannosidases
3 mainly B-glucosidases PDOC00621 retention
5 endoglucanases, B-mannanases, exo-1.3- PDOCO00565 retention
glycanases
6 endoglucanases. cellobiohydrolases PDOC00563 inversion
7 endoglucanases and cellobiohvdrolases none retention
8 endoglucanases PDOC00640 inversion
9 endoglucanases PDOCO00511 inversion
10 xyl PDOCO0510 retention
|3 Xyl PDOC00622 retention
13 a-amylases. pullulanases, cyclomaltodextrin none retention
glucanotransferase, cyclomaltodextrinase,
trehalose-6-phosphate hvdrolase
14 B-amylases PDOCO0-414 inversion
15 glucoamylases PDOC00646 inversion
16 B-glucanases (lick ) PDOC00794 retention
17 glucan endo-1.3-B-glucosidases, lichenases PDOC00507 relention
i8 chitinases, endo-f-N-acetylglucosaminidases, | PDOC00839 retention
di-N-acetvichitobiases
19 chitinases PDOC00620 inversion
20 f3-hexosaminidases, chilobiases none retention
22 lysozymes type C. a-lactalbumins PDOCQ0119 retention
23 lysozymes type G none not known
24 phage lvsozymes none inversion
33 sialidases none retention
34 neuraminidases (sialidases) none retention
45 endoglucanases PDOCO00877 inversion
16 chilc none inversion
48 endoglucanases none inversion
77 amylomaltase. 4-u-glucanotransferase none retention
§2 i-car none inversion
83 hemagglutinin-neuraminidase none retention
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(hup:/expasy.cbr.nre.ca/prosite/). PROSITE is a database of protein families and

domains and is a way of grouping proteins that exhibit sequence similarities. Table 1.1
also indicates whether an enzyme family proceeds with retention or inversion of
anomeric configuration. An updated list of the glycosidase families can be scarched at

Xt or at hrp://afmb.enes-

hup:/www.expasy.
mrs.fr/~pedro/CAZY/,

Although these enzymes are all invofved in hydrolysis of glycosidic bonds. they
vary in size. subunit composition and carbohydrate specificities. The carbohydrate
binding regions have much less diversity. The majority of glycosy! hydrolases contain a
pocket or a cleft for substrate binding. The glycosyl hydrolase families have been
divided into 11 clans based on common structurat folds. The clans are referred to as GH-
A to K (glycosyl hydrolase clan A, etc.) (Henrissat e al.. 1995). The structural folds that
have been named and identified are the (B/a); barrel (there are 3 different folds of this
type). B-jelly roll, B-propetler and the a+f fold (http:/afmb.cnrs-
mrs.fr/%7Epedro/CAZY/ghf table.biml#clans). The a/f3-barrel structure. consisting of
cight B-strands twisted into a cylinder surrounded by eight c-helices. is common to
carbohydrate interacting enzymes. It is commonly referred to as a TIM barrel (for triose
phosphate isomerase). In this structure the carbohydrate binding site is generally located
in a cavity at the C-terminal end of the paralle! strands (Barrett er al.. 1995). In Figure
1.3 the o/f3-barre! structure is represented in (A) B-galactosidase, (B) B-D-glucan
exohydrolase. (C) endoglucanase. and (H) amylomaltase. The TIM barrels in (A) and

(C) are both representatives of clan GH-A. which is also known as the 4/7 superfamily



Figure 1.3. Several examples of glycosyl hydrolase structures illustrating

common carbohydrate binding motifs. The protein name, organism
of origin, glycosyl hydrolasc family, glycosyl hydrolase clan and
primary accession number are given. Al structures were obtained
from the protein data bank (PDB), and the PDB numbers are shown
after the primary accession numbers. The structures are: A) f3-
galactosidase from Escherichia coli, family 2, clan GH-A (P00722
(1DPO). B) B-D-glucan exohydrolase isoenzyme I from Hordeum
vulgare, family 3 (Q9XE13) (1EX1), C) Endoglucanase 5A from
Bacillus agaradhaerens, family 5, clan GH-A (085465) (1A3H),
(D) Neuraminidase from Influenza virus Aternaustraliag70c75,
family 34 ( PO6818 ) (7NN9), E) x-carrageenase from Alteromonas
carrageenovora, family 16, clan GH-B (P43478) (1IDYP), F)
Lysozyme C from Gallus gallus (chicken), family 22 (P00698)
(194L), G) Chitosanase from Strepromyces sp. (strain N174),
family 46, clan GH-L, (P33665) (1CHK), H) 4-ct-glucanotransferase
(amylomaltase) from Thermus aquaticus, family 77, clan GH-H,

(087172) (1ICWY).



A)

Q)

B-Galactosidase (E. colf}
family 2, elan GH-A

Endoglucanase
(B. agaradherans)
family 5, clan GH-A

B)

B-Glucan exohydrolase (H. vulgare)
family 3

Neuraminidase
(avian influenza virus)
family 34, clan GH-E




£) x-Carrageenase F) Lysozyme (G. gallus)
(A. carrageenovora) family 22
family 16, clan GH-B

G) Chitosanase (Strepromyces sp.)

- ‘lomalt T icus;
family 46, clan GH-1 H) Amylomaltase (T. aquaticus)

family 77, clan GH-H
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(the catalytic acid /base is on strand 4 and the catalytic nucleophile is on strand 7). The
f3-D-glucan exohydrolase in (B) is not a member of a clan at this time and (H) is a TIM
barrel from clan GH-H. The $-jelly roll fold is shown in k-carrageenase in (E). which is
a member of the GH-B clan. The neuraminidase in (D) has a B-propeller fold and is a
member of Clan GH-E. It is made up of -sheets that are arrunged in a propeller-like
formation and is referred to as a4+ because enzymes belonging to this class contain a-
helixes and B-strands that do not entwine (Quiocho, 1986). In Figure 1.3 the a+f class

of glycosidase folds is represented by lysozyme (F) and chitosanase (G).

e

1.1.2 Glycosidase substrate bi g and specificity
1.1.2.1 Carbohydrate-protein interactions

Carbohydrate binding motifs can be separated into two main structural groups.
The first group (group 1) has deep clefts or cavities for carbohydrate binding. In this
group. the sugar is sequestered from the solvent and is bound with high affinity (Weis &
Drickamer, 1996). Most enzymes and bacterial sugar transport proteins are in this group.
The second group (group 1) involves proteins that have shallow carbohydrate binding
sites leaving much of their ligand solvent exposed. These proteins tend to bind with a
lower affinity (Weis & Drickamer, 1996). Anti-carbohydrate antibodies, toxins. viral
proteins and galectins are members of this second group.

In the carly twentieth century Emil Fischer stated, ** I would like to say that the
enzyme and the glucoside have to fit to each other like & lock and a key™ (Quiocho,
1986). Generally, this view of carbohydrate-protein interactions is appropriate with the

addition that conformational changes occur at the active site and result in an “induced
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fit” of the substrate. Through X-ray crystallography and NMR, interactions between
many proteins and their carbohydrate ligands have been determined to high resolution.
Even the role of water molecules in carbohydrate binding has been visualized by these

techniques. Water interactions in carbohydrate binding are important because the

. "

are oftenr ] by water (via

interactions between sugars and amino acid
hydrogen bonds).

Hydrogen bonds are the most prominent interactions between carbohiydrates and
protein (Weiss & Drickamer. 1996). The hydroxyl groups of the sugar can act as both
hydrogen bond donors and acceptors and therefore can interact with several amino acids
and/or water molecules. The oxygen of the sugar ring can also accept two hydrogen
bonds. The glycosidic oxygen forms hydrogen bonds less often since it is a very strong
binding partner and these groups tend to actually remove the hydrogen from the
donating group rather than sharing it in a hydrogen bond. Thus. hydrogen bonds to
glycosidic oxygens can result in glycosidic bond cleavage, although this is not always
the case.

A large network of hydrogen bonds is a common feature of group I carbohydrate-
protein interactions (Weiss & Drickamer, 1996). In this group the sugar is mostly buried
in the binding site. There is high affinity binding because cach hydroxyl group has at least
one bonding partner. The bonds to the transition state are similar to the ground state
condition but they are more numerous and stronger. Van der Waals interactions are also
very important in carbohydrate-protein binding and there are three types that occur: polar-

polar, polar-nonpolar and nonpolar-nonpolar (Quiocho, 1986). Polar-polar interactions
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occur between the sugar hydroxyls and polar groups of the protein. Thus, they resemble
hydrogen bonds except that the distance between the interacting groups is greater than the
maximal 3.4 A distance allowed for hydrogen bonding. The hydroxyl groups may also
interact with nonpolar carbon atoms of amino acid side chains forming polar-nonpolar van
der Waals interactions. The majority of nonpolar-nonpolar associations are made with
aromatic side chains, a phenomenon referred to as stacking. Stacking occurs because most
sugars have one face that is less polar than the other and is therefore, able to pack against
the faces of Trp. Phe and/or Tyr. The interaction is not only due to complementary non-
polar surfaces but is also thought to result from the proximity of the aliphatic protons of
the sugar ring which carry small net positive partial charges and the n-electron cloud of
the aromatic ring (Weis & Drickamer, 1996). This stacking interaction is known to occur
in many carbohydrate binding sites and is significant in both sugar binding and
recognition. Trp and Tyr are common in sugar binding sites since they can interact with
sugars via stacking in addition 1o forming hydrogen bonds.

Specificity for different sugars is usually a result of the placement of the amino
acid side chains and through steric exclusion. The placement of amino acids indicates
whether axial or equatorial hydroxy! groups are favored in the ligand. For example, the
specificity of the mannose-binding protein towards mannose results from hydrogen bonds
between the sugars” equatorial 4-hydroxyl group and an Asn. If this Asn is substituted
with an Asp. the binding becomes specific for an axial 4-hydroxyl group. The protein then
binds galactose but not mannose (Drickamer, 1997). Other interactions in the binding site

may increase the stability of sugar binding but are not as important in selectivity.
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Selectivity for oligosacchitrides arises from a primary monosaccharide binding
specificity that is enhanced through multiple binding of additional sugar molecules in
subsites. This is due to the cooperative effects of cach bond, which in turn is partly a resuit
of more favorable entropic effects (Quiocho. 1986). These subsites may also show
hydrogen bond specificities similar to the main binding site or their interactions may result
from correct spacing. Proteins tend to show more selectivity for their ligands when the
oligosaccharides are buried or mostly buried in their binding sites. Generally, this resulis
from steric exclusion and additional hydrogen bond and van der Waals interactions.
Furthermore, sugar stacking prohibits the binding of sugar epimers because of steric
interference (Quiocho, 1993). An aromatic amino acid would not be positioned correctly
to allow the sugar to stack if a hydrogen is replaced with a hydroxyl group.

1.1.2.2 Analysis of carbohydrate binding sites by site specific
mutagenesis of Trp

Probing the role of individual residues involved in substrate binding by site directed
mutagenesis is a very useful method for explaining structure-function relationships of
enzymes. As described above. Trp is important in carbohydrate-protein interactions. The
importance of these interactions has been demonstrated by structural data that show that
Trp at the active sites of proteins are often in a position to interact with the sugar
substrates (Koivula e al., 1998). Additionally, Trp is important for catalysis of some
glycosidases because it maintains the non-polar environment that is required at the active
sites of these glycosidases (Mark er al.. 2001). Since Trp can be involved in carbohydrate

associations. it is a good candidate for investigation via mutagenesis. Examples of these
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investigations illustrate some of the information that can be gained from studies in which
conserved Trp have been substituted by other residues.

The cellulose binding domains (CBDs) of various ¢cllulases have been examined
for their ability to bind amorphous or crystalline cellulose. The CBD of Pseudomonas
fluorescens subsp. cellulosa xylanase A contains a Type 1la CBD. These CBDs have 3
strictly conserved Trp on the surface (Nagy ¢ al., 1998). These Trp form a hydrophobic
strip on the CBD that allows it to interact with celfulose (Nagy ct al, 1998). When the
xylanase CBD conserved Trp were individually substituted with Ala, the CBD showed at
least 20 times less affinity for crystaltine and amorphous cellulose and for cellohexaose.
The structure for this CBD has been determined and the Trp side chains are co-planar.
They are thought to form strong stacking interactions with the glucose pyranose rings
(Nagy et al, 1998).

Trp-62 of hen egg white lysozyme has been shown to be important. The non-polar
surface of the sugar residue in subsite B makes substantial contact with the indole ring of
Trp-62 (Macnaka ef al., 1994). The importance of this residue has been investigated by
site-directed mutagenesis to other aromatic residues (Kumagai, 1989) and to non-aromatic
residues (Maenaka ez al.. 1994). The results of these substitutions suggested that this
residue has a role in defining substrate specificity. through steric hindrance. Mutations to
non-aromatic residucs resulted in a greater proportion of non-productive substrate binding
(the K, is about 6 times higher). Additionally. substitutions for Trp-62 resulted in

decreased hydrolytic activity with non-charged substrates (glycol chitin and (PNP-
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GlcNAc),). These results suggested that Trp-62 is important for carbohydrate recognition
and for maintaining a non-polar environment for catalysis (Maenaka e al., 1994).

The maltodextrin-binding protein has 4 aromatic residues that interact with maltose
{Quiocho, 1993). Through structural studies it is thought that one of these, Trp-230, has
van der Waal's contacts with the reducing-end glucose. A 12-fold decrease in the affinity
for maltose was observed when Trp-230 was substituted with Ala. This was equivalent to
a decrease of 1.5 keal mol” in binding energy (Quiocho. 1993). The decrease in binding
energy was interpreted as the loss of the van der Waal's contacts (0.5 keal mol” per
contact, 3 contacts) due to replacement of Trp-230 (Quiocho, 1993).

a-Galactosidase is an exoglycosidase that cleaves a-linked galactose monomers
from glycomolecules (Maranville & Zhu. 2000). Trp-16 has been shown to be important
in coffee bean a-galactosidase (Zhu er al., 1996). Trp-16 was substituted by every other
amino acid at that position. Oaly conservative mutations (Tyr and Phe) allowed activity.
They had about 10 times less affinity for the substrate (4-methylumbelliferyl-c-galactose)
than wild type (Maranville & Zhu. 2000). Substitutions with Met or Asn showed much
less activity than wild type and substitutions with Lys or Cys showed only faint activity.
Substitutions by all other amino acids abolished enzyme activity. The data indicated that
the indole ring is not essential for catalysis since the aromatic substituted enzymes still
showud significant amounts of activity. Therefore. it is Jikely that Trp-16 provides a
hydrophobic environment that alters the pK, of a nearby carboxyl group and can be
replaced by other aromatic amino acids (Maranville & Zhu, 2000).

1.2 Cellulose
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Cellulose is the major polysaccharide in plants. where it is part of the cell walls
(Rouvinen e al., 1990). Termites, a few species of cockroaches, and ruminants (cows,
sheep. goats, camels, etc.) can all use cellulose as a food source., as they either contain
cellulose degrading enzymes or microorganisms containing these enzymes (Kotz and
Purcell, 1987). The enzymatic conversion of cellulose to glucose is far from simple due 10
the complex nature of the substrate. Substrates contain both crystalline and amorphous
regions (Penttila ef al., 1986). Native cellulose is an insoluble polymer composed of long.
linear chains of B-1.4-linked glucose units. Hydrogen bonding and van der Waals forces
create an interchain binding network associating 60 to 70 single chains into elementary
fibrils. These fibrils aggregate to larger bundles that form ordered crystals (Reinikainen 7
al., 1992). Furthermore, the fibers are embedded in a matrix of hemicellulose and lignin
which further complicates the conversion as it reduces the availability of the cellulose
fibers 1o cellulose degrading enzymes (Beguin, 1990). Cellulose degrading enzymes have
been termed “cellulases™. In most cellulolytic microorganisms, several enzyme
components are involved in converting cellulosic substrates to glucose by their
cooperative and synergistic action (Okada, 1985). This group of enzymes is often called &
“cellulase system™.

1.2.1 Celluiases

The cellulolytic enzymes are usually secreted into the medium by the organism.
Enzymes such as glucohydrolases. cellobiose oxidases and cellobiose dehydrogenases
play a role in cellulolysis, but the main enzymes involved are cellobiohydrolases (1.4 f -

D-glucan cellobiohydrolase). endoglucanases (1.4 3 -D-glucan 4-glucanohydrolase) and
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B-glucosidases (B -D-glucoside glucohydrolase) (Wood, 1992). Classification of cnzymes
found in cellulase systems is based on their activity with different substrates. Some
cellobiohydrolases (CBH) and endoglucanases appear to be relatively nonspecific.
Regardless, cellobiohydrolases are described as exo-hydrolises and remove cellobiose
from the non-reducing ends of cellulose chains. Endoglucanases are endo-hydrolases and
cleave cellulose chains randomly. B-Glucosidases are perhaps the easiest to classify as
they hydrolyze cellobiose and some soluble cello-oligosaccharides to glucose (Wood.
1992). It is common for microorganisms to have several of the same types of cellulase
enzymes. Humicola insolens produces 7 different cellulases (5 endoglucanases and 2
cellobiohydrolases) (Schillein, 1998). It is interesting to note that these 7 cellulases belong
10 5 different glycosyl hydrolase familics and that they are not just isozymes (Schitlein,
1998).

Because these enzymes all have similar substrates (made up of glucose) they all
contain a specific number of glucose subsites where each glucose of the substrate binds to
the protein. Previously, numbering systems were confusing since different investigators
chose to number the glucose subsites differently (e.g. lysozyme subsite B (Maenaka er al..
1994} does not provide the reader with much information about the subsite unless one
studies lysozyme). Recently. this problem was noted and a subsite nomenclature system
was designed (Davies ef al.. 1997). The glucose subsites are labeled left and right from the
scissile glycosidic bond. The glucose subsites on the left (towards the non-reducing end)
are numbered from the subsite closest to the scissile bond, whichis —1. The next subsite

would be -2 etc., until a glucose on the non-reducing side of the sugar polymer was bound
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at the last subsite available (-n). The glucose subsites following the scissile glycosidic
bond (on the right side) are numbered starting with +1. which is followed by +2 etc. until
the last subsite available for the reducing side is +n. Thus, the glycosidic bond to be
cleaved is abwiys located between the =1 and +1 subsites (Davies et al., 1997).

The mechanisms of these cellulolytic enzymes are similar to those of other

glycosidases (Gilkes er al.. 1991). Cleavage of the glycosidic bond can proceed with either

inversion or retention of configuration. Due to the increasing interest in ¢ enzymes,
mostly due to interest from the biotechnology sector. a large number of these enzymes
have been investigated. The majority of the research. however, has been on the cellulase
systems of Trichoderma reesei, Cellulomonas fimi and Clostridium thermocellum. Six
cellulase enzymes have been identified from Trichoderma reesei, 4 endoglucanases and 2
cellobiohydrolases (Divne et al., 1998). Of the six enzymes the most intensely studied has
been cellobiohydrolase 1 (CBH I). because it is very proficient at degrading
microcrystalline cellulose (Abuja er al.. 1988). Like alt CBHs. CBH I is made up of 2
domuains. a catalytic domain and a cellulose binding domain. The enzyme cleaves
cellobiose from the reducing end of cellulose chains. with retention of the anomeric
configuration. The structure has been determined and is a large B-sandwich. The cellufose
binding site is a long tunnel (~50A) formed by loops that extend out from the B-sandwich.
The cellulose chain threads through the tunnel (Divne et al., 1998). There are 11 glucose
subsites that have been identified and they are arranged from =7 to +4 (thus there are 7
glucose bound before the glycosidic bond cleavage site and 4 bound after the cleavage

site). Interestingly. this enzyme cleaves from the reducing end rather than the non-
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reducing end (Divae ez al., 1998). However, the subsites are still numbered according to
the nomenclature system discussed above. The probable active site residues have been
identificd as Glu-212 and Glu-217, where Glu-212 is the active site nucleophile and Glu-
217 is the catalytic acid/base (Divne er al.. 1994). Cellobiohydrolase 11 is structurally
different from CBH 1. Although it is still a tunnel (20 A), it is formed by 2 loops and a
TIM barrel (Teeri er al.. 1998) rather than a B-sandwich. Additionally, it only contains 6
glucose subsites, 2 at the non-reducing end of the glucose chain and 4 at the reducing end
(Teeri ¢ al.. 1998). Cleavage occurs from the non-reducing end of the glucose chain. This
enzyme cleaves the glycosidic bond with inversion of configuration at the anomeric
carbon. The proposed proton donor is Asp-221 (Rouvinen ef al.. 1990) but it is unclear if
Asp-203 or Asp-301 is the catalytic base. The Trichaderma reesei endoglucanases have
not been investigated to the same extent as the cellobiohydrolases and won't be discussed
here.

The cellulase enzymes from C. thermocelium have also been investigated by a
number of rescarchers. One reason for this is that there are a huge number of cellulolytic
enzymes produced by these organisms. Many of these proteins form a high molecular
weight complex, which has been called a cellutosome (Lamed er al..1983). The enzymes
that have been found in the cellulosome are: 21 endoglucanases, 3 exo-glucanases
(cellobiohydrolases). 2 f-glucosidases. 6 xylanases, 2 lichenases and 1 xylan esterase
(Beguin, 1998). Each of these components contains a catalytic domain and a region of 65
conserved amino acids referred to as a dockerin domain (Beguin e al.. 1996). The

dockerin domain anchors the catalytic components 1o a noncatalytic scaffolding subunit-
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CipA (Beguin ¢z al., 1996). This assists in the attachment of the cellulases to the cellulose.
The Cip A protein interacts with the dockerin domains via a cohesion domain (see Bayer
eral., (1994) for a good review of cellulosomes). Several of the endoglucanases from the
cellulosome have been studied in detail. Cel A (a family 8 glycosyl hydrofase) has an
(a/er),, barrel catalytic domain that has 6 glucose subsites, 3 on either side of the scissile
bend (Alzari et al.. 1996). The glucose subsites are not positioned in a straight line, and
this forces the substrate to bend at the glycosidic bond between the ~1 and +1 subsites. It
was also found that the glucose on either side of the bend were in the same orientation
(Alzari et al., 1996). This can only occur if there is 180° rotation at the bent glycosidic
bond. The bending of the substrate and the rotation at the scissile bond together result ina
lower activation energy for cleavage of the bond (Alzari e al., 1996). However, since the
enzyme evolved this structure these interactions are now required for bond cleavage to
occur. Thus, a trisaccharide is the smallest sugar that can be hydrolyzed by this enzyme
because 3 glucose are necessary to cause the bending at the scissile bond (Alzari ez al.,
1996). Hydrolysis occurs via inversion of configuration. Glu-95 is known to be the proton
donor, but the catalytic base has not been determined. Cet D is also an endoglucanase
(glycosy! hydrolase family 9) that is part of the cellulosome. It is similar to Cel A since it
also has an (a/a), barrel catalytic domain that has 6 glucose subsites (Beguin, 1998).
Unlike Cel A, the glucose binding subsites in Cel D are positioned in a straight line in a
cleft. The enzyme has no trouble hydrolyzing substrates with only 3 glucose units since
the bending required for the Cel A reaction is not needed (Beguin, 1998). Cel D reacts

with inversion of configuration, and Glu-555 is known 1o be the proton donor (Tomme er
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al.. 1992) and Asp-201 is the general base. Another endoglucanase from C. thermocellum
is Cel C (family 5 glycosyl hydrolase). This endoglucanase is not part of the cellulosome
and is quite different from Cel A and Cel D discussed above. It has a TIM barrel structure
and is a member of the 4/7 superfamily (Clan GH-A) (Dominguez et al., 1995).
Hydrolysis occurs with retention of the anomeric configuration. Glu-280 is the catalytic
nucleophile (Wang er al.. 1993) and Glu-140 is the proton donor (Navas and Beguin,
1992).

A number of cellulase enzymes have also been identified from Cellulomonas fimi.
Probably the most studied enzyme is Cex, which is a family 10 glycosyl hydrolase. Cex

has both xylanase and glucanase activities (Birsan ez al.. 1998). This broad substrate

specificity has been observed for other members of this family

.1.8°1. which is

also a member of the GH-A clan (4/7 superfamily). The enzyme carries out hydrolysis
with retention of configuration. A mechanism based inactivator was used to trap the
glycosyl-intermediate and identify the catalytic nucleophile (Glu-233) (Tull er al., 1991).
The catalytic acid was identified as Glu-127 (MacLeod et al., 1994). It has also been
determined that the glycosyl-enzyme intermediate is stabilized by a covalent bond
(Notenboom ¢t al.. 1998).

1.2.2 B-Glucosidases

B-Glucosidases are often referred to as cellobiases (Kovar er al.. 1987). They
hydrolyze the B1-4 glycosidic bond of cellobiose. They are not usually active with

cellulose itself and are not. technically. cellulase enzymes. However, B-glucosidases play
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a pivotal role in cellulose degradation since they are involved in the final step that forms
glucose. In addition, since they hydrolyze cellobiose, they remove the inhibitory effect
that cellobiose usually has on the other cellulase enzymes (Kuriyama et al.,1995).
B-Glucosidases are found in many prokaryotes and cukaryotes. They have a variety
of functions depending on their location and substrate specificity. In humans, acid -
glucosidase is responsible for the catabolism of glucocerebroside (glycosphingolipid
glucosylceramide) (Mikhaylova er al.,1996). Some B-glucosidases in plants are utilized in
the chemical defense against pathogens and herbivores, Toxic compounds are released
from cyanogenic glucosides, or arbutin when they are hydrolyzed. Others are utilized in
the regulation of phytohormones such as cytokinin, gibberellin, and auxin, by causing the
release of the active forms from the inactive hormone-glucoside conjugates (Leah er
al..1995). In many fungi and bacteria, f-glucosidases are utilized in the conversion of
cellobiose to glucose. Many of these enzymes are also capable of utilizing other sugars as
acceptors so that transglycosylation occurs rather than hydrolysis. This additional activity
has been noted in mammal (Vanderjage ef al.. 1994 ), plant ( Kuriyama ez al., 1995),
fungal (Christakopoulos e al.. 1994), and bacterial (Watt e7 al., 1998) B-glucosidascs.
There has been some interest in using transglycosylation for production of
oligosaccharides. This could provide a more economical method of production since it
occurs in one step and the sugar product can be altered depending on the initial substrate
and the acceptor (Yazaki er al..1997). Additionally. -glucosidases can be used in ethanol
production by including an ethanol producing organism in the saccharification process

(Hoh ef al..1992). Studies of 3-glucosidases that function in cellulose breakdown are
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important because the degradation of cellulose to glucose may provide a solution to
resource problems involving fuel, feedstock and food materials that may occur in the
future (Skory ¢r al..1996).

1.3 Aspergillus: a prolific B-glucosidase producing fungi:

Aspergillus is a fungal genus that secretes a wide range of carbohydrate-
hydrolyzing enzymes. It is of the subdivision Ascomycotina, referring to its ability to
produce a structure called the *“ascus™ that holds spores during sexual reproduction
(Deacon, 1984). Aspergillus is a genus of fungi that is associated with food spoilage and
plant diseases (Stewart & Parry, 1981). Aspergilius species lack chlorophyll and must,
therefore, be capable of obtaining nutrients from their environment (Boyd, 1988). They
live primarily on dead organic matier and use it as a source of carbon for cellular synthesis
and energy. Due to their rigid cell wall they cannot engulf food. Instead they absorb
simple soluble nutrients that are obtained from complex polymers by releasing
extracetular enzymes into the environment (Deacon. 1984).

The Aspergitlus genus is known 1o be an excellent producer of B-glucosidasc(s) and
the B-glucosidase(s) from Aspergillus niger have been found to be highly active with

cellobiose (Woodward and Wiseman, 1982). This property has promoted interest in the

idase(s) as a suppl to the saccharification processes to increase

PE
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the reaction efficiency (Gupte and Madamwar, 1997).
1.3.1. B-Glucosidases isolated from Aspergillus
B-Glucosidases have been isolated from Aspergillies phoenicis (Duff, 1985), A.

terreus (Pushalkars, 1995). A, heteromorphus (Solovyeva et al., 1997). A. nidulans (Lee
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et al., 1996), A, wentii (Srivastava ef al.. 1984, Bause and Legler, 1980), A. fumigatus
(Rudick and Elbein, 1973, 1975, Ximenes ez al., 1996), A. ellipticus (Gupte and
Madamwar, 1997), A. japonicus (Sanyal et al.. 1988, Solovyeva et al.. 1997). A. oryzae
(Roiu er al., 1998). A. sojue (Kimura and Tajima. 1999, Kimura ¢r af.. 1999), and A. niger.
The enzymes from A. phoenicis. A. terreus, A. heteromorphus and A. nidulans were not
Kinetically characterized. Oaly studics of the best growth conditions for their production
were done. Generally. the production of B-glucosidase could be induced by the inclusion
of cellutosic materials in the media. If readily metabolized carbon compounds were
available (such as glucose) the B-glucosidase production was repressed. In some cases it
has been shown that the presence of specific disaccharides and cellulose resulted in
induction of B-glucosidase enzymes (Solovyeva e al., 1997).

The B-glucosidases that were derived from Aspergillus have molecular weights
between 40 and 340 kDa. Most of the enzymes seem to be dimers and many are
glycosylated. The pH optima are usually between 4 and 5.5, and the temperature optima
vary between 55 and 65°C. The enzymes® activities were not affected by EDTA. but in
some specific cases the presence of Mn™ resulted in activation. The substrate specificities
of the enzymes varied.

The enzyme isolated from A. oryzae showed the most activity with laminaribiose.
then gentiobiose and finally cellobiose. This enzyme could also hydrolyze maltose,
isomaltose and nigerose. This is unusual since these sugars have a glycosidic linkages
rather than B. Compared to other B-glucosidases this enzyme was extremely glucose

tolerant (meaning that the enzyme was still active in the presence of large amounts of
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glucose). Usually B-glucosidases are inhibited by glucose at low concentrations (K,
between 1-5 mM). The K, obtained for glucose was 1.36 M, and the K, obtained with the
transition state analog inhibitor glucono-8-lactone was 12.5 mM which is also an
unusually high value for a transition state anatog inhibitor (Riou er al., 1998). The §-
glucosidase characterized from A. wentii showed more expected specificities (being the
most active with cellobiose). However the analysis was not done on purified enzyme. This
enzyme was also more glucose tolerant than was expected and had a K, for glucose of 14
mM (Sriyastava et al., 1984). The enzyme isolated from A. japonicus preferred cellobiose
as a substrate over oNPGle. This enzyme was inhibited by glucono-8-lactone (K,=0.04
mM) and especially by nojirimycin (K,=1.8 pM) (Sanyal e al.. 1988). The B-glucosidase
investigated in A. sojae was quite different. It had the greatest activity with pNPGlc, then
pNPX (X=xylose). followed in order by sophorose. laminaribiose, cellobiose, gentiobiose.
and xylobiose (Kimura ¢t al., 1999). Additionatly, this enzyme was found to have
transglycolytic activity (the substrate was the acceptor) if the substrate concentrations
were over 20 mM. The A. sojae enzyme was also reacted with xylooligosaccharides
between 2 and 6 xylose units in length. The K, was found to decrease with increased
length and indicated that there are several additional sugar subsites on the enzyme
(Kimura and Tajima, 1999). Finally, several B-glucosidases were isolated from A.
Sumigatus, The first was observed in 1973, and preferred substrates with B1-2 or 31-3
glycosidic linkages (Rudick and Elbein, 1973). The second enzyme that was isolated by

the same group preferred pNPGle. followed by cellobiose and finally gentiobiose (Rudick
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and Elbein, 1975). A third B-glucosidase had low activity with both pNPGlc and
cellobiose (Ximenes er al., 1996).
1.3.1.1. 8-Glucosidases isolated from Aspergillus niger

B-Glucosidases from Aspergillus niger have been investigated because these
organisms are known as the most efficient producers of B-glucosidase among micro-
organisms of interest to industry (Birk ¢ al., 1997). The enzymes are usually not very
specific for substrate. They are stable at higher temperatures, and active at pHs lower than
those from other fungal sources. Another advantage is that Aspergillus niger is considered
nonioxic and can, therefore, be used in the food industry (Birk et al.. 1997). The fungus
secretes the enzyme into the media and the enzyme can then be isolated. In some cases the
media, containing all sccreted enzymes, is lyophilized and that mixture is sold to
researchers interested in cellulolytic enzymes. In other cases, the enzymes are purified
from the media and sold as a liquid preparation of B-glucosidase (although other enzymes
are also present). There are several of these mixtures available from A. aiger strains,
although the exact strains used are proprictary. Table 1.2 summarizes the Aspergillus
niger B-glucosidases that have been investigated.

Ueda Kagakukogyo sells Cellulosin (a ceflulase mixture produced by Aspergillus
niger) in Japan. A 240 kDa protein was isolated from this mixture by Watanabe ef al.
(Watanabe ef al.. 1992). The enzyme is a dimer with a pH optimum of 4.5 and an
optimum temperature of 50°C (Watanabe ¢f al., 1992). The enzyme was found to tolerate a
wide varicty of aglycones in glycosidic bonds with glucose. provided that the glucose has

a B-D-glucopyranose configuration. The K, values reported for pNPGlc. cellobiose.
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cellotriose, cellotetraose and cellopentaose were 0.9, 2.3, 1.1, 1.1, and | mM

respectively. This enzyme could also catalyze transglucosylation to another cellobiose to

form a trisaccharide at very high concentrations of cellobiose (400 mM was used). The

principal linkages observed in this transglucosylation reaction were $1-6 but f31-2, B1-3.

and Bi-4 were also observed. The main product of the transglucosylation reaction was 4-

O-B-gentiobiosylglucose (Watanabe et al., 1992).

Table 1.2 A summary of the B-glucosidases isolated from Aspergillus niger.

A. niger strain Native pH Substrate| Temp. Reference
(if known) molecular| optima] specificity] optima
weight
(kDa)
Cellulosin powder| 240-dimer 4.5 $-D- Watanabe er al..
glucopyran 1992
Novozyme 188 118-140 4-4.5 | Cellooligo: Grous ¢t al. 1985,
dimer?? saccharides Dekker, 1986.
McCleary &
Harrington 1988,
Himmel e al..1993,
Unno ¢7al..1993
USDB 0827 230 4.6 Lamina- Hoh er al., 1992
ribiose
USDB 0828 230 1.6 Lamina- Hoh ez al.. 1992
ribiose
IBT-90 200 4.8 | Cellooligo Galas &
saccharides Romanowska, 1997
322 64 (SDS) 55 Cellobiose 50 Peshin & Mathur.,
1999
NIAB 280 330- 4.6-5.3 N/A Rashid &Siddiqui,
homotrimer 1999
CCRC 31494 100- 5.0 pNPGlc 55 Yan & Lin, 1997
homodimer|
CCRC 31494 360- 4.5 cellobiose 60 Yan er al.. 1998

homotrimen
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The most popular liquid preparation of B-glucosidase from Aspergillus niger is
Novozyme 188. It is a product of Novo Nordisk Bioindustry Lid. Denmark. The -
glucosidase(s) in the Novozyme mixture were inhibited by glucose (K, = 2.87 mM) (Grous
et al.. 1985). Dekker provided more information on the Kinetics of the Novozyme mixture.
The observed pH optimum was 4.5, and the temperature optimum was between 60 and
70°C. The K,, values of pNPGlc and cellobiose were 1.03 and 5.63 mM. respectively and
the V., vaiues were 3.76 and 33.74 pmol/mg/min, respectively. Glucose and glucono-3-
lactone were again found to be inhibitory. Xylose was also an inhibitor. Additionally,
Dekker noted that there was substrate inhibition at pNPGlc concentrations greater than 4
mM while cellobiose concentrations up to 10 mM were not inhibitory (Dekker, 1986). The
Novozyme 188 B-glucosidase preparation was analyzed again by McCleary and
Harrington (1988). The B-glucosidase was purified and found to have a subunit molecular
weight of 118 kDa. The enzyme had a pH optimum of 4 and a temperature optimum
between 70 and 75°C. The enzyme was reacted with a variety of substrates and was most
reactive with cellotriose, then cellobiose, cellotetraose, cellopentaose. gentiobiose,
pNPGlc, sophorose and oNPGle. The enzyme activity with gentiobiose was approximately
half of the activity observed with cellobiose. The activity reported with oNPGle was only
about 192 of the total activity that was obscerved with cellobiose. The K,, values that were
determined were different than the values that had been previously reported. Cellobiose
had a K,, of 1.89 mM and pNPGIc a K, of 0.8 mM (McCleary, and Harrington, 1988). The
Novozyme 188 B-glucosidase preparation was investigated again by Himmel er al. (1993).

The experiments showed that there were 3-glucosidase isoforms present in the Novozyme
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mixture. The enzymes showed similar molecular weights, approximately 120 kDa, but
differed in the amounts of glycosylation. This resulted in differences in the K, values
obtained for pNPGlc. One of the isoforms had a K, value of 0.47 mM while the other had
a K, value of 0.36 mM. The N-terminal sequence was obtained for both enzyme forms
and found to be the same. and when alt carbohydrate was removed the enzymes had the
same molecular weights (Himmel e al., 1993). Due to the data discrepancices, the
Novozyme 188 f3-glucosidase preparation was again studied by Unno et al (1993). They
found that the enzyme had a molecular weight of 137 kDa and consisted of about 12.5%
covalently attached carbohydrate. They aiso determined that the enzyme hydrolyzed its

ubstrates with a ining mechani and was specific for B-glycosidic linkages.

Cellobiose was the best substrate, and the relative rate of hydrolysis decreased with
increasing cellooligosaccharide length. Additionally, laminaribiose was shown to be a
good substrate (925 relative rate of cellobiose). while pNPGle was a relatively poor
substrate (58% relative rate). The enzyme showed no activity with lactose.
pNPGalactoside, pNPXyloside, or disaccharides with o linkages (Unno e7 al., 1993).
Inhibition studies showed that glucono-8-1.5-lactone was a good inhibitor (K,=0.0f mM)
and it is considered to be a transition state analogue that would bind at subsite -1 of the -
glucosidase. Other sugars were also assayed for their ability to inhibit the enzyme.
Galactose and lactose were tested and both caused some inhibition to occur (Yazaki ef al..
1996). The same group determined that the enzyme had 6 glucose binding subsites

(Yazaki et al.. 1997).
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B-Glucosidases have also been purified from different strains of Aspergillus niger
and characterized. Two extracellular enzymes were isolated from 2 strains, USDB 0827
and USDB 0828 (Hoh et al., 1992). Both enzymes had molecutar weights of
approximately 230 kDa, had a pH optimum of 4.6 and a temperature optimum of 65°C.
The enzymes had similar activitics with cellooligosaccharide substrates and pNPGlc. In
both cases the enzymes were more active with cellobiose than with cetlotriose. The
greatest amount of activity was seen with laminaribiose. Glucose was a competitive
inhibitor. The trends were the same for the two enzymes studied, but the actual values
obtained differed. The USDB 0828 enzyme was always more active than the USDB 0827
enzyme. A B-glucosidase from Aspergillus niger IBT-90 has also been isolated and
characterized (Galas and Romanowska, 1997). The enzyme was found to be a dimer with
a molecular weight of 200 kDa. and contained about 335 carbohydrates. It has a pH
optimum of 4.8 and a temperature optimum of 65°C. The enzyme was unaffected by
incubation with EDTA and divalent metals, indicating that they are not required for
enzyme activity. N-Bromosuccinimide had a strong inhibitory effect suggesting that Trp
residues are necessary for enzyme activity. Glucono-8-lactone and glucose were
competitive inhibitors, with K, values of 0.4 and 22 mM, respectively. The enzyme had
the highest V., with cellobiose, followed in order by gentiobiose, cellotriose, amygdalin,
cellotetraose. cellopentaose, and pNPGle. K, values, 1.5 and 0.71 mM. were reported for
celiobiose and pNPGlc. respectively. Another B-glucosiduse was isolated from Aspergillues
niger strain 322, This time the enzyme was smaller, 64 kDa, had an optimal pH of 5.5 and

an optimal temperature of 50°C. This enzyme was quite different from those previously
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mentioned. This enzyme showed very high affinity for cellobiose (K, =0.1 mM) and was
inhibited by the presence of divalent metal ions (Peshin, and Mathur, 1999). Additional §-
glucosidases have been isolated by other groups. Rashid and Siddiqui (1997) isolated a
300 kDa trimeric protcin from A. niger strain NIAB280. and Yan and Lin isolated an
extremely glucose-tolerant 100 kDa dimer from A, niger CCRC 31494 (Yan and Lin.,
1997). This latter enzyme is quite different from previously reported enzymes since the K,
for glucose is 543 mM. This group also isolated a second f-glucosidase from the same
Aspergillus niger strain that was a 360 kDa trimer, and that was competitively inhibited by

glucose (K,=5.7 mM) (Yan er al.. 1998).

1.3.1.2 An Aspergillus niger f-glucosidase from glycosyl hydrolase

family 3

A B-glucosidase was identified in Aspergillus niger and cloned (Dan er al.. 2000).
The molecular weight was obtained from a native gel and was approximately 160 kDa.
Upon denaturation, SDS-PAGE indicated a molecular weight of 120 kDa. The enzyme
was deglycosylated using N-glycosidase-F. SDS-PAGE of the deglycosylated protein
indicated that approximately 20 kDa of the enzyme's mass was due to N-glycosylation.
The quaternary structure of the enzyme was not discussed despite the contradictory
molecular weights reported.

The gene was cloned and sequenced (GenBank accession # AJ132386). The
genomic DNA encoding the B-glucosidase consisted of 7 exons that were interrupted by 6

introns. The upstream sequence coded for a leader sequence that was not part of the
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mature proiein (19 amino acids). The open reading frame encoded for a polypeptide that
was predicted to be about 92 kDa. The sequence showed similarity to family 3 glycosy!
hydrolases. All of the family 3 enzymes proceed with retention of configuration and the A.
niger B-glucosidase was not an exception. Studies with pNPGle using 'H NMR provided
evidence that the -anomer of glucose was formed initially. The catalytic nucleophile was
identified as Asp-261 (Dan er al.. 2000). This enzyme is the subject of this thesis,
1.4 Structure of a family 3 glycosyl hydrolase

To my knowledge only one family 3 glycosyl hydrolase structure has been solved.
although the family now boasts over 100 members. The enzyme is a 8-D-glucan
exohydrolase isolated from Hordeum vulgare (barley) (Varghese er al.. 1999). Its
preferred substrate for hydrolysis is laminarin, a $(1-3) glucan. It also hydrolyzes
B(1=+3,1=4) (this nomenclature indicates that the non-reducing end glucose is joined by a
B1-3 glycosidic bond to a second glucose. which is joined to a third by a B1-4 glycosidic
bond) and f}(1-+3.1-+6) oligosaccharides and aryl-glucosides. Regardless of the substrate,
a glucose is released from the non-reducing end of the sugar. The cleavage of the
glycosidic bond occurs with retention of configuration (Varghese er al., 1999).

The structure of B-D-glucan exohydrolase was determined by x-ray crystallography
to a resolution of 2.2A. The binding site of the enzyme was located by the presence of a
bound glucose in a pocket of the structure (Varghese et al.. 1999). The protein is an
elongated structure that contains 2 domains, which are connected by a 16 residue helix.
An (a/P)s barrel (TIM barrel) makes up one of the domains and the other domain is a

(a/B), sheet. The C-terminus forms a long antiparallel loop. The bound glucose was in a
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pocket that lies between the TIM barrel domain and the (/3), sheet domain, just above
the pseudo-eightfold axis of the barrel. The pocket is 13A deep (Varghese ef al.. 1999).
The amino acids located in the pocket are situated as follows and are shown in Figure 1.4.
Trp-286 is at the top of the pocket. and Trp—434 is at the bottom. The left side of the
pocket is lined by a triple glycine loop (Gly-56,-57.-58) and Arg-291 is on the right side.
There is a hydrophobic patch at the top of the pocket (M250, Fl4$4. M316, and L54) and at
the bottom there is a basic patch (K206, H207. R158). Lys-206 and His-207 are joined by
a cis peptide bond. The catalytic nucleophile. identified by labeling with condurital B
epoxide. is Asp-285, which is found at the top surface of the pocket and is thought to be in
close contict 1o the anomeric carbon (<3A). It was suggested that the catalytic acid/base is
Glu-491. It is located at the bottom of the pocket, approximately 3.5A from the anomeric
carbon. However. it is also possible that Glu-220 is the catalytic acid/base group since it is
also close by. and is highly conserved in the family 3 enzymes. Glu-491 is not conserved
in some of the family 3 enzymes. The positioning of these residues indicates that the B-D-
glucan exohydrolase is not a member of the “4/7 superfamily™ that have their catalytic
nucleophile on strand 7. and their catalytic acid/base on strand 4.

The hydroxyl groups of the bound glucose are all involved in multiple hydrogen
bonding and ionic interactions. The anomeric hydroxyl forms H-bonds with Glu 491 and
Tyr-253. The hydroxyl of carbon-2 interacts with Arg-158 and Asp-285 and the C3
hydroxyl has interactions with Arg-158, Lys-206. and His-207. The hydroxyl group at C4
interacts with both Asp-95 and Lys-206 while the C6 hydroxyl interacts with Asp-95 and

a water molecule. Hydrophobic interactions also occur. The hydrophobic face of the
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Figure 1.4. The important groups in the active site of Hordeum vulgare B-D-
glucan exohydrolase. The catalytic nucleophile (D285) and the
putative catalytic acid/base (E491 & E220) are shown in red. The
glycine loop (Gly-56. -57, -58) on the left side is shown in green.
The hydrophobic patch (L54, F144, M250, M316) is indicated in
orange, and Trp 286. 430 and 434 are shown in yellow. The basic
residues lining the bottom of the pocket (K206, H207 and R158)
are shown in magenta. Tyr-253 and Asp-95, which are discussed
in the text are shown in cyan. The structure was obtained from the
Protein Data Base (PDB#1EX1) and RasMac version 2.6 was

used to produce this Figure.
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glucose ring (C3H. C5H and C6H) interacts with Leu-54, Met-316, Phe-144, and Met-
250. The C2H and C4H on the other face interacts with Trp-430 (Varghese er al., 1999).

1.4.1 Comparison of Aspergillus niger B-glucosidase with the structure of §-D-
glucan exohydrolase from barley.

The H. vulgare B-D-glucan exohydrolase sequence shows 37% identity 1o the A.
niger B-glucosidase sequence (Figure 1.5). Many of the residues discussed above are
conserved in A. niger B-glucosidase. The catalytic nucleophile Asp-285 is conserved in the
A. niger B-glucosidase but Glu-491 is not. Instead a Gin is found at that position.
However, Glu-220, which is also a candidate for the catalytic acid/base is conserved in the
A. niger f-glucosidase. Both Trp-286 and Trp-434 are conserved. while Trp-430 is
replaced with a Leu. From the placement of Trp-286 and Trp-434 it does not appear that
they have stacking interactions in the barley enzyme. The Trp-134 has some hydrophobic
interactions with the corner of the glucose ring, as mentioned above. Other residues that
appear important in the barley active site that are conserved in the B-glucosidase are D95,
R158. H207. M250. M316. Y253, and G56 and G38. In addition to the above residuces
there are several other patches of conservation: from 309-314 (H. vulgare). LAGLDM,
from 390-394 (#1. vulgare), VLLKN, and from 594-597 (H. vulgare), GYGL. These
regions seem to be common in many of the family 3 proteins and are highly conserved.
Additionally 2 Trp, other than those discussed above are also conserved in both the barley

and the A, niger proteins. Trp-70 and Trp-54-4 (#. vulgare).
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squence with the
Hordeun vulgare (barley) B-D-glucan exohiydrolase. Both proteins
belong to the family 3 glycosyl hydrolases and there was 37%
identity. The sequences were aligned using Gene Inspector ™
version 1.5 by Textco. The scoring matrix used was Blosum 55.
The alignment parameters used were a k-tuple (word) size of 1, a
maximum gap length of 5, a gap penalty of 3, the number of top
diagonals to use was 5, a gap creation of 12 and a gap extension of
10. Red indicates the most conserved residues and pink indicates
sequence gaps. {Unpublished results Seidle and Huber, 2001).



1.5. OBJECTIVES AND SEQUENCE OF STUDY
The original goal of this study was to thoroughly characterize the B-glucosidase

from Aspergillus niger in a commercial “cetlulase™. to clone the gene that encodes for this
B-glucosidase and to study the residues at the active site by site specific mutagenesis. As
discussed. the properties of quite a large number of B-glucosidases from A. niger have been
described in the literature and there is confusing evidence about their properties. It was felt
that at least one of the B-glucosidases should be studied in detail, and the gene producing it
should be isolated. In addition. preliminary work in this laboratory had shown that the B-
glucostdase in a commercial (Sigma) cellulase had interesting Kinetic properties. To this
end, Tworked with the commercial cellulase from Aspergillus niger from Sigma. and
identified the B-glucosidase in the enzyme mixture. Only one B-glucosidase was apparent

inthe c mixture. A suitable method of isolation was developed. Studies were done

to explain the unique pH kinetic effects with various substrates that this enzyme has. The
temperature optimum and stability, substrate specificities. inhibition kinctics, glucose
subsite affinitics, analyses of substrate breakdown and product formation, identification of
unique sugar products were all carried out. The enzyme was found to be a glycoprotein,
and I analyzed the carbohydrate moiety attached to the glycoprotein.

When I had finished most of these studies and before 1 had started to isolate the
gene [ learned that Dr. Shoseyov's group at the Hebrew University in Jerusalem was
working with a B-glucosidase from A. niger strain CMI CC 324262. This group had
already isolated and sequenced the gene. The work has now been published (Dan er al.

2000). A collaboration was undertaken. The gene and the enzyme sequence were obtained.
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1 incorporated the gene for the B-glucosidase into an appropriate plasmid and expressed
the recombinant §-glucosidase in Pichia pastoris. 1 fully characterized the recombinant
enzyme to compare it with the B-glucosidase isolated from the Sigma mixture. Sequencing
of a peptide of the Sigma enzyme indicated that the two enzymes were identical. Other
physical studies confirmed this. Detailed studies with the recombinant B-glucosidase
showed that it had the same unique kinetic character, the same pH and temperature
optima. and the same substrate and inhibition specificities. Substrate breakdown and
product formation studies provided further evidence of the identity of the two enzymes.
After this was done, 1 carried out substitution studics. Because the study wis a
collaboration it was determined that I would study some of the conserved Trp residues (and
one Leu) to define their roles in binding and activity. Trp are often found at sugar binding
sites and there were a number of conserved Trp. The characterization of the f3-glucosidase
from the Sigma source suggested the presence of at least 5 glucose subsites. The sequence
of the B-glucosidase showed that the B-glucosidase is a member of the family 3 glycosyl
hydrolase family 3. Comparison of the sequences of family 3 members suggested which
conserved residues should be investigated. Site specific mutagenesis was completed for Trp
21, 49, 262, 430. 551, 806. and 813 as well as Lew 426. Of the 21 substituted enzymes that
were produced, 17 were characterized in detail. Attempts were also made to explain the
properties of the substituted A. niger -glucosidases on the basis of the only known family

3 structure (M. vilgare B-glucan exohydrolase).




2, MATERIALS AND EQUIPMENT

2.1 Biochemical Reagents

2-Nitropheny! B-D-glucose (oNPGle) and 4-nitrophenyl f-D-glucose (pPNPGlc)
were obtained from Fluka or Sigma. D-Arabitol. D-glucose, D-gluconic acid lactone,
maltose, cellobiose, (B.B)-trehalose (iso-trehalose), sophorose, laminaribose, gentiobiose,
D-allose, D-sorbitol, 4-nitrophenyl-B-D-gentiobiose, cellopentaose, cyanogen bromide,
ATP, NADP", EDTA, L-histidine, L-alanine, biotin, hexamethyldisilazane,
dimethylformamide (HPLC grade), trimethylchlorosilazane, magnesium chloride,
Coomassie Blue G-250. tricthanolamine. iodoacetic acid, bromopheno! blue and lyticase
were all purchased from Sigma as was the crude cellulase (Aspergillus niger) powder.
Cellotriose and cellotetraose were purchased {rom either Sigma or Calbiochem. The 3,4-
dinitrophenyl-cellobiose (DNPC) and glucopyranosyl-D-(1-6)-glucopyranosyl--D-(1-4)-
glucose (4-O-gentiobiosyl glucose) were prepared in the laboratory. Yeast extract,
tryptone, peptone and yeast nitrogen base were purchased from Difco. The
hexokinase/glucose-6-phosphate dehydrogenase enzyme mixture (hexokinase, 340
units/mL; and glucose-6-phosphate dehydrogenase, 170 units/mL) used in the coupled
assay was from Bochringer Mannheim. Hydrochloric acid. glacial acetic acid. methanol,
cthanol, butanol. ethyl acetate, 2-propanol, propanol, sulfuric acid, formic acid, sodium
chioride. sodium hydroxide, sodium phosphate, acetic anhydride, magnesium sulfate,
potassium phosphate. phosphoric acid and glycerol were all obtained from BDH.
Manganese sulfate and cthylene giycol were purchased from J.T. Baker Chemical Co.

Sodium acetate, sodium carbonate, calcium sulfate, zine sulfate. sea sand and sucrose
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were purchased from Fisher. Ultra pure TRIS was obtained from ICN, and Tricine was
from Aldrich. Ethidium bromide. Ultra Pure SDS, Ultra Pure agarose, and Ultra Pure low
melting point agarose were from Gibco BRL. The restriction enzymes and the lambda
molecular weight marker were obtained from Amersham/Pharmacia Biotech, New
England Biolabs or Gibco BRL. Zeocin was provided by Invitrogen. The D,O used for
NMR was purchased from Cambridge Isotope Laboratories. Helium, air, hydrogen and
nitrogen gases were from Praxair.
2.2 Purification and Chromatography Equipment

Gel filtration chromatography was used for protein purification. A Sephacryl S-
300 (Pharmacia) column (26 mm x 91 c¢m) was used for the first step, {ollowed by
Superose 6 and 12 columns joined in series (bed volume of 24 mL each) (Pharmacia).
Protein was concentrated using Filtron macro- and micro-centrifugal devices. Sugars
were purified using Sephadex G10 and G25 (with 10 mm x 152 ¢m, and 20 mm x 60 cm
columns, respectively) from Pharmacia Biotech. Silica from ICN and sea sand from
Fisher was used for flash chromatography of sugars. The column was 10 mm x 20 cm. A
small cotton plug was placed in the bottom and a small amount of sea sand covered the
cotton (the sand was about 3 mm thick). Silica made up the rest of the column. The
column was utilized for additional purification of sugars for NMR identification.

Thin layer chromatography was done on Whatman KGF Silica Gel GOA plates. A
flat chamber was used to expose the plates to solvent and the plates were developed
horizontally. The chambers used were either Sem x Scmor 10cm x 10 cm.

Gus liquid chromatography (GLC) was done with a 5710A Hewlett Packard Gas
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Chromatograph with a Hewlett Packard 7123A recorder using an OV-101 packed colums
from Chromatographic Specialties Inc. The stainless steel column had a 0.6 cm diameter
and was 200 cm long. Detection was by flame jonization. The gas pressures utitized were
50 psi for helium, 60 psi for compressed air and 40 psi for hydrogen. The injection
temperature was 350°C. The detector temperature was 300°C. The same temperature
program was used for the majority of the samples. The temperature was kept at 200°C for
4 min. The temperature was then increased at a rate 8°C/min to 310°C. It was held at
310°C for 32 min. A sccond temperature program was used for some sumples. The
temperature was kept at 200°C for 4 min. The temperature was then increased at a rate of
8°C/min to 320°C. It was held at 320°C for 22 min. Attenuation was adjusted depending
on peak size.
2.3 NMR Equipment

NMR spectra were recorded using a Bruker AMX-500 spectrophotometer
operating at 500.139Mhz for 'H and at 125.71MHz for °C.
2.4 Fluorescence Studies

All fluorescence studies were done with a Jobin Yvon Spex: Fluorolog-3. using
Datamax for Windows software. The slit width for excitation was 5 nm and was 1 nm for
emission. Emission was recorded in counts per second. Emission was measured at 1 nm/s
from 300 to 450 nm. The excitation wavelengths used were 275, 285 and 295 nm.
Excitation spectra were collected at an emission wavelength of 339 nm (the highest point
of the emission spectra usually occurred at this wavelength). The slit width for excitation

was | nmand was 5 nm for emission. Excitation was recorded as millivolts (mv). The
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spectra were measured at 1 nm/s from 200 to 300 nm.
2.5 Light Scattering

Light scattering experiments were completed on both the wild type B-glucosidase
from Sigma and on the unsubstituted recombinant enzyme. A Dyna Pro MSTC Dynamic
Light Scattering Device with the Dynals software from Protein Solutions, Inc. was used.
2.6 Enzyme Assays

All spectrophotometric assays were carried out using a Shimadzu UV2101 PC
spectrophotometer with a CPS260 temperature controlled multi-cell changer set at 25°C.
The spectrophotometer was interfaced to a Packurd Beill 386SX-11 computer. The
software used was UV-2101/3101PC software (version 3) and UV-2101/3101 PC
optional kinetics software (version 2).
2.7 Escherichia coli strains

Plasmids obtained from Dr. Shoseyov (Hebrew University of Jerusalem in Israel)
containing the f3-glucosidase gene were transformed into E. coli XL2 blue ultracompetent
cells. These cells were purchased from Stratagene. The genotype of XL2 Blue cells is
recAl endAl gyrA96 thi-1 hsdR17 supEd4 relAl lac[F’ proAB laclz_M15 TnlO( Ter')
Amy Cam’]. Mutants of the f3-glucosidase gene were transformed into E. coli XL1 Blue
Supercompetent cells. The genotype is recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl
lac[F* proAB laclizAM 15 TnlO (Tet')].
2.8 Pichia pastoris strains

P. pastoris is a methylotrophic yeast. This means that it can use methanol as a

carbon source. There are two genes that aliow the metabolism of methanol, AOX/ and
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AOX2. These genes code for alcohol oxidases that are required for the initial step of
methanol metabolism (in addition to molecular oxygen), the oxidation of methanol to
formaldehyde. Since the AOX enzymes have a low affinity for oxygen, a large amount of
these enzymes is produced. Therefore. the promoter used to regulate the expression of the
AOX enzymes has been utilized to express the heterologous gene expression in P.
pastoris. The AOX1 gene is responsible for the majority of the alcohol oxidase activity.
Therefore strains that express AOX! grow very well in the presence of methanol and are
referred to as Mut® (methanol utilization plus). Strains where only the AOX2 gene is
expressed grow more slowly and are referred to as Mut’ (methanol utilization suppressed)
(Invitrogen, 1997). The P. pastoris strains used for expression of the B~glucosidase gene
were X-33, KM71 and GS115. The X-33 stain was usuoally used. It is a wild type strain of
P. pastoris and therefore is Mut®. In some cases KM71 was used. Its genotype is args
his+4 aox1::ARGH. This indicates that it has a mutation in the histidino! dehydrogenase
gene that prevents it from synthesizing His, and a mutation in the argininosuccinate lyase
gene that prevents it from synthesizing Arg. However, it also contains a wild type Arg
gene inserted into the AOX! gene so that KM71 is a Mut', Arg’, His™ strain. The strain is
Mut’ because the insertion of the Arg gene into AOX/ causes disruption of the gene so
that only the AOX2 gene is functional. The GS115 strain also has a mutation in the
histidinol dehydrogenase gene, and so cannot synthesize His. However, it contains no
mutations 10 AOX/, and is, therefore, a Mut® strain. The GS115 strain was utilized
initially, but was found 1o have lower transformation efficiencies than the X-33 or KM71

strains and thus was not used for expression of B-glucosidase mutants. All 2. pastoris
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strains were obtained from Invitrogen. The strain GS115/His*Mut® Albumin was used as
a control for secreted protein expression.
2.9 Plasmids

The B-glucosidase gene was provided by Dr Shoseyov and his group at The
Kennedy Leigh Center for Horticultural Rescarch and The Warburg Center for
Agricultural Biotechnology. The Faculty of Agriculture, The Hebrew University of
Jerusalem, Israel. The gene was obtained in three different plasmids: pET3d. pBS2SK,
and pPicIK. The gene was removed from the pPic9K plasmid and placed into pPICZAx
(Figure 2.1). The pPICZAc plasmid contained several features that made over expression
in P. pastoris easicr. The plasmid contained an a-factor signal sequence, AOX1 promoter
region, a polyhistidine tag, and the Zeocin resistance gene (S ble ORF). The signal
sequence caused the protein to be secreted to the media, the AOX1 promoter allowed the
gene expression to be induced by the presence of methanol, and the polyhistidine tag
could be used for purification. Zeocin is an antibiotic that is structurally related to
bleomycin/phlecomycin. It shows strong toxicity against both bacteria and fungi
(including yeast). The yeast will only grow in the presence of Zeocin if they contain the
resistance gene.
2.10 Primers

2.10.1 Sequencing Primers

Primers used for sequencing the wild type and mutant B-glucosidase genes are
shown in Table 2.1. All primers had phosphorylated 5° ends. The sequencing primers

from Invitrogen were designed from the pPICZA« plusmid sequence surrounding the
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pPICZAx
3593 bp

Figure 2.1. Plasmid map of pPICZA«. The multiple cloning site restriction
enzyme cut sites are indicated in addition to several other important
restriction sites. Other important features are also indicated. AOX
refers to the aleohol oxidase gene. Alpha refers to the o—factor
signal sequence, Myc refers to the myc epitope tag, His refers to the
polyhistidine tag made up of 6 His residues, TT refers to
transcription termination region, and ColE! is a pUC-derived

replication origin. Primer sites are indicated by stripes.
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multiple cloning site. Both the 5°AOX] and the «-factor primers were designed to
provide sequence starting at the 5° end of the B-glucosidase gene. The 3' AOX primer was
designed to provide sequence starting at the 3° end of the gene. Due to the size of the B-
glucosidase gene, additional primers were required for complete sequencing. The 5°-BG-I
primer was designed for sequencing from the interior of the B-glucosidase gene in the 5°-
3' direction. The 3°-BG-1I primer was designed for sequencing from the interior of the f3-
glucosidase gene in the 3°-5° direction. The primers were designed to allow maximal
overlap so that sequence ervors could be easily detected and confirmed.

Table 2.1: Primers used for sequencing the 3-glucosidase genes. The primers were either

supplied by Invitrogen or designed from the B-glucosidase sequence and produced by
UCDNA Services. All of the sequencing primers had 2 Tm of 62°C.

Primer Sequence

5'AOX1* 5"-GACTGGTTCCAATTGACAAGC-3"
3'AOXTI* 5'-GCAAATGGCATTCTGACATCC-3"
B-Factor* 5'-TACTATTGCCAGCATTGCTGC-3"
3'-BG-I" 5’ -CTCGTTTGAGATGGCCTGCT-3"
5'-BG-I" 5'-TGACCGTGGATGCGACAATG-3"

‘supplied by Invitrogen
"produced by UCDNA services

2.10.2 Mutagenesis Primers

Mutations to the f3-glucosidase gene were produced using both specific and
degenerate primers. Substituted enzymes were named by placing the letter abbreviation

for the amino acid to be substituted followed by its place in the amino acid sequence




followed by the letter abbreviation for the replaced amino acid. Therefore, W49F-f3-
glucosidase indicates that the Trp at position 49 in the f-glucosidase amino acid sequence
was replaced with a Phe. Specific primers were used to produce W49F/A, W262F/A,
W430F/A, and W5S1F/A (See Table 2.2). Degencrate primers were used to produce
W2IL/H/Y, W262C/P, L426G/V/A. W430L, WB0GF/A and W813C (See Table 2.3). The
primers were designed to have optimal T,, values and GC content according to the
Stratagene Quik Change Site-Directed Mutagenesis kit manual (See Section 3.13).
Primers were pamed according to the mutation desired and the direction of the primer
(c.g. W49F-f is for a substitution of the Trp at position 49 by Phe and the primer is in the
forward direction).
2.11 Growth Media

2.11.1 Growth Media for Escherichia coli

E. coli strains containing the pPicZAa-plasmid were grown in low salt LB (Luria-
Bertani media) in order 10 allow selection using the antibiotic Zeocin. Zeocin is a broad
spectrum antibiotic whose exact mechanism is unknown. It is thought to have a
mechanism similar to bleomycin and phleomycin because of structural similarities and
because its effects are prevented by the Sh ble resistance protein, which also prevents the
other drugs from binding DNA. Zeocin is isolated as a copper-chelated glycopeptide. The
copper-chelated form is inactive. However. when Zeocin enters the cell the copper is
removed and this activates the Zeocin. The activated form of the antiobiotic then binds

and cleaves DNA resulting in cell death (for more information refer to Berdy (1980)).
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Table 2.2: Primers designed to produce substitutions to Phe or Ala at specific amino acid
positions in the f-glucosidase sequence. The altered codons are indicated in bold and
underlined. The primer melting temperature (T,,) is in °C. Primer names indicate the
amino acid identity, position, new amino acid identity and direction (f-forward, r-
reverse).

Primer Sequence T,

WAI9F-f 5"-CCAACACATAGTTCCAATTCGAATCCAGTTCCTGTGGTC-3" | 76

W49F.r 5"-GACCACAGGAACTGGATTCGAATTGGAACTATGTGT-3° 76

W49A-f 5"-CCAACACATAGTTCCAATTCCGGCTCCAGTTCCTGTGGTC-3° 744

W49A-r 5"-GACCACAGGAACTGGAGCCGAATTGGAACTATGTGT-3" 744

W262F-f | 5"-GCATGGTGAGCAGCGAAATCACTCATGACAAAGCCC-3° 78.5

W262F-r | 5"-GGGCTTTGTCATGAGTGATITCGCTGCTCACCATGC-3" 78.5

W262A-f | 5"-GCATGGTGAGCAGCGGCATCACTCATGACAAAGCCC-3° 772

W262A-r | 5°-GGGCTTTGTCATGAGTGATGCCGCTGCTCACCATGC-3" 772
W430F-f | 5°-GCACTACCACTTCCGAAGCCCATCGCCAATGTTC-3" 774
W430F-r | 5"-GAACATTGGCGATGGGCITCGGAAGTGGTACTGC-3" 774
W430A-f | 5’-GCACTACCACTTCCGGCGCCCATCGCCAATGTTC-3" 75.8
WA30A-r | 5"-GAACATTGGCGATGGGCGCCGGAAGTGGTACTGC-3" 758
WS551F-f | 5"-CCGGGCAAACCACCGAAGAGGATAGCGGTAAC-3' 78.5
W551Fr | 5°-GTTACCGCTATCCTCITCGGTGGTTTGCCCGG-3' 785
W3551A-f | 5'-CCGGGCAAACCACCGGCGAGGATAGCGGTAAC-3' 78.1

W551A-r | 5°-GTTACCGCTATCCTCGCCGGTGGTTTGCCCGG-3' 78.1
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Table 2.3: Degenerate primers designed to produce substitutions for specific amino acid
positions in the B-glucosidase sequence®. The mutated codons are indicated in bold and
underlined. The primer melting temperature (T,) is in “C. Primer names indicate the
amino acid identity, position, and direction (f-forward, r-reverse). Degenerate nucleotides
were indicated by K. M. R, Y. H. and N (see ® for symbol description).

Primer | Sequence Tm
W2i-f 5’-CAATGGCCAGGGGCACYNCGGGCAGGCATAC-3' 79.7
W2l-r 5'-GTATGCCTGCGCGNRGTCGCCCTGGCCATTG-3" 79.7

W262-f | 5'-GGCTTTGTCATGAGTGATYNCGCTGCTCACCATGCTGG-3' 78.8

W262-r | 5°-CCAGCATGGTGAGCAGCGNRATCACTCATGACAAAGCC-3° 78.8

L426-f | 5°-GGATGCGACAATGGAACAKKKGCGATGGGCTGGG-3 76.8
L426-r 5"-CCCAGCCCATCGCMMMTGTTCCATTGTCGCATCC-3' 76.8
W430-f | 5“GCACTACCACTTCCNHAGCCCATCGCCAATGTTC-3' 78.1
W430-r | 5“GAACATTGGCGATGGGCTHNGGAAGTGGTACTGC-3' 78.1
W806-f | 5°-CGCCGTGACCTTGCAAACYNCAATGTTGACAAGCAGG-3’ 79

W806-r | 5"-CCTGCTTGTCAACATTGNRGTTTGCAAGGTCACGGCG-3° 79

WS8I3-f | 5"-GGAATGTTGAGAAGCAGGACYNCGAGATTAGCTCGTATCC-3' 79.1
W813-r | 5'-GGATACGAGCTAATCTCGNRGTCCTGCTTCTCAACATTCC-3" 79.1

“Primers were produced by Sigma Genosys.

*Symbols used in degenerate primers: K=G/T, M=A/C, R=A/G, Y=C/T, H=A/T,
N=A/C/TIG.
Zeocin activation is inhibited by high salt concentrations. Therefore, it is necessary to
reduce the amount of salt that is usually used to make LB media. Low salt LB contains:
10 g Tryptone. 5 g NaCl. S g Yeast extract in | L ddH.,0. The pH was adjusted t0 7.5

with NaOH and then autoclaved on liguid cycle (30 min.). For plate preparation, 15 g of
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agar was added prior to autoclaving. Afier the media was cooled, Zeocin was added to 25
ug/mL final concentration. Plates were stored in the dark at 4°C. For transformation into
E. coli XL2-Blue or XL1-Blue cells, NZY" broth was used. NZY* broth contains: 10 g
NZ amine (casein hydrolysate enzymatic (Sambrook and Russell, 2001)). 5 g yeast
extract, 5 g NaCl. This solution was brought to pH 7.5 with NaOH and then autoclaved
(liquid cycle. 30 min.). After autoclaving, 12.5 mL of filter sterilized MgCl, (1 M). and
MgSO, (1 M), and 10 mL of filter sterilized 2 M glucose were added. The total volume
was 1 L.

2.11.2 Growth Media for Pichia pastoris

P. pastoris strains were grown in several different media, YPD (yeast extract
peptone dextrose medium) was used for plates and growth of strains for glycerol stocks.
YPD contains 1% (w/v) yeast extract, 2% (w/v) peptone and 2% (w/v) dextrose
(glucose). For plates. 20 g/L agar was added prior to autoclaving. Filter-sterilized
dextrose (20% w/v) was added to the autoclaved media. Zeocin was added in some cases
to give a final concentration of 100 pg/mL. Liquid media that does not contain Zeocin
was stored at room temperature while plates and media containing Zeocin were stored at
4°C. Media and plates containing Zeocin were kept in the dark and had a maximum shelf
life of 2 weeks.

After P. pastoris strains were transformed (see section 3.14.2 for details) with the
B-glucosidase gene plasmid, they were grown on YPDS (yeast extract peptone dextrose
medium with sorbitol) plates with Zeocin. 182.2 g sorbitol, 20 g peptone and 20 g of agar

in 900 mL ddH,0. This medium contained 10 g yeast extract, 182.2 g sorbitol. 20 g
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peptone and 20 g of agar in 900 mL ddH,O. This was autoclaved and then 100 mL of
20% (w/v) dextrose was added. After cooling, Zeocin was added to a concentration of
100 pg/mL. Once the plates were poured they were stored at 4°C in the dark.

To confirm the Mut phenotype of yeast transformants (X-33 and GS115 strains
should be Mut’, and KM71 should be Mut*) they were grown on MDH (minimal dextrose
medium with histidine) and MMH (minimal methanol medium with histidine) plates.
MDH was made by adding 100 mL of filter sterilized 13.4% (w/v) YNB (yeast nitrogen
base with ammonium sulfate without amino acids. 2 mL of filter sterilized 0.02% (w/v)
biotin, 100 mL of filter sterifized 20% dextrose (w/v) and 10 mL of filter sterilized 0.4%
(w/v) His to 800 mL autoclaved waler containing 15 g of agar. MMH was produced in
the same manner but 100 mL of 5% (v/v) methano! was added instead of dextrose. Both
types of plates were stored at 4°C.

The media used for expression of the -glucosidase gene were BMGY (buffered
glycerol complex medium with yeast nitrogen base) and BMMY (buffered methanol
complex medium with yeast nitrogen base). These media were made (1 L) by dissolving
10 g yeast extract and 20 g of peptone in 700 mL of water and autoclaving. When this
mixture was cooled. 100 mL of 1 M potassium phosphate buffer (pH 6), 100 mL 13.4%
(w/v) YNB. 2 mL 0.02% (w/v) biotin and 100 mL of 10% (v/v) glycerol (BMGY) or
5%(v/v) methanol (BMMY) were added. Both of these media were stored at 4°C.

The media used for growing up yeast strains for the purpose of isolating genomic
DNA was MGYH (Minimal glycerol medium +/- histidine with yeast nitrogen base).

This media was made up of 1.34% (w/v) YNB, 1% (v/v) glycerol. 4x10-5% (w/v) biotin
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and +/- 0.004% histidine.
2.12 Electrophoresis

2.12.1 SDS/native PAGE

The Pharmacia Phastgel™ system was used for both native and SDS-PAGE.
Phast gels with a 10-15% acrylamide gradient (G10-15) were used for native PAGE and
gels with an 8-25% acrylamide gradient (G8-25) were used for SDS-PAGE. Both types
of gels had 2% crosslinking. Buffer strips were made for both types of gels. SDS-PAGE
buffer strips contained 0.2 M Tricine. 0.2 M Tris, and 0.55% (w/v) SDS (analytical
grade) ata pH of 8.1. Native buffer strips contained 0.88 M L-alanine and 0.25 M Tris
(pH 8.8). For both types of buffer strips. 2% (w/v) agarose was added prior to use.
Sample Buffer was made up of 10 mM Tris/HCl, and 1 mM EDTA (pH 8). SDS was
added to a final concentration of 2.5% (w/v), mercaptoethanol to 5% (w/v) and
bromophenotl blue was added to 0.01% (w/v). Coomassic blue tablets and the Phast gel
silver stain kit were purchased from Amersham/Pharmacia Biotech. Protein size was
determined by comparison to “high molecular weight markers™ for native or SDS PAGE.
These markers were also purchased from Amersham/Pharmacia Biotech.

2.12.2 Agarose Gel Electrophoresis

Agarose gels contained 0.8% (w/v) agarose which was melted in sterile IX TAE
buffer (50X TAE (1 L) contains 242 g Tris, 16.8 g EDTA, and 57.1 mL acetic acid (pH
8)). After cooling, cthidium bromide (0.0025 pg/mL. final concentration) was added to
the gel. Sumples were prepared by mixing with TE buffer (10 mM Tris-HCI (pH 7.5) and

1 mM EDTA) and loading buffer (0.25% (w/v) bromophenol blue and 40% (w/v)
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sucrose). The sample was generatly 10% of the total volume. A Hind 11 digested lambda
ladder was used to determine DNA size.
2.13 Analysis of Carbohydrate Chains

The sugars removed from the §-glucosidase protein were analyzed using
equipment supplied by Glyko. All reagents were suppliced in the FACE® N-Linked
Oligosaccharide Profiling Kit or in the FACE™ N-Linked Oligosaccharide Sequencing
Kit. The FACE™ N-Linked Oligosaccharide Profiling Kit contained all the gels. buffers.
labeling agents, dyes. standards and controls necessary to perform the profiling reactions.
The FACE™ N-Linked Oligosaccharide Sequencing Kit contained all of the enzymes,

gels, buffers, standards and controls necessary for the oligosaccharide sequencing.



59

3. METHODS

3.1 Purification of the B-glucosidase from the Sigma cellulase mixture

3.1.1 Ammonium sulphate precipitation

The cellulase powder obtained from Sigma (catalogue number C-1184) was
dissolved in 150 mM acetate buffer (pH 4.5) at a concentration of 0.1 g/mL. Sigma ultra
pure (NH,),SO, was added to the cellulase solution to a concentration of 1.7 M (40%
saturation) at 4°C. The resulting suspension was stirred for 30 min. at 4°C and then
centrifuged at 25 000 x g for 30 min. The supernatant was then brought to 2.7 M (60%
saturation) (NH,),SO, at 4°C and again stirred for 30 min. Centrifugation was repeated.
The pellet was redissolved in a small volume of 150 mM sodium acetate buffer. The
protein sotution was kept at 4°C until it could be applied to a Sephacryl S-300 column,

3.1.2 Size exclusion chromatography

3.1.2.1 Sephacryl S-300

The protein solution was applied to a Sephacryl S-300 column (see Section 2.2).
Sodium acetate buffer (pH 4.5, 150 mM) was the eluent (2 mL/min). Fractions (4.5 mL)
were assayed for 3-glucosidase activity (see Section 3.6.2.1). Active fractions were
collected and concentrated to 500 pl.. SDS-PAGE was used to assess the purity of the
concentrated protein samples.

3.1.2.2 FPLC

If necessary. enzyme solutions obtained from the Sephacryl column were

concentrated and loaded (500 pL) onto an FPLC with a Superose 6 and a Superose 12

column connected in series. Elution was with 150 mM sodium acetate buffer (pH 4.5) ata
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speed of 0.25 mL/min. Fractions (1 mL) were assayed for activity. The active fractions
were analyzed by SDS-PAGE and those containing only the B-glucosidase band were
pooled and concentrated.
3.2 Polyacrylamide gel electrophoresis

Samples were prepared for SDS-PAGE by mixing equal parts of 2X sample buffer
and protein and boiling for 3 to 5 min. These mixtures were applied to the gel in 1 uL
aliquots. Protein samples for native PAGE were applied directly to the gel in 1 gL
aliquots. SDS-PAGE gels were run for 105 volt hours and native PAGE gels for 300 volt
hours. Gels were stained with Coomassie Blue or the Phast™ gel silver stain kit from
Pharmacia.
3.3 Determination of B-glucosidase size

3.3.1 SDS and native PAGE

The molecular weight of the B-glucosidase was estimated by several methods.
Initizlly SDS PAGE and native PAGE were utilized and the results indicated that it was
tikely that the protein was a dimer. However, it was found that the $-glucosidase is a
glycoprotein and so other methods were also utilized.

3.3.2 Size exclusion chromatography

Blue Dextran (2 000 0600 Da), thyroglobulin (669 600 Da). ferritin (440 000 Da).
catalase (232 000 Da) and adolase (158 000Da) were applied to Superose 6 and 12
columns connected in series and cluted on the FPLC. 8-Glucosidase was applied

separately and eluted. The absorbance was monitored at 280 nm. Elution of the standards
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was repeated several times to ensure that the FPLC column results were reproducible. The
logarithms of the molecular weights vs. the clution volumes were plotted.

3.3.3 Dynamic light scattering

Dynamie light scattering (DLS) is a non-invasive approach to protein
characterization. The sample is irradiated with a mono-chromatic laser and the scattered
light is collected at a photon detector placed at a known angle relative to the incident
beam. The strength of the scattering signal is dependent on the molecular weight, density.
shape, concentration, viscosity and refractive index propertics of the medium, as well as
the magnitude of the particle-particle interactions and the solvent-particle interactions
(hup:/./protein-solutions.com).

The DLS data produces an intensity comrelation curve, which is an indirect measure
of the particle’s diffusion coefficient and this information is used to calculate the radius of

a molecule and then the molecular weight. The radius is determined by:

p=XI__XL M
f G6myr

D is the diffusion coefficient, k is Boltzmann's constant, T is the temperature, and f is the
frictional coefficient for a compact sphere in a viscous medium. The frictional coefficient
is determined from 6rmr, where 1 is the solvent viscosity and r is the radius. The radivs
that is determined from the diffusional properties indicates the apparent size of a dynamic,
hydrated particle. Hence the term hydrodynamic radius. The parameters utilized by the
Dynals program to calculate the hydrodynamic radii for the B-glucosidase are given in

Appendix L.



3.4 Determination of protein concentration
The concentration of enzyme was determined using the modified Bradford method
(Kruger, 1994). The Bradford assay is dependent on the binding of Coomassie Blue dye to
protein which allows spectrophotometric measurements to be taken at 595 nm. The assay
is somewhat dependent on amino acid composition since the dye binds most readily to
Arg residues (Kruger, 1994). Bovine y-globulin was used as a standard since the dye
binding capacity of this protein is closest to the mean of a variety of proteins that have
been assayed (Kruger, 1994), Additionally, the percentage of Arg in y-globulin (4.3%) is
similar to the percentage of Arg in B-glucosidase (4.1%6). The protein assay reagent was
composed of 10 mg of Coomassic Brilliant Blue, 2.5 mL of 95% ethanol, 5 mL of 85%
phosphoric acid and 50 mL of water. This was added (4 mL) to 6 samples of | mg/mlL
bovine y-globulin (0, 0.04, 0.08, 0.12, 0.16. 0.20 mL} that were made up to 0.2 mL with
the addition of water. Tubes were incubated for 5 min. at 20°C. Absorbance at 595 nm
wus recorded for each tube and plotted to produce the standard curve. The enzyme was
treated in the same manner. The concentration of protein in the unknown sample was
determined by comparing the A, values on the standard curve. All samples were
measured in duplicate.
3.5 Determination of extinction coefficient
Once the protein concentration was determined the extinction coefficient (280
nm) was calculated. The extinction coefficient was determined from Beer's Law. The
calculated extinction coefficient was used to determnine protein concentration from the

absorbance (280 nm) in subsequent work.
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3.6 Enzyme assays

3.6.1 3,4-Dinitrophenyl cellobiose (DNPC)

Assays with DNPC were carried out in 150 mM sodium acetate buffer at pH 5 and
25°C. The absorbance of dinitrophenol at 420 nm could be followed directly as a function
of time since the pK, value of the dinitrophenol is relatively low (5.4).

3.6.2 pNPGic/oNPGlc

Assays with oNPGlc and pNPGlc were carried out in sodium acetate (150 mM)
buffer at 25°C. The assays were started by the addition enzyme. The final volume of the
assay was 0.33 mL. The reactions (done in duplicate) were allowed to incubate for 3 to 15
minutes. Zero time blanks were also obtained. The reactions were stopped by the addition
of 0.67 mL of I M sodium bicarbonate (Na,CO,). This raised the pH to 10 and inactivated
the enzyme. Nitrophenols are fully ionized at pH 10 and absorb ut 400 nm. Absorbance
versus time of incubation was plotied in order to cnsure that the increase in product
concentration was lincar. Extinction coefficients (pH 10) of 4.65 cm™*'mM ! for oNP and
13.01 em'mM* for pNP were used. All assays were completed at least twice and in many
cases assays were done in triplicate. A small amount of error was noted (approximately 5-
15%%).

3.6.3 Determination of V. K, and V_,_ (trans)

The Kinetics of the reactions were studied using Eadie-Hofstee plots, Unusual
Eadie-Hofstce plots were obtained with the 8-glucosidase. Figure 3.1 illustrates a typical

Eadic-Hofstee plot obtained upon reaction of B-glucosidase with pNPGlc. The results
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Figure 3.1. An example of an Eadie-Hofstee plot obtained with pNPGic
and the B-glucosidase purified from the Sigma cellulase mixture.
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section will show that the unique profiles were obtained because both hydrolytic and
transglucosidic reactions occur, The Kinetic constants were determined as follows. Straight
lines were fitted to the data obtained at low substraic concentrations as shown in Figure
3.1. These lines correspond to the hydrolytic portion of the reaction. The lines were
extrapolated to the Y-axis. The Y-intercepts of these straight lines are equal to the V,,,
values while the negative stopes of these straight lines are the K, values of the hydrolytic
part of the reaction. The V,, values for the transglycolysis reaction (called V., (trans)
values) were determined by statistically extrapolating the curves to infinite substrate
concentration.
3.6.3.1 Statistical analysis of the V. (trans) values using a SAS

(statistical analysis system) non-linear regression program

The V. (trans) values were calculated using a non-linear least squares statistical
anxlysis program, SAS (www.sas.com). A model equation was derived from the
mechanism (to be presented later — Figure 4.20) using King-Altman patterns and the
Cleland method.

V.= _a|ShHbIS) . 2)
c +d[S] +¢[S]

The equation has this form (with the substrate concentration squared) because the
substrate is also 1 transglucosidic acceptor and thus affects the rates in two ways. The
substrate usually binds with less affinity to the acceptor site and thus the effects of the

terms with substrate concentration squared are only seen at high substrate concentration.
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The SAS program solved for the 5 unknowns (a, b, c, d, and ¢) using the Marquardt
iterative process. When the equation is solved for the five unknowns, the V. K, and
V.. (trans) can be obtained by calculating a/d, c/d and b/e, respectively. This program
was, however, only used to obtain the V,,, (trans) value. The V_, and K, values were
more accurately obtained from the straight line (see Figure 3.1).

3.6.4 Rapid qualitative assays for B-glucosidase activity

Fractions obtained from purification columns were qualitatively assayed to
determine the presence of B-glucosidase. Aliquots (15 pL) of the fractions were added to
15 uL of 100 mM pNPGlc in sodium acetate buffer (150 mM. pH 4.5). This was incubated
at room temperature for 10 to 30 min. A small amount (30 uL) of 1 M Na,CO, was then
added. Mixtures with enzyme became yellow.

3.6.5. pH profiles with nitrophenyl glucosides as substrates

Profiles of the enzyme activity at various pH values were done with pNPGlc and
oNPGlc. The assays were similar to those in section 3.6.2 but were done in a buffer made
up of sodium acetate (150 mM) and sodium phosphate (150 mM). The effects of pH from
3 to 7 were investigated.

3.6.6. Temperature effects

The thermal stability was investigated by heating the enzyme to 65°C, removing
aliquots at timed intervals and assaying them for activity with 50 mM pNPGlc. Assays
were done as described in Section 3.6.2. V,,, values were also obtained at 5°C temperature

intervals from 25° to 85°C.
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The effects of freczing the enzyme were also investigated. An aliquot of enzyme
was placed in liquid nitrogen. The frozen enzyme was then lyophilized and later was
suspended in buffer (sodium acetate buffer, 150mM. pH 4.5). The protein was assayed for
activity as detailed in Section 3.6.2.

3.6.7 Non-aryl glucosyl substrates

Assays of glucose production with cellobiose, cellotriose, cellotetraose,
cellopentaose, isotrehalose, sophorose, laminaribiose, gentiobiose and 4-O-gentiobiosyl-
glucose (see Appendix II for structures) were done at 25°C and pH 4.5 (150 mM sodium
acetate buffer). Because of the expense of the substrates and reagents. the assays were
done very carefully in & small volume (50 uL). The mixtures were atlowed to react for §
min. at 25°C at which time 40 pL aliquots of the assays were removed and transferred to
tubes containing 50 uL of a mixture of hexokinase (4.2 units) and glucose-6-phosphate
dehydrogenase (2.1 units) ina 1.54 mL total volume. Magnesium chloride (13.3 mM),
ATP (1.26 mM) and NADP" (1.87 mM) were also present. The high concentrations of
ATP and NADP* were used to ensure that they would not limit the extent of the reaction.
The buffer was 33.3 mM tricthanolamine (pH 8.3). At this pH the B-glucosidase is
inactive und therefore the assay measured only the glucose that was produced before the
coupled enzymes were added. The absorbance was measured at 340 nm for a total of 5
min. This allowed all of the glucose produced by the f3-glucosidase to react with the
hexokinase/glucose-6-phosphate dehydrogenase mixture and the absorbance plateaued
(Figure 3.2). The total amount of glucose produced by the enzyme was calculated from the

plateau region of the absorbance using an extinction coefficient of NADPH (6220
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Figure 3.2. Typical spectrophotometric results from the hexokinase/glucose-6-
phosphate dehydrogenase assay coupled to the B-glucosidase assay.
These results were obtained from the B-glucosidase purified from
the Sigma cellulase mixture reacted with cellobiose at
concentrations of 10 mM (O) and 4 mM @). The absorbance

readings obtained from the graph plateaus are illustrated,



69

M-tem™). Zero time blanks, obtained by the same method but without the addition of
enzyme. were subtracted.
3.6.7.1 pH studies with cellobiose as a substrate

The effects of pH (pH 3-7) on the enzyme were studied with cellobiose. Assays
were completed as in Section 3.6.7 except that the buffer was made up of acetate (150
mM) and sedium phosphate (150 mM).

3.6.8 Inhibitor studies

The inhibitory effects (K, values) of a variety of sugars on the enzyme reaction with
pNPGlc were determined in 150 mM sodium acetate buffer at pH 4.5 and 25°C. The sugar
concentrations studied were varied depending on the inhibitory effect found in preliminary
studies. The sugars tested were glucose. mannose. allose. galactose, xylose, gluconic acid
8-luctone (also referred to as gluconolactone), cellobiose, gentiobiose, maltose, and
cellotriose (see Appendix 11 for structures). Since pNPGle was the substrate used, the
product that was measured was nitrophenol. This allowed the inhibition effects of
cellobiose, gentiobiose and cellotriose (all good substrates) to be determined because they
have different products than pNPGle. Therefore, if hydrolysis of these sugars occurred it
would not interfere with the inhibition assay. Additionally, the reaction was done quickly
so that only a very small amount of the inhibitor could be reacted. Assays were carried out
as in Section 3.6.2 but with the addition of the inhibitor. Only low pNPGlc concentrations
were investigated so that the K| values could be obtained with the straight line section of

the plots. The reaction mechanism for B-glucosidase in the presence of a competitive
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inhibitor is shown in Figure 3.3. The Figure shows that inhibitors also act as acceptors but

the K| values obtained by equation (3) below are for when inhibitors bind to free enzyme.

The K, values are competitive inhibition constants. The equation accounts for changes in
the reaction rate that occur in the presence of a competitive inhibitor that also acts as an
acceptor (Deschavanne et al.. 1978; Huber et al., 1983). The V. and K,; values (Equation
(3)) are obtained in the absence of an inhibitor while the apparent V,, and K, values
(*"V_,.and *TK ) are obtained in the presence of an inhibitor (1) that also acts as an
acceptor (Figure 3.3).
3.6.9 Acceptor studies
As already stated, most sugars and alcohols were found to act as acceptors and bind
to the glucosyl form of the enzyme. Different alcohols were tested for their ability to
affect the rate when acting as acceptors. The assays were done at low pNPGlc
concentrations to minimize the effects of the substrate itself acting as an acceptor, but
were otherwise carried out as above. Assays were done with ethanol (1 M), glycerol (1
M). propanol (1 M) and methanol (0.1 M, 0.5 M. 1 M). These are rather high
concentrations but the K™ values are large and so effects are only seen at such high values.
Also, this was only done for a qualitative indication of the acceptor action. The high

concentrations of the alcohols did not appear to cause denaturation.
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Figure 3.3. Inhibition of the B-glucosidase reaction. E represents the free

enzyme, I is an inhibitor that can also act as an acceptor, Gle-
NP is pNPGle, NP is the released nitrophenol, and Gle is
glucose. Rate constants are shown in addition to the
dissociation constants for the inhibitor/acceptor (K and K;™).
The K; value of a particular inhibitor is determined by its
binding affinity for the free enzyme and is a measurement of
competitive inhibtion . If the inhibitor binds to the glucosyl
form of the enzyme and acts as an acceptor, this is measured
by the K;” constant. The K, value was not determined. The
solid dots represent an interaction of some kind with the
enzyme.
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Acceptor activity was also followed by TLC. Reactions were done in 150 mM
sodivm acetate buffer (pH 4.5). The assay solutions contained 20 mM pNPGlc. Enzyme
was added at 0 time. Aliquots (1 gL} were spotted onto TLC plates at appropriate time
intervals. The TLC plates were then processed according to Section 3.7.1. Various sugars
and alcohols were tested. The appearance of novel products on the TLC plate suggested
acceptor activity.

3.6.10 Metals and EDTA

The effect of metals (Mg®, Ca®, Mn™ and Zn* (10 mM)) and EDTA (10 mM)
was investigated. Reactions were completed in the same manner as normal (Section 3.6.2)
except that metals or EDTA were added. In ali cases, the effects of these additions were
determined from changes in the resulting Eadie-Hofstee plots.

3.7 Analysis of substrate breakdown

3.7.1 Thin layer chromatography

Reuctions were usually carried out in 150 mM sodium acetate buffer at pH 4.5
(25°C) but in some cases the reactions were done at pH 7.0. Substrates and enzyme were
mixed at zero time and 1 pL. aliquots were applied to TLC plates at timed intervals. The
reaction was stopped by this action, Plates were placed into a developing chamber and the
solvent was allowed to travel 10 0.5 cm from the top. The developing solvent was a
mixture of n-butanol, ethyl acetate. 2-propanol, acetic acid and water in the ratio of
1:3:2:1:1. Sometimes the plates were dried and run a second time. Products containing

nitrophenyl groups were detected by illuminating the dried plate with UV light. Products
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containing sugars were detected by dipping the dried plates into 2% (v/v) concentrated
sulfuric acid in methanol and then charring the plates at 450°C. Except for the cases where
unknown sugars were produced, the identities of the sugars were determined by using
known standards.
3.7.1.1 Densitometer analysis
In some cases, the amounts of the various sugars present on TLC plates were
quantitated by using LKB Broma Ultroscan XL Enhanced Laser Densitometer scans of
reproductions of the charred plates on transparencies. The densitometer was programmed
for an x-width of 4. a y-step of 4, and a peak width of 2. The baseline was the average of
the 16 lowest data points.
3.7.2 NMR analysis
NMR was used to analyze the enzyme reaction over time and to determine the
identity of the products resulting from the enzyme reaction. The reactions were done in
150 mM acetate buffer at pH 4.5 and 25°C using a 10 mm probe.
3.7.2.1 Cellobiose
Assays were done to continuously follow product formation with 80 mM cellobiose
in the presence of 2 pg of enzyme. The final volume was 2.5 mL. The reaction was done
in 150 mM sodium acetate buffer (pH 4.5) at 25°C. Spectra were collected every 4 hrs, and
analyzed for the presence of cellobiose. gentiobiose. gentiobiosyl-glucose and glucose.
3.7.2.2 pNPGlc
Assays utilizing NMR were done to continuously follow product formation with 75

mM pNPGilc in the presence of 4 pg of enzyme. The final volume was 2.5 mL. Spectra
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were collected every 4 hrs and analyzed for the presence of pNPGlc, pNPGe and glucose.
The reaction was done in sodium acetate buffer (150 mM) at pH 4.5 and 25°C, using a 10
mm probe.

3.8.1 Gas-liquid chromatography

Gas-liquid chromatography was utilized to follow the reactions of the f3-
glucosidase. Standards were run to determine where the expected substrates and products
(cetlobiose, glucose. gentiobiose and gentiobiosyl- glucose) would elute from the column
and to construct standard plots. In some cases these experiments were done with pNPGle
and gentiobiose as the substrates. All of the B-glucosidase reactions were carried out in
150 mM sodium acetate buffer at pH 4.5, 25°C.

The GLC analyses were done as follows. Aliquots of (100 uL) of the reaction were
removed after timed intervals that depended on the concentration of the substrate. The
zero time aliquot was taken before enzyme was added. The aliquots were added to tubes
that were immersed in liquid nitrogen and so the aliquots froze instantly. An internal
standard (100 pL) of 2 mM inositol wis also added to the reaction tube and it also froze
instantly. The tubes were then lyophilized overnight. The samples were then silylated by
adding dimethylformamide (500 pl) as a solvent and then hexamethyldisilazane (HMDS)
(250 uL) and trimethylchlorosilane (TMCS) (100 uL). After vortexing, the tubes were
incubated for 30 min. at 70°C. The tubes were vortexed again and the incubation was
repeated. The silylated sugars became concentrated in a smail layer of liquid at the top of
the microfuge tube. A small sample was injected into the injection port of the gas liquid

chromatograph instrument. The peaks that were obtained were displayed on a chart
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recorder. The areas under the peaks of the products were measured by weighing. The
ratios of the weights of the product peaks to the weight of the internal standard peaks were
determined. Weighing was done with a Mettler Micro-Gramatic balance that was
accurately calibrated for very small weights. The ratios were then compared to standard
ratio curves to determine the quantities of the sugars produced.
3.9 Identification of unknown products

3.9.1 Production of large amounts of unknowns

The enzyme produced unknown transglucosidic reaction products. These unknown
sugars were produced and purified in large amounts for NMR analysis. The unknown
compounds produced by the reaction of B-glucosidase on cellobiose were obtained by
incubating #-glucosidase (1 mL, 0.5 mg/mL) with 24 mL of 100 mM cellobiose for 210
min. at 25 °C. The enzyme was reacted in a similar manner with DNPC but the reaction
was done with a smaller amount of substrate (5 mL of 5 mM) and therefore, less enzyme
was used (0.6 mL of 0.43 mg/mL). Also the reaction was incubated at 25°C for only 5
min. A reaction with pNPGlc was also done. In this case it was done with 25 mL of 100
mM pNPGlc and 3 mL of enzyme (0.5 mg/mL) and the reaction was allowed to proceed
for 120 min. at 25°C. These times and concentrations were chosen because maximum
levels of the unknowns were present at those times and concentrations for each substrate.
The reactions were stopped by freezing the reacting vessels in liguid N,. The solutions

were lyophilized.
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3.9.2 Purification of unknown sugars

The concentrated mixtures were applied to a Sephadex G10 column (I mx 3 cm
diameter) and eluted with deionized H,O. Sephadex G-10 was used for sugar separation
since it is highly cross-linked and separates molecules below a molecular weight of 1000
g/mol. The matrix also interacts weakly with the carbohydrates at low salt concentrations
and this allowed for the separation of molecules of the same size but with different
structures. Fractions were assiyed for sugars by TLC and fractions containing pure
individual sugars were pooled. The pooled fractions were lyophilized. TLC was used to
estimate the purity of the unknowns.

3.9.3NMR

To identify the unknown sugars using NMR, the purified lyophilized unknowns
were dissolved in D,O (500 pL). Internal standard. DSS (2 uL), was then added. The
spectra were acquired at 25°C using & 5 mm probe. HMQC (heteronuclear multiple
quantum coherence) and TOCSY(Total Correlation Spectroscopy) spectra were utilized to
determine the chemical shift values shown in Appendix 111,

394TLC

TLC was also used to identify some of the unknowns. This was done when a
standard was available for comparison. Generally, the more common sugars, glucose,
cellobiose, and gentiobiose were identified by comparison to R, values of standards.
However, NMR was used to verify the identities of glucose, cellobiose and gentiobiose as

described in Section 3.9.3.
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3.10 Identification of Aspergillus niger B-glucosidase

After the initial studies on the $-glucosidase obtained from Sigma had been
accomplished [ was informed that another group, Dr. Shoseyov's lab in Israel, was
working on an Aspergillus niger B-glucosidase and had already cloned the gene.
Therefore, it became important to determine if the two B~glucosidases were the same. Dr.
Shoseyov gencerously sent me a lyophilized sample of his protein and the gene sequence.
Once 1 was sure that the two proteins were the same, Dr. Shoseyov also provided the
cloned gene in three plasmids (pPet3d, pPic9K. and pBS.SK) as well as two strains of
Pichia pastoris containing plasmids for the genes of two substituted enzymes, W262L and
W139L-B-glucosidase.

3.10.1 Cyanogen bromide cleavage

Cyanogen bromide cleavage was used to cleave the protein into small peptides. The
sulfhydryl and disulfide groups of the protein were initially carboxymethylated. Solutions
of the enzyme were dialyzed ovemight in 0.1 M Tris-HCI (pH 8.6) with -
mercaptocthanol (at a concentration equivalent to 2-3x that of the total cysteine
concentration). After dialysis, urea (8 M final concentration), 2 M Tris-HCI (pH 8.5) (0.4
M final concentration), and 5% (w/v) EDTA (0.2% final concentration) were added. The
solution was then degassed with nitrogen and incubated at room temperature for 4 hours.
Following the incubation the solution was wrapped in aluminum foi! to protect it from
light and a 20-fold molar excess of iodoacetic acid was added (20X the number of
sulfbydryl groups in the solution including those from B-mcrcuplocx!ﬁl’nol). After sitting in

the dark for 15 minutes, 1 mL of 14 M f-mercaptocthanol was added. This was done in
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order to react the excess iodoacetic acid. This solution was dialyzed against 0.2 M
ammonium bicarbonate (2 changes). The carboxymethylated protein was frozen in liquid
nitrogen and lyophilized. The lyophilized protein was dissolved in 70% formic acid and 5
crystals of CNBr were added. This mixture was incubated overnight at room temperature.
A rotovap was used to remove the formic acid and cyanogen bromide. The protein was
resuspended in 30% acetic acid and dried. This step was repeated 3X.

3.10.2 Peptide sequencing

The peptides were analyzed by Dr. D. McKay, University of Calgary. He separated
the peptides by gel electrophoresis. One of the peptides was chosen and sequencing was
done for 12 degradation cycles on a PE-Applied Biosystems 491 Protein Sequencer.

3.10.3 Other methods for determining the identity of the two B-glucosidases
The lyophilized protein provided by Dr. Shoseyov was also tested kinetically to determine
if it was similar to the B-glucosidase purified from the Sigma cellulase mixture. Both
enzymes were assayed with pNPGlc at pH 4.5 at concentrations from 0.1 to 50 mM.
Assay conditions were the same as those described in section 3.6.2. The two enzymes
were also analyzed by SDS- and native PAGE.
3.11 Transformation into E. coli

The 3 plasmids containing the f-glucosidase gene were transformed into E. coli
Ultracompetent XL2-Blue cells according to the protocol provided by Stratagene. Initially
the cells were thawed and 75 pL were added to sterile tubes with 1.42 M B-
mercaptoethanol (1.55 pL). After incubating on ice for 10 min., 1-2 puL of plasmid DNA

wis added and the mixture was kept on ice for an additional 30 min. The mixture of cells,
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plasmid DNA and -mercaptocthano! was then heat shocked at 42°C for 30 s. Following
heat shock, the mixture was returned to ice for 2 min. Preheated NZY* broth was then
added (0.9 mL. 42°C) and the cells were incubated with shaking at 37°C for 1 hr. After
this, the cells were plated on LB agar plates containing a suitable antibiotic (if the plasmid
contained the gene for Zeocin resistance, the cells were plated on low salt LB with 25
ug/mL Zeocin: if the plasmid contained the gene for ampicillin resistance, the cells were
plated on LB plates with 100 pg/mL ampicillin).

3.11.1 Purification of plasmid DNA

All plasmid DNA was purified using the Qiagen Mini-, Midi-, or Maxi-plasmid
purification Kits (depending upon the amount of DNA required). The Qiagen plasmid
purification protocols are based on a modified alkaline lysis procedure, followed by
binding of DNA to Qiagen anion-exchange resin. RNA, proteins, dyes and low-molecular
weight impurities were removed by & medium-salt wash and plasmid DNA was cluted in a
high-salt buffer. The DNA was then concentrated and desalted by isopropanol
precipitation. The expected yield for high-copy plasmids for Mini, Midi. and Maxi kits
were 10-20 pg. 75-100 pg, and 300-500 pg. respectively.

3.11.2 Introduction of the f-glucosidase gene into the pPicZAa plasmid

The B-glucosidase gene was transferred from the pPic9K plasmid to the pPicZA«
plasmid because the latter had several beneficial features. A description of these features is
given in Table 3.1. The sequence of the pPic9k plasmid containing the B-glucosidase gene
was analyzed and found to have two unique restriction sites on either end of the gene that

were also unique to the multiple cloning site of the pPicZAa plasmid (Figure 3.4).



Table 3.1. Features of the pPicZAo plasmid.

80

Feature

Benefit

5’A0X]

A fragment of the alcohol oxidase gene
containing the AOX! promoter that allows
methanol-inducible, high-level expression in
Pichia. It also targets the plasmid for
integration into the AOX/ locus in P. pastoris

Native Saccharomyces cerevisiae o-factor
secretion signal

Allows for secretion of proteins to the media
by P. pastoris.

Multiple cloning site (10 unique sites)

Allows inscrtion of gene of interest.

C-terminal miye epitope tag

Permits detection of the fusion protein by the
Anti-myc antibody.

C-terminal polyhistidine tag

Encodes 6 His that form a metal-binding site
for affinity purification.

AOX! Transcription termination (TT)

Native transcription termination and
polyadenylation signal from AOX/ gene that
permits efficient 3° mRNA processing-
including polyadenylation for increased
stability.

TEF! promoter

Transcription ¢longation factor 1 gene
promoter from S. cerevisiae that drives
expression of the Sh ble gene in Pichia.

11 n

- ™
ichus

Zeocin t

Sh ble gene (Streg
bleomycin (ble) gene

e gene,

EM7 promoter

Synthetic prokaryotic constitutive promoter
that drives Sh ble gene expression in E. coli.

CYCI transcription termination region

3" end of the S. cerevisiae CYC1 gene that
allows efficient 3' mRNA processing of the
Sh ble gene for increased stability.

CoLE} origin

Allows replication and maintenance of the
plasmid in E, coli.
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Figure 3.4. Construction of pPICZAw:BGL plasmid from pPic9k and
pPICZAc. The B-glucosidase gene is represented by BGL. The
pPicIK plasmid and pPICZA . plasmid share some common
features: ColE1-a pUC-derived origin of replication, the alpha
factor signal sequence for secretion (o), and the 3'AOXT TT-the
AOXI transcription termination region. Both also contained a
multiple cloning site (MCS). pPic 9k also contains a fragment of
the 3'AO.X] gene, the 5°AOXT promoter region, Ampicillin
(AmpR) and Kanamycin (Kan®) resistance and the histidinal lyase
gene (His4). The pPICZAa plasmid also has some additional
features; a region of the 5' 40X gene (5°.40XT), a myc epitope
tag (m). a polyhistidine tag (H), a TEF1 promoter, an EM7
promoter, the Sh ble ORF (Zeocin resistance, Zeo®), and the
CYCI transcription termination region (CYC1 TT). The benefits

of the above features are described in Table 3.1,
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Therefore. both plasmids were cut at these unique sites (Eco RI and Nor 1) in a double
digest. The digestions were carried out according to the manufacturer’s instructions
(Pharmacia Biotech). The digestion of the pPic9K plasmid produced 2 DNA fragments (a
2.5 kb fragment containing the B-glucosidase gene and a 9.3 kb fragment representing the
rest of the plasmid) (Figure 3.5). The sites in the pPicZAc plasmid were in the MCS and
only a small piece of DNA was removed by the digestion process. The restriction enzymes
produced a large 3.54 kb plasmid fragment and a smaller 0.05 kb fragment was removed
from the cloning site. The DNA fragments resulting from the digestions were visualized
on a 1% low-melting point agarose gel. The B-glucosidase gene band and the pPicZA«
band were excised from the gel and purified using the Wizard DNA Purification System
(Promega). The gene was then ligated into the plasmid using the Rapid DNA Ligation kit
(Roche). The new plasmid was loaded onto a 0.8% agarose gel to determine if the ligation
was effective. This is shown in Figure 3.6.

3.11.3 Transformation into Escherichia coli

The new plasmid, pPicZAw:BGL (pPicZA« containing the B-glucosidase gene) was
transformed into E.coli XL2 blue cell following the Stratagene protocol (see section 3.11).
Following transformation, the cetls were plated on low salt LB plates containing 25
pg/mL Zeocin and grown overnight at 37°C. Zeocin resistant colonics were then
selected and grown in 2 mL of low salt LB with 25 pg/mL Zeocin overnight at 37°C with
shaking (225 rpm). Plasmid was purified using the Qiagen Mini-prep plasmid purification

kit and sequenced (UCDNA Services).
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Figure 3.5 Agarosc gel illustrating the migration of the parent plasmid
containing the B-glucosidase gene (pPic9k:BGL) and the
expression plasmid, pPicZA«, prior to B-glucosidase gene
insertion. Gel lanes are indicated in white. MW is the molecular
weight markers and sizes for the bands are shown
on the right. Both plasmids were digested with Eco R/ 1o linearize
the plasmid and illustrate their sizes. Lanes 1 and 2 contain
pPicOk:BGL, lane 1 is the linear form of the plasmid while lane 2
shows the circular DNA. Lanes 3 and 4 contain
pPicZAo plasmid DNA in the lincar and circular forms,

respectively.



Figure 3.6. Agarose gel illustrating the migration of the pPicZA o plasmid
before, and afier, the incorporation of the B-glucosidase gene.
The lanes are indicated on the bottom of the gel, MW is the
molecular weight marker. Sizes of the marker bands are shown on
the right side of the gel. Lanes [ and 2 show the digested. and
undigested. forms of pPicZA . respectively. Lanes 3 and 4
contained the pPicZAa plasmid with the B-glucosidase insert
(~2.5 kb) in digested, and undigested forms respectively. Both

plasmids were digested with the Eco RI restriction enzyme.
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3.11.4 Restriction digestions
Restriction enzyme digestions of plasmid DNA were done to determine plasmid size,
quantitate DNA and isolate DNA fragments. The digestions were usually done in 10-20
ML volumes using the compatible buffers provided by the manufacturers. The restriction
enzyme solution usually made up 10% of the total volume (i.e. 1 uLin 10 pL total
volume) and the reactions were incubated from 1 hr to 24 hrs at 37°C.

3.11.5 Agarose gel electrophoresis

Agarose gel electrophoresis was utilized to analyze all purified plasmids prior to
sequencing. The agarose was melted in TAE buffer to form a 0.8% gel. A Hind 111
digested lambda ladder was used to determine plasmid size. The lambda ladder was either
produced in the lab or purchased from Amersham/ Pharmacia Biotech. The advantage of
the purchased marker is that it can be used to estimate the concentration of the DNA. The
gels were run in TAE buffer at an appropriate voltage for the gel size. Plasmids that were
not digested (1 pL) were mixed with 1 pL tracking dye and 8 pL. TE buffer to a total
volume of 10 pL. Plasmids that were digested (2 pL) were mixed with 1.5 pL loading
buffer and 11.5 uL TE buffer to a total volume of 15 puL.. Agarose gels were visualized
using an Eagle 111 gel scanner.
3.12 Identification of important tryptophan residues

A major portion of the studies I did concemed B-glucosidases with substitutions for
Trp residues. It was determined that the B-glucosidase belonged to the family 3 glycosyl
hydrolases. The presence of conserved residues in this family of proteins provided

information as to which Trp could be important in B-glucosidase function. Sequence
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alignments were done using the Gene Inspector program by Textco Inc. The matrix used
was BLOSUM 62. Additionally, analysis of the onc known structure (Varghese er al..
1999) of family 3 glycosyl hydrolases gave further clues as to which Trp could be
important.
3.13 PCR mutagencsis

Mutagenesis of the B-glucosidase gene was accomplished using the Quik-Change™
Mutagenesis kit from Stratagene. The Kit provides a rapid 4 step procedure for producing
mutations (Figure 3.7). Initiaily, 2 synthetic oligonucleotides containing the desired
mutation were synthesized (UCDNA Services). The primers are complementary to
opposite strands of the plasmid and are extended during temperature cycling by £fie Turbo
DNA polymerase. The polymerase replicates both plasmid strands with high fidelity and
without displacing the mutant primers. Incorporation of the oligonucleotide primers
generates a mutated plasmid containing staggered nicks. After temperature cycling the
mixture is treated with Dpn 1 endonuclease which is specific for methylated and hemi-
methylated DNA. This causes the digestion of the parental DNA template and results in
selection for synthesized DNA containing the mutation. The nicked plasmid DNA was
transformed into E. coli XL1-Blue supercompetent celis where the nicks in the mutated
plasmid were repaired.

Primers designed to replace specific Trp were designed according to the Stratagene
protocol for the Quik-Change mutagenesis kit. Both forward and reverse primers must

contain the desired mutation and anneal to the same sequence on opposite strands of the



Figure 3.7. Diagram of the steps involved in the Quik Change Site

Specific Mutagenesis Kit™ obtained from Stratagene. Step 1
shows the target site for mutagenesis. Step 2 shows how the
mutagenic primers anneal and illustrates the production of
plasmid complementary to the original with the exception of the
site of mutagenesis. Step 3 shows how non-mutated plasmid
DNA is removed by the nuclease Dpn [ which is specific for
methylated DNA (all plasmid produced in E. coli will be
methylated). The final step (step 4) shows how the nicks are
repaired after transforming the new DNA (containing the mutant
sequence) into E. coli. Adapted from the Stratagene Catalog,
1999.
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Step 1: The gene of interest is present
in a plasmid and the target site ()
for the mutation has been determined.

Step 2: Oligonucieotide primers (&)
containing the desired mutation (%)
anneal to the denatured plasmid.

The mutagenic primers are extended
by Pfu Turbo DNA polymerase
resulting in nicked circular strands.

Step 3: The methylated, nonmutated
parental DNA template is digested
with Dpn 1.

Step 4: The circular, nicked double-
stranded DNA is transformed into
XL 1-Blue supercompetent cells.
Afler transformation, the cells repair
the nicks in the mutated plasmid.
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plasmid. The primers should be 25-45 bps in length and should have a T,, 2 78°C. The T,
for each primer was calculated using the formula:

T, =815+ 041(%GC) -675/N -% mismaich  (4)
where N is equal to the primer length. In addition, the mutation should be in the middle of
the primer. The optimal minimum GC content is 40% and the primer should terminate in
one or more C/G bascs. Finally. the primers must be purified. The PCR reactions
contained: 5 pl. 10X reaction buffer. 25 ng double-stranded DNA template, 125 ng primer
#1 and 125 ng primer #2. 1 pLL ANTP mix (10 mM), ddH,O to a final volume of 50 pL and
1 uL. Pfu Turbo™ DNA polymerase (2.5 U/uL). The reaction was overlaid with sterile
mineral oil (30 uL). PCR was done according to the protocol shown in Table 3.2 (PCR #1)
except for when substitutions for Trp 813 und Trp 262 were made. Those primers
contained a high GC content which caused them to preferentially form primer dimers and
therefore they did not bind to the DNA template. Initially, the annealing temperature was
adjusted to try to decrease the chance of primers annealing to cach other. Several different
temperatures were chosen (Table 3.2, PCR #2). This did not alleviate the problem and so
the amount of template DNA was adjusted (50, 100, and 150 ng were added). The PCR #2
program was still used. This resulted in the production of Trp 262 mutants. However,
mutations for replacement of Trp 8§13 remained a problem so the PCR program was
modified a third time (Table 3.2, PCR #3) and the amount of template was increased to

200 ng. This time a product was visible.
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3.13.1 Digestion of parental DNA

Upon completion of the PCR reactions. the tubes were subjected to Dpn 1 digestion.
This digested the parental DNA (because it is methylated) and left the newly synthesized
DNA which contained the mutant codon. Dpn I (1 uL (10 U/uL)) was added directly to
the PCR reaction tube. The tube was incubated at 37°C for | hr.

3.13.2 Transformation into Escherichia coli
The Dpn 1 digested DNA was transformed into E. coli XL1 Blue competent cells
according to the Stratagene protocol (sce section 3.11). After transformation the reactions

Table 3.2: PCR Cvcling Parameters

Segment Cycles Temperature (°C) Time
PCR#1 1 1 95 30s
2 16 95 30s
55 1 min.
68 12 min.
PCR#2 1 1 95 30s
2 4 95 30s
75 1 min.
68 12 min.
3 4 95 30s
70 1 min.
68 12 min.
4 4 95 30s
65 1 min.
68 12 min.
5 4 95 30s
60 1 min.
68 12 min.
PCR#3 1 1 98 1 min.
2 8 98 30s
74 1 min.
68 12 min.
3 8 98 30s
70 1 min.
68 12 min.




were plated on low salt LB plates containing 25 pg/mL Zcocin. These plates were
incubated overnight at 37°C.

3.13.3 Plasmid preparation for sequencing

Colonices that could grow in the presence of Zeocin contain the plasmid that was
subjected to the mutation protocol. These were grown overnight at 37°C with shaking (225
rpm) in low salt LB (100 mL}) with Zeocin (25 pg/mL). The plasmids were then purified
from the E. coli suspension using the Qiagen protocols. Plasmids were cut with Eco R1
and analyzed by electrophoresis to determine size and concentration for sequencing,

3.13.4 Sequencing

All sequencing was done at UCDNA Services. Primers were supplied in 5 ub
aliquots at a concentration of 15 pmol. Template DNA was supplied in 10 uL aliquots
with approximately 5 pg DNA.
3.14 Transformation into Pichia pastoris

Once the plasmids were sequenced and the mutations were verified, the plasmids
were transformed into P. pastoris. Stable transformants can be generated in P. pastoris
using lincar DNA, which undergoes homologous recombination between the transforming
DNA and regions of homology within the genome. Single cross-over events (insertions)
are usually more likely than double cross-over events (replacements). With the Invitrogen
Eusy Express system, the gene insertion occurs at the AOX/ (for X-33 and GSt15) or
aox1::ARGY (for KM71) loci from a single cross-over event beiween the loci and either of
the two AOX/ regions contained in the pPicZAa vector. This results in insertion of the

veetor upstream or downstream of the AOX1 or aox1::ARGY genes in the Mut® (X-33,
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GS115) or Mut* (KM71) strains (sec Figure 3.8).

3.14.1 Preparation of competent Pichia pastoris cells

P. pastoris competent cells were prepared using the guidelines supplied for the
Pichia EasyComp™ kit. Competent cells of the X-33, GS115 and KM71 Pichia strains
were produced. The method was the same for all strains. The Pichia pastoris strains were
grown in YPD media at 28-30°C. After 16 hours the cells were diluted with YPD to an
0.D.,o, 0f 0.1-0.2 in 10 mL YPD media. The diluted cells were allowed to continue
growing until the cultures reached an 0.D. between 0.6 and 1. The cells were then
pelleted by centrifugation (500 x g) and were made competent chemically. The actual
identities of the solutions in the kit were not available, but the process involved a variety
of buffered salts (CaCl,, KCL. KOH. MnCl;) and DMSO. The competent cells were stored
at -70°C.

3.14.2 Transformation into Pichia pastoris

The Invitrogen transformation protocol was utilized for transformation into Pichia
pastoris. If the plasmid DNA is linearized the frequency of insertion into the genome is
increased, Linearization was done by incubating 10 puL of plasmid DNA with 4.4 uL (10
Units/pL) of Pme 1 and 1.6 pL of NEB4 reaction buffer. Pme I was chosen since it cuts
uniquely in the pPicZAc« plasmid and does not cut within the B—glucosidase gene. The
digestion was allowed to proceed overnight at 37°C in order for all of the plasmid DNA to
be cut (Figure 3.9). Each transformation required 50 uL of cells and 3 pg of linearized
plasmid DNA. The transformation reactions (linear plasmid & yeast cells) were plated on

YPDS containing 100 pg/mL Zeocin. The plates were incubated for 2-4 days at 30°C.
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Pichia
Genome

BGL i

Figure 3.8. Gene insertion at AOX! (X-33 or GS115 Pichia strains) or

aox!::ARGH (KM71 Pichia strain) loci. These events arise from a
single crossover event between the toci and either of the two
AOX/ regions (the AOX/! promoter or the AQ.X! transcription
terminator (TT) region) on the pPICZA« vector. This event
results in at least one copy of the vector downstream or upstream
of the 40X or the gox/::ARGY genes. For X-33 and GS115, the
resuliing phenotype of the yeast strain is Mut®. For KM71 strains,
the resulting phenotype is Mur*. Recombination is facilitated by
initially lincarizing the plasmid. BGL represents the B-
elucosidase gene, Adapted from the Invitrogen Pichia Easy Select
(Version C) Manual. 1999.
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Figure 3.9. Agarose gel of restriction enzyme digestion of pPicZAa:p3-
glucosidase with Pme 1. Pme I was used for linearization prior to
transformation into £, pastoris since it cuts only the plasmid
DNA, and only cuts once. MW indicates the molecular weight
markers, and sizes for the observable bands are provided to the left
of the gel. Lanes 1 and 2 contain the digested pPicZA o8-

glucosidase plasmid and lane 3 contains the undigested plasmid.
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Transformation controls were also done. The first control showed that the Pichia strain
cannot grow without the presence of the plasmid. The second control showed that the
plasmid must be transformed into an organism to show any growth.
3.15 Confirmation of B-glucosidase mutations in the Pichia pastoris genome

The Pichia pastoris were tested to determine if the insertion of the B-glucosidase
gene occurred. Genomic DNA was isolated (Section 3.15.1) from the mutant and wild
type strains and subjected to PCR (Section 3.15.2) using primers specific for the alcohol
oxidase gene. PCR products of the appropriate size were isolated from an agarose gel. The
PCR product still contained the unique restriction sites used to place the B-glucosidase
gene in the MCS. Therefore the PCR product was digested with these enzymes (Nor { and
Eco RI) to allow the B-glucosidase gene to be ligated into the pPicZA« plasmid that had
been digested by the same restriction enzymes (Section 3.11.2). The plasmid was then
transformed into E. coli XL2 Blue cells (Section 3.11.3). The plasmids were purified from
E. coli using the Qiagen mini-prep protocol and sent for sequencing.

3.15.1 Total DNA isolation from Pichia

The Pichia strains were grown at 30°C to an O.D., of 5-10 in 10 mL of MGYH.
The cells were collected by centrifugation at 1500 x g for 10 min. at room temperature.
The cells were then washed with sterile water (10 mL) and centrifuged again.
Spheroplasting of the cells was done by adding 2 mL of SCED buffer, pH 7.5, and 0.1-0.3

mg of Lyticase and incubating at 37°C for 50 minutes. The ceils were then lysed by the
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addition of 2 mL of 15 SD'S (incubated on ice for 5 min.) and 1.5 mL of 5 M potassium
acetate, pH 8.9. After mixing, the lysed cells were centrifuged at 10 000 x g for 10 min, at
4°C. The DNA could then be precipitated from the supematant by adding two volumes of
cthanol. After incubating for 1S min. at room temperature, the mixture was centrifuged at
10 000 x g for 20 min at 4°C. The supernatant was carefully removed and the pellet
resuspended in 0.7 mL of TE buffer, pH 7.4, The DNA was then extracted by adding an
equal volume of phenolichloroform (1:1 v/v) followed by an equal volume of
chloroform:isoamyl alcohol (24:1). The aqueous layer was removed and a half volume of
7.5 M ammonium acetate (pH 7.5) and 2 volumes of ethanol were added. The tubes were
then incubated at —=20°C for 60 min. After the incubation, the mixture was centrifuged at
10 000 x g for 20 min at 4°C and the pellets were washed with I mL of 709 ethanol. The
pellets were then air dried and resuspended in TE buffer, pH 7.4 (50 puL). The DNA
concentration was estimated from an agarose gel and stored at 4°C.

3.15.2 PCR analysis of Pichia integrants

Table 3.3 shows the PCR reaction protocol for the analyses of the Pichia genomic
DNA for integration of the f-glucosidase gene. Controls of pPicZAa plasmid and
pPicZAa plasmid containing the insert were also done (~100 ng of each). The reactions
were layered with mineral oil (30 L) prior to PCR, The PCR instrument was set up to run

the program as indicated in Table 3.4 .
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Table 3.3. PCR Reaction Set Up.

PCR Reaction Contents Volume (uL)
[0X PCR Buffer 5
Genomic DNA (~1pg) 10
25mM dNTPs 4
5'AOX primer (0.1ug/pl) 2
3"AOX primer (0.1pg/ul) 2
Sterile ddH,O 26
Pfu Turbo™ DNA Polymerase (2.5U/uL) 1
Table 3.4. PCR Program
Step Temperature ("C) Time (min.) Cycle
Heat Soak 94 2 i
Denaturation 94 1 25
Anncaling 55 1
Extension 68 5
Final Extension G8 7 I

The results were analyzed on an agarose gel. In the case of Mut” integrants (see
Figure 3.10) two bands should be visible, one should correspond to the size of the gene of

interest and the other to the AOX/ gene (~2.2 kb). In Mut® strains (KM71), the AOX! gene
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Figure 3.10. PCR analysis of Pichia pastoris integrants. The agarose gel
illustrates the presence of the B-glucosidase gene in the genomic
DNA of P. pastoris. DNA was isolated according to Section
3.15.1. 5°"40X! and 3" 40X/ primers were used for PCR. The gel
lanes were: 1) A positive control with the pPICZA o plasmid only
(no gene insert, and not transformed into P. pastoris) -expected
size is 588 bp (the distance from 5° end of the 5° 40X primer to
the 3" end of the 3° 40X/ primer), 2) genomic DNA isolated from
P.pastoris that was transformed with the wild type B-glucosidase
enzyme, 3) products observed from PCR reaction with the
genomic DNA of lane 2 (the wild type B-glucosidase gene (2597
bp)) plus 538 bp of #OX7 DNA (588 bp - 50 bp lost during
integration of the B-glucosidase gene into the pPICZAa plasmid)
gives a product of ~ 3.1 kb). The second band is from the
genomic copy of the A0XT gene (~ 2.2 kb). 4) molecular weight

markers, sizes are indicated in kb on the right.
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band will be larger due 1o the ARG insert (3.6 kb). The control with a pPicZAc plasmid
without an insert should give a 588 bp band, while the control with the plasmid containing
the insert should give a band of ~3.1 kb (sizc of insert (2.56 kb) & some plasmid DNA
(0.54 kb)).
3.16 Expression in Pichia pastoris

3.16.1 Determining Mut phenotype

In order to verify that the yeast stirains were behaving as expected the Mut
phenotype was determined. The X-33 and GS1135 strains should be Mut” since the
lincarized plasmids favor single crossover recombination at the AOX/ locus. However,
because of the presence of the AOXT sequences in the plasmid, there is a chance that
recombination will occur in the 3’AOX/ region and disrupt the wild-type AOX/ gene,
creating Mut* transformants. The Mut phenotype of the KM71 strains do not need to be
examined since they will all be Mut® because the wild-type AOX/ gene is already
disrupted in these strains. To determine the phenotype of X-33 and GS1135 strains,
individual colonics were streaked onto MMH and MDH plates that had been divided into
small sections. The MMH plates were streaked before the MDH plates. Since growth is
more difficult for the organism when utilizing methanol as a carbon source, it is important
that the MMH patches contain a lot of cells (especially for the growth of the Mut* strains).
Control strains of Mut® and Mut’ struins (supplied by Invitrogen) were streaked onto the
plates for comparison. The plates were then incubated at 30°C for 2 days. Cells that grew
normally on the MDH plates but had little growth on the MMH plates were Mut® strains.

Cells that grew normally on both types of plates were Mut®.



3.16.2 Yeast growth

A repression/derepression mechanism and an induction mechanism regulate the
expression of the AOX/! gene. Growth on glucose represses the transcription of the AOXT
gene even if methanol is present. Therefore, it is important to use a glycerol containing
medium to have optimal induction by methanol (BMGY media was used). However,
methanol must be present for any level of AOX/ expression. Growth on glycerol alone
(derepression) is not sufficient to cause expression of the AOX1 gene.

3.16.3 Methanol induction

To express Mut’ strains. 25 mL of BMGY was inoculated and incubated overnight
at 28°C with shaking (225 rpm). The cells were harvested by centrifuging at 3000 x g for 5
min. The supernatant was removed and the cells resuspended in 100 mL BMMY to induce
expression of the AOX/ gene and therefore the gene of interest. Methanol (100%) was
added every 24 hrs. to give a final concentration of 0.5% (v/v). This maintained the
induction. In order to determine the optimal length of induction, aliquots of the media (1
mkL) were taken to determine expression levels. Aliquots were also taken from an X-33
strain without the plasmid insert, a KM71 strain containing the plasmid but no -
glucosidase gene, and from the control for secreted expression. The aliquots were
centrifuged for 2-3 min at room temperature and the supernatant was frozen in liquid
nitrogen until it could be assayed. For the Mut® strains, aliquots were taken at 0, 6, 12, 24,
36. 48. 60, 72, 84, and 96 hrs. For the Mut’* strains, aliquots were analyzed after 1, 24, 48,
72,96, 120, and 144 hrs. Since the plasmid contained the o secretion factor, the

P-glucosidase was present in the media. Therefore, after centrifugation to remove the
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cells, the supernatant was examined for activity. The media aliquots were analyzed for f3-
glucosidase activity by reacting with 100 mM pNPGlc for 10 min. and adding Na.CO,.
The intensity of the yellow pNP was noted (Figure 3.11). The aliquots were also analyzed
by SDS-PAGE (Figure 3.12). After the initial time trial, X-33 strains were induced for 4-5
days before the media was harvested and KM71 strains were induced for 5-6 days. Two
control strains were also expressed. The GS115 Mut® albumin strain is a control for
secreted expression, and KM71/pPicZAa (no insert) and X-33 strains were used to
determine any background expression of B-glucosidase by P. pastoris. To express Mut!
strains, 100 mL of BMGY was inoculated and grown overnight at 28°C with shaking. The
cells were treated the same as the Mut® strains with the exception that they were
resuspended in 25 ml of BMMY. The expression for both strains could be scaled up so
that more protein is obtained. However, the small scale expression produced about 0.7 mg,
of protein, which allowed a large number of assays to be done with fresh enzyme.
3.16.4 Purification of enzymes from Pichia pastoris

The major advantage of secretion of the expressed f-glucosidase is that Pichia
pastoris secretes very low levels of endogenous proteins. Additionally, under the
conditions of methanol induction, the alcohol oxidase 1 (AOX]1) protein is expressed at
very high levels. Since the AOX/ promoter is linked to the B-glucosidase gene. the gene
will also be highly expressed. Furthermore, since very few other proteins are secreted. the
protein found in the media will be mostly the heterologously expressed protein. To purify

the B-glucosidase from the media, the cell suspension were centrifuged at 3300 x g for
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Figure 3.11. Analysis of 3-glucosidasc cxpression in Pichis pastoris. Resulls
are based on enzyme reaction with pNPGle (20 uL, 100 mM), for
a specific time period. A small amount of media containing the
secreted enzyme was added (10 pl). Reactions were halted by
the addition of 1M Na,CO; (40 pL). The degree of yellow color is
indicative of enzyme activity. This analysis shows that the 8-
glucosidase was expressed in both: A) Mut® (methanol utilization
plus), and B) MutS (methano! utilization suppressed) strains and
that the amount increased with time. Controls of the Mut® and
Mut® strains were also assayed for B-glucosidase activity which
indicated that no 3-glucosidase was induced in these strains. A
control of pNPGlc alone (buffer was added (10 pL)) is also

shown to illustrate the amount of color observed in the absence of

enzyme.
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Figure 3.12.

SDS-PAGE analysis of B-glucosidase expression by different
strains of Pichia pastoris prior to gel exclusion chromatography.
but following ammonium sulfate precipitation. The smallest
volume possible was used to solubilize the salted out proteins, but
the volumes were not equal. The molecular weight markers are the
same for both gels and the sizes are indicated at the right of gel B.
The position of B-glucosidase (BGL) is indicated with arrows. In
gel (A) lanes 1 to 4 illustrate the B-glucosidase expression in X-33
strains of 2. pastoris (colonies 3-6). The volumes of the samples
were 500, 500, 100, 250 pL, respectively. Lane S shows the
expression of the enzyme in a GS115 strain (250 puL). Lane 6
shows the expression of the W262L strain obtained from Dr.
Shoseyov, a GSI15 strain of P. pastoris that was transformed with
the mutant enzyme(250 pl). Lane 7 is a P.pastoris Mut® control
strain that docs not contain/scerete the B-glucosidase gene (200
nL). In gel (B), lanes I and 2 display the f-glucosidase expression
from KM71 P. pastoris strains (500 L), and lane 3 shows the P.

pastoris Mut® control strain expression (200 pL).
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20 min. at 4°C. This removed the yeast cells from the media. Ammonium sulfate (60%)
was added 1o the media containing the B-glucosidases and the mixture was stirred at 4°C
for 30 min. These were then centrifuged at 15 500 x g for 30 min. and the pellet was
resuspended in a small amount of water (500-1000 pL) for SDS-PAGE analysis. Water
was utilized because protein samples did not separate properly on a gel in the high salt
environment present after ammonium sulfate precipitation. After an aliquot was removed
for SDS-PAGE analysis, sodium acetate (150 mM, pH 4.5) was added to a volume of 10
mL. The suspension was then applied to a Sephacryl S-300 column and cluted with
sodium acctate buffer (150 mM. pH 4.5) at a rate of 2.5 mL/min. Fraction collection was
begun at 1 hr. and fractions were assayed for enzyme activity using pNPGlc (Section
3.6.4). SDS-PAGE gels of the concentrated fractions containing f-glucosidase were
completed to determine purity. The protein was usually pure after elution from the
Sephucryi column. However. in some cases the concentrated protein required further
purification and was applied to Superose 6 and 12 columns connected in serics with an
FPLC. The FPLC was run at 0.25 mL/min. and 1 mL fractions were collected. The purity
of these fractions was also assessed by SDS-PAGE.
3.17 Storage of Escherichia coli and Pichia pastoris strains

All E. coli and P. pastoris strains were stored as glycerol stocks. In the case of E,
coli. 2 mL of low salt LB was inoculated with the strain of interest and grown overnight at
37°C in the presence of Zeocin. Sterile glycerol was added to 15% (v/v), and the mixture

was frozen in liquid nitrogen and stored at -70°C. P. pastoris cells were grown overnight
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at 30°C in YPD containing Zeocin. Sterile glycero! was added to 15% and the mixture was
frozen using liquid nitrogen and stored at -70°C.
3.18 Fluorescence spectroscopy

The fluorescence of the enzymes was measured by the rate of photon emission.
Spectra were recorded at T nm/s from 300 to 450 nm and one reading was taken per nm.
The excitation wavelengths used were 275, 285 and 295 nm. The slit widths were 5 nm
excitation and 1 nm cmission. The emission spectrum obtained from a blank (150 mM
acetate buffer, pH 4.5) at the same excitation wavelengths was subtracted from the protein
spectra. The absorbance of the protein samples at 280 nm was determined prior to the
fluorescence experiment and the concentration was determined. Protein sumples were
prepared by diluting with acetate buffer (150 mM, pH 4.5) to a concentration of 0.017
mg/mL immediately before running the experiment. Samples (2.75 mL) were placed ina
four-sided fluorometer cuvette.

Excitation spectra were also obtained. The spectra were recorded at an emission
wavelength of 339 nm. The slit widths were | nm excitation and 5 nm cmission. An
excitation spectrum was also obtained for the blank and it was subtracted from the protein
excitation spectra. The excitation was measured from 200 to 300 nm at a speed of 1 nnv/s
and one reading was taken per nm. Protein samples were prepared in exactly the same way
as they were for the emission spectra. In most cases the diluted enzyme utilized for the

cmission spectra was also used for the excitation spectrum.
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3.19 Analysis of the oligosaccharide comp t of B-glucosid

This was done by two methods. 1) NMR of the f3-glucosidase enzyme was done
using a 5 mm probe at an enzyme concentration of 0.5 mg/mL. 2) The amount and the
identity of the sugars present was done with two FACE™ (Fluorophore-Assisted-
Carbohydrate-Electorphoresis) Kits purchased from Glyko.

3.19.1 N-linked oligosaccharide profiling

The B-glucosidase was purified and the concentration was estimated. The protein
was concentrated to a small volume (~100 pL) and diluted with water to lower the salt
concentration of the buffer. Following dilution, the enzyme was again concentrated and
diluted. Following the second dilution the protein was Iyophilized and resuspended in 100
uL of water. Approximately 200 ug of protein was present. The protein was treated with
SDS and f3-mercaptoethancl and this was boiled to ensure complete denaturation.
Following boiling. a detergent, NP-40, was added. Peptide N-glycosidase F (PNGase F)
was then added and the mixture was incubated overnight at room temperature. The protein
was then precipitated with 100% cold ethanol and pelleted out by centrifugation (5 min. at
10 000 x g). The oligosaccharides remained in the supernatant. The supernatant was
Iyophilized. After lyophilization the samples were prepared for the profiling gel.

The oligosaccharides were labeled with a fluorophore, 8-aminonaphthalene-1.3.6-
trisulfonic acid (ANTS) by reductive amination (Figure 3.13). The reaction was allowed to
occur over 16 hours at 37°C. The fluorescently labeled oligosaccharides were then
separated on an OLIGO Profiling Gel. The resulting bands were visualized with UV light

(~312 nm). An oligo ladder standard was also supplied by the manufacturer. The ladder
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was composed of glucose polymers of 1 1o 20 glucoses. The glucose units (1 to 20) can be
identified on the gel since the oligosaccharide with 4 glucoses was at a lesser
concentration and was therefore, identifiable (the only faint band). A control that consisted
of trypsin inhibitor was also provided. The profile for this enzyme is known and could
therefore be used to determine if the enzyme digestion and fluorophore labeling occurred
properly. A quantitation control is also provided to determine the amount of sugar present
in the carbohydrate bands. However, in order to quantitate the control, the FACE imaging
system must be used for visualization of the carbohydrate gels. The prepared samples,
controls and glucose ladder were loaded (4 uL) onto the profiling gel which was run ata
constant current of 15 mA per gel. Profiling gels were run until the dye front reached the
bottom of the gel (~1hr). Once the gel was finished, a picture was obtained using an Eagle
I gel scanner.

3.19.2 N-Linked Oligosaccharide Sequencing

The unique oligosaccharide chains observed on the profiling gel were sequenced by
utilizing specific endo and/or exo-glycosidase enzymes. This was accomplished by the
purification of the unique bands observed in the profiling gel and exposing them to
different mixtures of glycosidase enzymes. The individual bands were removed from the
gel with a razor blade, and the bands were eluted from the gel slice with water. Once the
oligosaccharides were eluted from the gel they were treated with a variety of
exoglycosidases. The result of this digestion was visualized on an oligosaccharide
sequencing gel. and the pattern of bands indicated which sugars were present in the

oligosaccharide chain. The enzymes utilized were neuraminidase (NANaselll) which is
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specific for 2-(3,6.8) linked N-acetylneuraminic acid, B-galactosidase (GALaselIl)
which is specific for $1-4 linked galactose, B-N-acetythexosaminidase (HEXaselll)
which is specific for f1-(2,3.4,6) N-acetylglucosamine. «-mannosidase (MANasell)
which is specific for «1-(2.3,6) linked mannose and a second c-mannosidase
(MANaseVI) which is specific for a 1-6 linked mannose. For each oligosaccharide that
was sequenced, 5 separate enzyme reaction digests were required. Therefore, the first tube
contained only the oligosaccharide and no enzymes, the second tube contained only
NANaselll which releases sialic acid. The third tube contained NANaseHI and GALaselll,
which releases both sialic acid and galactose. The fourth tube contained NANaselll,
GALaselll and HEXaselll that releases sialic acid, galactose and N-acetylglucosamine.
The fifth tube contained all of the above enzymes in addition to the o-mannosidases
(MANasell) which degrade the oligosaccharide down to the Man(B1-4)GleNAc(B(1-
$GlcNAc or Man(B1-1)GleNAce(B1-4)[Fuc(ce1-6)}GleNAc core structures. MANase VI
was added to the fifth tube following digestion by the other enzymes to complete the
digestion of Man(ct1-6).

Oligosaccharide sequencing was performed by carrying out the digestions discussed
above. The digestions were loaded onto a sequencing gel (profiling and sequencing gels
are the same) and electrophoresed in the same manner as the profiling gels. The gels were
run until the dye front reached the bottom of the gel. The gels were visualized with a UV
light (~312 nm). Images were evaluated according to the migration values provided by

Glyko (1994) and by comparison with the glucose polymer ladder.



4. RESULTS
Part I:
Characterization of the B-Glucosidase from Aspergillus niger Cellulase Powder
4.1 Purification, sizc and quaternary structure

The B-glucosidase from the Sigma A. niger cellulase powder (catalogue number C-
1184) was purified. Two gel filtration steps usually proved sufficient since the majority of
the proteins in the cellulase mixture were of smaller size. The enzyme was shown to be >
98%0 pure (determined at high protein concentration) by SDS (Figure 4.1(A)) and native
PAGE (Figure 4.2(A)).

Comparisons to markers on SDS (Figure 4.1(B)) and native PAGE (Figure 4.2(B))
indicated that the monomeric molecular weight was approximately 125 kDa and that the
native B-glucosidase is a dimer with an approximate molecular weight of 230 kDa. Native
PAGE gels are not a very accurate method of determining molecular weight. However, the
values obtained were more or less similar to the molecular weights from gel filtration and
dynamic light scattering, which are discussed below. Subjection of the purified enzyme to
NMR (to be described later) gave spectral bands characteristic of carbohydrate. That study
suggested that the enzyme is a glycoprotein. Other analyses. to be shown, confirmed the
glycoprotein nature of the enzyme. Glycoproteins migrate anomalously on SDS and native
gels and that also indicates that some caution must be exercised in assigning definite

molecular weights.
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Figure 4.1. SDS-PAGE (A) of the B-glucosidase after purification.
Molecular weight markers were myosin (212 kDa), a2-
macroglobulin (170 kDa), B-galactosidase (116 kDa),
transferrin (76 kDa) and glutamic dehydrogenase (53 kDa). B)
Plot of the log molecular weight of the markers and their
respective relative mobilities that were used to determine the
monomeric molecular weight of the B-glucosidase.
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Figure 4.2, Native PAGE (A) of the B-glucosidase after purification. The
native gel was overloaded to indicate enzyme purity. Molecular
weight markers were: thyroglobulin (669 kDa), ferritin (440 kDa),
catalase (232 kDa), lactate dehydrogenase (140 kDa) and albumin
(66 kDa). B) Plot of the log molecular weight of the markers in (A)
and their respective relative mobilities that were used to determine

the native molecular weight of the B-glucosidase.
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An analysis of the native molecular weights was also done by size exclusion
chromatography. Comparison with standards suggested a molecutar weight of
approximately 210 kDa (Figure 4.3). In addition. dynamic light scattering (DLS)
suggested that the molecular weight of the native protein is 188 kDa. This molecular
weight was calculated from the hydrodynamic radii illustrated in the histogram in Figure
4.4. Finally, the values of molecular weight obtained from gel filtration and from DLS
are consistent with the estimated motecular weight (assuming the protein is a dimer)
obtained from the protein sequence (see later), which showed that the monomeric
molecular weight is 91.4 kDa. This molecular weight was determined only from the
protein sequence and does not take into account the oligosaccharide component of this
enzyme.

.2 Extinction coefficient

‘The extinction coefficient of the enzyme was determined using bovine y-globulin as
the standard. y-Globulin has been shown to provide accurate protein concentration dati
when the Bradford assay method ts used (Kruger. 1994). The extinction coefficient of the
B-glucosidase calculated from Beer's Law was found to be 1.8 cm*mg™.
4.3 Temperature stability

The V. with pNPGlc increased with temperature up to 65°C. The activity
decreased after 65°C (data not shown) and the drop was especially sharp between 75°C
and 85°C. Additional data indicated that the enzyme was stable at 65°C since only a small
decrease in the V,, was observed over a 30 min. time period. The enzyme was sensitive

to freezing and thawing. The B-glucosidase in 150 mM sodium acetate buffer, pH 4.5, ata
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Figurce 4.3. Plot of the relationship between the elution volume from the
Superose 6 and 12 size cxclusion columns joined in series on the
FPLC and the log of the molecular weight of specific proteins. The
proteins that were used were thyroglobulin (669 kDa), ferritan (440
kDa), catalase (232 kDa), and adolase (158 kDa). The FPLC was
run at a rate of 0.2 mL/min. The B-glucosidase cluted at 23.1 mL
(determined for 3 runs) which was equivalent to a molecular weight

of 210 kDa.
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concentration of 0.5 mg/mL was frozen in liquid nitrogen for 10 min. and thawed at room
temperature. It lost approximately half of its activity when it was assayed at 25°C (data not
shown).
4.4 Fluorescence characterization

Emission spectra (Figure 4.5) were obtained for the 3-glucosidase at excitation
wavelengths of 275, 285, and 295 nm. The enzyme showed the greatest fluorescence
intensity (photon counts per second (cps)) when excited at 275 nm. The fluorescence
peaks occurred at wavelengths between 337-339 nm for the 3 emission spectra.

An excitation spectrum was also obtained. The emission wavelength used for the
pe £

excitation spectrum was 339 nm. The spectrum showed a main peak at 283 nm. and a
shoulder peak at 288 nm (Figure 4.6).
4.5 Unusual kinetics of the Sigma enzyme
4.5.1 Eadie-Hofstee plots for analysis of enzyme kinetics
The central expression for steady state enzyme kinetics (initial velocity) is the
Michaclis-Menten equation:
: Vil S|
Vm +15)
The Eadie-Hofstee equation is derived from the above equation by multiplication of both

sides by Km +([S}, division by {S). and a rearrangement to produce:

o
v = Viae= Kol —

[S]
A plot of v (initial velocity) as a function of +/[S] would be expected to produce a straight-
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Figure 4.5. Emission spectra of B-glucosidase excited at 275 nm (blue) 285
nm (pink), and 295 nm (green). Spectra were recorded on a
Jobin Yvin Spex: Fluorolog-3 from 300 to 450 nm at a rate of
nnvs. The B-glucosidase was diluted to a concentration of 17
Hg/mL in sodium acetate buffer, 150 mM, pH 4.5. A spectrum
of the butTer was also obtained at cach of the excitation
wavelengths and this was subtracted to produce the spectra
(shown above). The slit width for excitation was set at 5 nm and

the slit width for emission was setat | nm.
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Figure 4.6. Excitation spectrum of f-glucosidase. The spectrum was
acquired on a Jobin Yvon Spex: Fluorolog-3 from 200 to 300
nm. The excitation spectrum was collected at an emission
wavelength of 339 nm, with a slit width of | nm for excitation
and a slit width of 5 nm for emission. The protein was diluted to
a concentration of 17 pg/mL in 150 mM sodium acctate buffer,
pH 4.5. The spectrum of the sodium acetate buffer under the
same conditions as the protein was subtracted to give the

spectrum shown,
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line relationship with a slope of -K,, and a y intercept of V... An example of a normal
hypothetical Eadic-Hofstee plot is shown in Figure 4.7,

4.5.2 Kinetic analyses of the reactions with pNPGIc, oNPGlc and cellobiose

Initial velocity experiments with the B-glucosidase with pNPGlc at pH 4.5 resulted
in atypical Endie-Hofsiee plots. The points only followed a straight line ot Jow substrate
concentrations. When the substrate concentration was over 5 mM the initial velocity
values no longer followed a straight line. The line curved downward as it approached the y
axis. An example of such an Eadic-Hofstee plot at pH 4.5 is shown in Figure 4.8(A). A
different Eadie-Hofstee plot was obtained when the pH was pH 7. Instead of the
downward curvature that was observed at pH 4.5, the lines curved upward as they
approached the y axis. An example of this is shown in Figure 4.8(B).

The reactions with oNPGle and ceflobiose were similar. They gave normal lincar
Eadic-Hofstee plots at low substrate concentrations (Figure 4.9(A)) and the rates of oNP
or glucose production also decreased at high substrate concentrations (pH 4.5). As was the
case with pNPGle there were also upward curving plots at pH 7 (Figure 4.9(B)).

4.6 Analysis of reaction products

4.6.1 Thin layer chromatography

TLC analysis of the B-glucosidase reaction with 5 mM pNPGlc showed that it was
hydrolyzed to glucose and pNP (Figure 4.10(A)). (pNP is not detected by charring but
other experiments showed that it was formed.) There was no evidence of the presence of
any other product. TLC analysis of the B-glucosidase reaction with 40 mM pNPGle

indicated that glucose and 2 “transient” unknown compounds are produced (Figure
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equivalent to one pmol of product per min.
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Figure 4.8. A) The Eadie-Hofstee plot that resutted from the B-glucosidase
reaction with pNPGle at pH 4.5, 25°C. B) The Eadic-Hofstee plot
that resulted from the f3-glucosidase reaction with pNPGlc at pH
7. 25°C. The enzyme concentration was 1.4 pg/mL. One unit is
equal to the production of one umol of product per min. The lines
are drawn through the points that result in a straight line (before

the downward or upward curvatures).
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Figure 4.9. Eadie-Hofstee plots of the -glucosidase reaction with pNPGle
(), oNPGlc (@), and cellobiose (O) at: (A) pH 4.5, and (B) pH 7.
Assays were carried out as described in Section 3.6.5 (PNPGlc and
oNPGlc) and in Section 3.6.7.1. (cellobiose) at 25°C. The enzyme
concentration used was 1.4 peg/ml (pNPGlc and oNPGlc) and 8
pg/mL (cellobiose). One unit is equal to the production of one
pmol of product per min. The lines are drawn through the points
that result in a straight line (before the downward or upward

curvatures).
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Figure 4.10. Thin layer chromatography of the B-glucosidase reaction with
pNPGlc at a concentration of : A) 5 mM and B) 40 mM. Enzyme
was added (1.4 pg/mL) to the reaction mixture at zero time and
an aliquot (1 uL) of the reaction was immediately spotted onto
the plate. Spotting was repeated at the times (min.) indicated on
the bottom of the plate. The chromatography solvent used was n-
butanol:ethyl acctate:2-propanol:acetic acid:water in the ratio of
1:3:2:1:1. Products were detected by dipping dried plates in 2%
sulphuric acid (w/v) in methanol and charring. The standards
(1uL) were: pNPGlc (P) ((A) SmM , (B) 40 mM), 20 mM
glucose (G). 10 mM gentiobiose (Ge), and 10 mM cellobiose
(©).
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4.10(B)). One of the unknowns had an R, of about 0.5 and it was detectable afier the
reaction had proceeded for 4 min. There was a little less of this unknown than of glucose.
‘The concentration of this unknown increased and then decreased. It was never present in
amounts as high as glucose and after 24 min. it could no longer be detected by TLC. The
second unknown had an R, value of 0.2, which was similar to the R, for gentiobiose. It
appeared later (at about 12-16 min). Analysis of many reactions showed that the formation
of this second unknown depended on the presence of significant amounts of free glucose.
The concentration of this unknown also increased and then decreased. The two unknown
compounds were purified. NMR showed that the unknown compound with the R, value of
0.5 was B-D-glucopyranosyl-(1=+6)-f-D-glucopyranosyl-p-nitrophenol (pNPGe) while
the compound with the R, of 0.2 was gentiobiose. The NMR values obtained for the
unknown sugars are reported in Appendix 1.

TLC analysis of the enzyme reaction with cetlobiose at a high concentration (95
mM) also showed that sugars in addition to glucose (Figure 4.11) were formed. A
compound with an R, of 0.4 that migrated just a little more slowly than cellobiose itself (it
was hard to separate from cellobiose) was produced. Because of the crowding it is difficult
to determine when it first appears but it is seen as a distinct spot after about 33 min.
Glucose and a second unknown compound, with an R, of 0.3. could be detected at early
times (1 min.). This sccond unknown seemed to be present at concentrations higher than
the glucose concentrations. The compound with the R,= 0.4 (in this case the TLC plates
were run in the solvent twice - hence the R, values are different from those in the pNPGle

study) was purified and was shown (by NMR) to be gentiobiose. The unknown compound
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Figure 4.11. Thin layer chromatography of the B-glucosidasc reaction
with cellobiose (95 mM). Enzyme (8 pg/mL) was added to the
reaction mixture at zero time and an aliquot (1 pL) was
immediately spotted onto the plate. Spotting was repeated at the
times indicated (in min.) on the bottom of the plate. The
chromatography solvent used was n-butanol:ethyl acetate:2-
propanol: acetic acid :water in the ratio of 1:3:2:1:1. The plates
were developed twice (they were totaliy dried between
developing). Products were detected by dipping the dried plates

in 2% sulphuric acid in methanol and charring. The standards

used (1uL) were: 10 mM cellobiose (C) and 10 mM glucose (G).
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with the R, value of 0.3 was also purified and found (by NMR) to be $-D-glucopyranosyl-
(1=-+6)-B-D-glucopyranosyl-(1-+4)-D-glucopyranose (or 4-O-gentiobiosyl glucose-see
Appendix I for NMR values. Appendix U1 for sugar structures). This will be referred 1o
as either gentiobiosyl-glucose or trisaccharide in the rest of the thesis. The concentration
of the trisaccharide was highest between about 13 and 21 min. and only a small amount
could still be detected at 80 min. A significant amount of gentiobiose was still present at
120 min. but its concentration was decreasing and GLC studies (to be discussed later)
showed that it would have been totally degraded to glucose if given enough time. A
slower migrating band (R, = 0.25) was also present but its identity was not determined. It
formed in the greatest concentration at times when the trisaccharide concentration was at
its zenith. From this fact and from its migration position as well as the finding that this
enzyme forms mainly B(1-6) bonds when it carries out transglucosidic reactions, it is
probably a tetrasaccharide: (B-D-glucopyranosy!-(1-+06)-B-D-glucopyranosyl-(1=+6)-B-D-
glucopyranosyl-(1-+4)-f3-D-glucopyranose).

Reactions of the B-glucosidase with cellooligosaccharides of increasing length
were also analyzed by TLC. Only the main degradation products will be discussed but
close inspection of the TLC plates showed that reactions with all of the
cellooligosaccharides also produced transglucosidic products with the substrates and
intermediates acting as acceptors, The main degradation products when cellotriose wis
the substrate were cellobiose and glucose (data not shown). Mainly cellotriose and
glucose were produced initially when cellotetraose was the substrate (data not shown).

After 20 min. the cellotriose began to be broken down 1o cellobiose and glucose and



eventually the only product was glucose. The TLC analysis of the reaction with
cellopentaose (8 mM) is shown in Figure 4.12. Cellotetraose was produced soon after the
reaction began. Glucose was not detected on the plate at the carly stages but some must
have been produced. Since cellotetraose has 4 glucose units one would expect some
difficulty in detecting glucose in comparison to the cellotetraose product (spots would be
< times less intense). Production of cellotriose (3 min.) and finally cellobiose (6 min.)
followed. All of the intermediate cellooligosaccharides were present transiently. The
reaction progression was determined by densitometer analysis and is shown in Figure
4.13. Eventually all of the cellopentaose was accounted for by the glucose.

The reaction of B-glucosidase with 4-O-gentiobiosyl-glucose (one of the two
transglucosidic products produced upon reaction with cellobiose - see above) was also
analyzed by TLC. The R, values of the products indicated that only celiobiose (R= 0.34)
and glucose (R= 0.53) were formed initially (data not shown). Of significance is that
gentiobiose was not produced. Eventually the only product was glucose.

TLC analysis of the reaction with gentiobiose showed that glucose and a
trisaccharide were produced (data not shown). No cellobiose was formed. The
trisaccharide was a transient product again. as eventually only glucose was present. A
small amount of the trisaccharide was purified. When it was reacted with the enzyme, the
main products were gentiobiose and glucose.

TLC was also utilized to analyze the activity of the enzyme with dinitropheny!-8-

cellobiose (DNPC). The results (Figure 4.14) showed that an unknown (R=0.68) was

formed at early times. Other experiments of longer duration showed that the unknown was



131

» o
. .- aD e
"nasaNOgy - ®
- "
_H_##..Qalllllllllllllg
L L LU U UL LU L]
GCG,00512 34 56810121416182025303540 G,G,
L. :

Figure 4.12. Thin layer chromatography of the B-glucosidase reaction
with cellopentaose (8 mM). Enzyme was added (8 pg/mL) to the
reaction mixture at zero time and an aliquot (1 pL) was
immediately spotted onto the plate. Spotting was repeated at the
times indicated in minutes on the bottom of the plate. The
chromatography solvent used was n-butano!, ethyl acetate, 2-
propanol, acetic acid and water in the ratio of 1:3:2:1:1. Products
were detected by dipping the dried plates in 2% sulphuric acid in
methanol and charring. The standards (IpL) were: 10 mM
glucose (G). 5 mM cellobiose (C). 10 mM celiotriose (G,), 10

mM cellotetraose (G,), and 8 mM cellopentaose (Gg).
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Figure 4.14. Thin layer chromatography of the f-glucosidase reaction
with 3,4-dinitrophenyl cellobioside (5 mM). Enzyme was added
(1.4 ug/mL) to the reaction mixture at zero time and an aliquot
(1 uL) was immediately spotted onto the plate. Spotting was
repeated at the times indicated in minutes on the bottom of the
plate. The chromatography solvent used was n-butanol:ethyl
acetate:2-propanol:acetic acid :water in the ratio of 1:3:2:1:1.
Products were detected by dipping the dried plates in 2%
sulphuric acid in methanol and charring. The standards used on
the plate were 3 mM oNPGlc (O), 5 mM pNPGlc (P), 5 mM
3,4-DNPC (D), 10 mM glucose (G), 10 mM cellobiose (C) and

20 mM gentiobiose (Ge).
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transient. |t was also found that the formation of significant amounts of dinitrophenol
only occurred after a significant amount of the unknown had built up. The unknown
interacted with the TLC fluor to fluoresce under UV light. This indicated that it contained
the dinitrophenyl group. The compound migrated (Figure 4.14) to a similar location (R, =
0.69) as pNPGlc (R, = 0.68) and oNPGlc (R, = 0.66). This showed that it is probably 3.4-
dinitrophenyl-f3-D-glucopyranoside. A small amount of gentiobiose was also formed at
later times, after a significant pool of glucose had built up. Similar results (data not
shown) were obtained with p-nitrophenyl gentiobiose (pNPGe). pNPGlc and glucose were
the initial reaction products. followed by pNPGIc breakdown.

4.6.2 Gas-liquid chromatography (GLC)

The production of glucose, gentiobiose and the gentiobiosyl-glucose (trisaccharide)
was followed and quantified by GLC. GLC allowed for quantitative results to be obtained.
It was not possible to use the GLC to analyze for oligosaccharides that were larger than 3
glucose units. Very high temperatures would be needed for their elution. That would have
destroyed the columns. Analyses of oligosaccharides greater than 3 glucose units were.
therefore, done by TLC.

4.6.2.1 Effect of pH at high and low ccllobiose concentrations

The reaction of the enzyme with different concentrations of celiobiose at pH 4.5
and 7 was investigated by GLC (Figure 4.15 and 4.16). Mainly glucose was produced
when the enzyme reacted with 5 mM cellobiose at pH 4.5 (Figure 4.15(A)). This showed
that hydrolysis was the main reaction. Essentially no gentiobiose or trisaccharide were

produced. The reaction proceeded quickly until the cellobiose was depleted. The reaction
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Figure 4.15. Analysis of the 8-glucosidase reaction over time with 5§ mM
cellobiose: at (A) pH 4.5, and (B) pH 7 by GLC. The reaction was
monitored by following the production of: glucose (Q).
gentiobiose (A). and gentiobiosyl-glucose (O). B-Glucosidase (2
pg/mL) was added to the reaction mixture which was incubated at

25°C. Experimental details are given in Section 3.8.1.
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Figure 4.16. Analysis of the B-glucosidase reaction over time with 50 mM
cellobiose at (A) pH 4.5 and (B) pH 7 by GLC. The reaction was
monitored by following the production of glucose: (O),
gentiobiose (B), and gentiobiosyl-glucose (M), Experimental
details are given in Section 3.8.1. The experiments were carried
out with 8 pg/mL B-glucosidasc at 25°C.
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of the enzyme with 50 mM ccllobiose at pH 4.5 is shown in Figure 4.16(A). Glucose
production proceeded rapidly for approximately 6 hours (360 min.). The rate of glucose
production then decreased and the amount of glucose plateaued. This occurred even
though there was still a large amount of cellobiose available. With 50 mM cellobiose,
targe amounts of trisaccharide were formed at early times. This is somewhat difficult to
see because of crowding of the points. However, close examination shows that there is
almost as much trisaccharide as glucose formed at carly times. This shows that the
reaction was almost entirely transglucosidic (since one glucose is released cach time a
trisaccharide forms). Further evidence that there is one to one production of glucose and
trisaccharide at high cellobiose will be presented later. The presence of the trisaccharide
was transient and its concentration decreased with time. Gentiobiose was also produced.
but it only formed after a significant amount of glucose had accumulated. Again crowding
at the carly times makes this difficult to see but other experiments to be presented later
will show this. The presence of gentiobiose was also transient.

The hydrolytic reaction with 5 mM was slower at pH 7 (Figure 4.15(B)) than at pH
4.5. Higher amounts of trisaccharide and gentiobiose were produced than was the case at
pH 4.5. The rate of production of glucose with 50 mM cellobiose was also much slower at
pH 7 than at pH 4.5 (Figure 4.16(B)). Again, ncarly as much trisaccharide as glucose was
produced. showing that the reaction was mainly transglucosidic (note that one glucose is
produced each time that a trisaccharide is made). Gentiobiose was also produced but there
was a delay and the gentiobiose was only produced after a significant amount of glucose

had accumulated.
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4.6.2.2 The initia} rates of the hydrolytic and transglucosidic reactions

as a function of the cellobiose concentration

The B-glucosidase was assayed with cellobiose concentrations ranging from 1 mM
to 80 mM (pH 4.5). Aliquots of the assay mixture were removed at specific times at each
concentration and treated as discussed in Section 3.8.1. The initial rates of the production
of glucose and trisaccharide were determined from the slopes. The experiment was
designed to determine the cellobiose concentration at which the transglucosidic reaction to
form trisaccharide becomes important and to determine the initial rates of the
transglucosidic reactions at each of the cellobiose concentrations. The results are shown in
Figure 4.17. The trisaccharide rates started to increase between 5 and 15 mM. A drop in the
rate of glucose hydrolysis also occurved at this point. The graph also shows that at high
cellobiose concentration, transglucosylation is essentially the only reaction that occurs. The
rate of glucose and trisaccharide production are approximately equal (at high cellobiose
concentration) and since one glucose is produced for each trisaccharide this indicates that
no hydrolysis occurs. It should be noted that these are initial rates and at later times the
trisaccharide does degrade (see Figure 4.16(A)).

4.6.3 Nuclear magnetic resonance analyses of the f-glucosidase reactions

An NMR reaction profile of the B-glucosidase reaction with pNPGle (75 mM) was
generated as another way to analyze the formation and breakdown of the products over
time (Figure 4.18). As expected. the results were very similar to those found by TLC and
GLC. A much lower level of enzyme (4 pg/mL) was used and thus the reaction times were

greater, pNPGe production could be detected at 2 hrs. The concentration of pNPGe reached
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Figure 4.17. GL.C analysis of the B-glucosidasc initial reaction rates. The
reaction was monitored by following the production of glucose,
and gentiobiosyl-glucose as a function of time and determining
the rates from the slopes. The rates were determined at 6
cellobiose concentrations (25°C). Thesc are plotted here as
Michaelis-Menten-like plots. The assays were each carried out
with 8 pg/mL B-glucosidase. (O) glucose production rates; (A)
trisaccharide production rates. Experimental details regarding the
reactions and the preparation of the samples for GLC are given in

Section 3.8.1.
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Figure 4.18. NMR '3C time profile of pNPGlc degradation by B-
glucosidase. The assay was done with 75 mM pNPGlc in
the presence of 4 pg of enzyme. The reaction was followed
to completion (74 hrs). The NMR spectrum for the reaction
was measured and recorded when the enzyme was first
added, and then at 2 hrs. After that a spectrum was recorded every
4 hours. The spectraat 0, 2, 6, 18, 30, 42, and 74 arc indicated in
the Figure. The carbons from the glucose are referred to with a
G and a number, the anomeric carbon is number one. Once the
glucose is cleaved from the nitrophenol, the anomeric carbon can
have cither an « or  hydroxyl group at the anomeric carbon
position. Therefore, the carbons are referred 10 as « or . All sugar
structures are illustrated in Appendix 11. Shifts of the glucose
peaks are indicated in addition to some of the peaks for
gentiobiose and pNPGe (the transglucolytic peaks). The reactions
were done in 150 mM acetate buffer at pH 4.5 and 25°C, using a

10 mm probe.
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a platcau at 18 hr. The NMR data showed that gentiobiose appeared when the glucose
concentration was large (between 18 and 30 hr). The level of pNPGe decreased to
essentially zero at 54 hr. and of gentiobiose at 66 hr.

NMR analysis of the reaction of the enzyme with 80 mM cellobiose (Figure 4.19)
with low enzyme (2 pg/mL) showed that 4-O-gentiobiosyl glucose and glucose were
already present at 6 hrs. The formation of gentiobiose required the presence of free glucose
and it only began to appear later. 4-O-Gentiobiosyl glucose was completely degraded after
50 hrs whereas there were still small amounts of gentiobiose present even at 94 hrs. It was
very difficult to see the trisaccharide or gentiobiose peaks since they overlap so much with
glucose and cellobiose. Additionally. there is relatively much more substrate (cellobiose)
initially, and much more final product (glucose) and the smaller amounts of the transient
species were difficult to detect in comparison. For these reasons TLC and GLC were
utilized rather than NMR for the rest of the studies of the B-glucosidase reaction products.
Nevertheless, the results with NMR showed the same general trends as did the
chromatographic data and thus confirm those results.

4.7 pH profiles

The results obtained from the pH profiles were complex. In order to understand
them it is important to appreciate the proposed mechanism for the f3-glucosidase (Figure
+.20). The initial part of the B-glucosidase reaction is always the same (colored green in
Figure 4.20), regardless of the glucosyl substrate involved. The substrate is bound to the
enzyme and the reducing end of the molecule is removed (k;) leaving the non-reducing

end bound to the enzyme (probably covalently). Either hydrolysis (k;) (purple) or
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Figure 4.19. NMR "*C time profile of ccllobiose degradation by -
glucosidase. The assay was done with 80 mM cellobiose in
the presence of 2 pg of enzyme. The reaction was followed
to completion (94 hrs). The NMR spectrum for the reaction
was measured and recorded when the enzyme was first
added, at 2 hrs and then every 4 hours. The spectraat 0, 10, 14,
18, 34, 58, and 94 hours are indicated in the Figure.
The time zero spectrum is essentially the spectrum for
cellobiose and the spectrum from 94 hours is essentially that of
glucose. The carbons from the non-reducing end glucose
are referred to with a G and a number. The reducing end glucose
can have either an ¢ or B hydroxy! group at the anomeric carbon
position. Therefore, the carbons are referred 10 as « or . The
anomeric carbon from free glucose can also be either o or f3.
Therefore the free glucose peaks are labeled similar to the
reducing-end glucose of cellobiose. The sugar structures are
all illustrated in Appendix 1. Important shifts of the cellobiose
peakd are indicated in addition to peaks produced by
gentiobiosyl-glucose and gentiobiose. The reactions were done in

150 mM acetate buffer at pH 4.5 and 25°C, using a 10 mm probe.



144

1 ) -

1 )

Lossof
PO

} J;_dL \:J J\JJ\J‘I g Jl\ I_ls

anomeric

carborts ahift m:ar‘:::’
to higher risaccande
ppm \
L \ 14
Shift to carbon 6
pi6 position due o
ANOIICTIC o “( o
\ tinkage N,
| 1 2

G, GG, G G, G,
3

o T

T T T T Y T T T "
108 100 s Yo 58S 50 75 70 65 60



EeGlceGle-OR

K k: e
E §==——= EsCIc-OR Y E-Gle
k-l

Figure 4.20. Proposed mechanism for the hydrolytic and transglucosidic
reactions of B-glucosidase. The enzyme is represented by E,
substrate is shown as Gle-OR, where the R group can be another
sugar or it can be a nitrophenyl group. Gle,-,Glc,-,OR is the
transglucosidic product. Gle is glucose. Solid dots represent an
enzyme complex. The hyphen between the E and the Gle indicates
that this is probably a covalent intermediate. The common parts of
the mechanism are shown in green, the hydrolyiic reaction is pink
and the transglucosidic reaction js blue. Production of gentiobiose
occurs as shown by the transglucosidic portion of the mechanism,

but in that case the acceptor is just glucose.
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transglucosylis (k,) (blue) can remove the remaining Gle. Transglucosylis occurs when a
second molecule of substrate competes with a water molecule for a position in the active
site and acts as an acceptor. Thus, the enzyme is forced through the transglucosidic
pathway. If the rate of transglucosidic reaction (k) is slower than hydrolysis (k,). the
whole reaction will appear to be slowed down at high cellobiose concentration.
Altermatively, if the transglucosidic reaction rate is faster than the hydrolysis step (k,), the
whole reaction will appear to speed up. The rates will tend to decrease or increase with
increasing substrate concentration depending on the relative rates of the transglucosidic
and hydrolytic reactions. Since waler is only replaced by cellobiose at high substrate
concentration, the straight lines of the Eadie-Hofstee plots a1 low substrate concentration
represent hydrolysis.

Kinetic analyses were done at a series of pH between 3 and 7. Figure 4.21 shows
Eadic-Hofslce plots of the purified enzyme on pNPGlc at 5 “representative”™ pH values.
Only 5 are shown since the plot becomes too crowded when all are presented. The
straight dashed lines at low substrate concentrations represent the hydrolytic portion of
the reaction. These plots and the others done at the other pH values (that are not shown)
indicate that the rates decreased at high substrate concentrations at cach pH between 3
and 6 while the rates increased at high substrate concentrations at pHs above 6. These
decreases and increases (shown as solid lines in Figure 4.21) are due to the
transglucosidic reactions that result in the creation of pNPGe (see Figure 4.17).

The downward and upward curvatures observed on the Eadie-Hofstee plots were

extrapolated to infinite substrate concentrations (the y-axis). Surprisingly. they gave
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nearly the same value (referred to as V,, (trans) values) at every pH tested (shown in
greater detail - inset to Figure 4.21). These results suggested that the effects of the rate
decreasing at low pH and increasing at high pH are probably due 16 a pH *dependent”
hydrolytic reaction component and a pH ‘independent’ transglucosidic reaction
component. Therefore. at low pH the hydrolytic reaction (k,) was faster than the
transglucosidic reaction (k,) and the plots curved downward at high substrate
concentration. On the other hand, at high pH the hydrolytic reaction was slower than the
transglucosidic reaction and the plots curved upward at high substrate concentration.

The points involved in the linear parts of the plots were obtained at substrate
concentrittions below 5 mM (see Figure 4.17). As already stated. these lines are
representative of the hydrolytic reaction. These were utilized to determine the hydrolytic
V. and K, values for the B-glucosidase. V,, (trans) values were determined using an
SAS statistical program (sce section 3.6.3.1).

Reactions with oNPGlc and cellobiose yiclded plots (data not shown) that behaved

in the same way as pNPGlc except that the curves converged at different points on the y-
axis for each different substrate. pH profiles of the K, and V,,,, values of pNPGlc, oNPGle
and cellobiose for the linear hydrolytic portions of the curves are shown in Figure 4.22.
The pH optima for the V_ values were in the pH 3 - 4.5 range in cach case (Figure
4.22(A)). The K, values were high at low pH but decreased to much lower values at high
pH (Figure 4.22(B)). The rates at infinite substrate concentration {V,(trans) values).
calenlated by SAS. for pNPGlc, oNPGle and cellobiose varied by only a small amount

(within ervor) with pH (over the range studied) (Figure 4.22(C)). As already mentioned.
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Figure 4.22. Changes in B-glucosidase hydrolytic activity with pNPGlc(Q).
oNPGlc (A ), and cellobiose (O ). A) Ve B) K C) Vi (trans).
The red lines indicate the median value of the V_ (trans) for
cach substratc. Assays were completed as described in Section
3.6.5 for pNPGlc and oNPGlc and in Section 3.6.7.1 for
cellobiose. All Vi, and K, values were calculated from the
lincar portions of the Eadie-Hofstee plots. The V., (trans) values
were determined by using the statistical analysis program, SAS.
Duetails regarding the SAS program can be found in Section
3.6.3.1.
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the actual plots for pNPGlc for some representative pH values are shown in Figure 4.21
(inset).

4.8 Assays with other disaccharides

Gentiobiose, isotrehalose. sophorose, laminaribose, cellotriose, cellotetraose,

cellopentaose. and 4-O-gentiobiosyl-glucose were all good substrates at pH 4.5, Each
showed the decreased reaction rates at high substrate concentrations (pH 4.5), similar to
the observations with oNPGle, pNPGlc and cellobiose. The V. K, and V, /K., values
for the hydrolytic portion of all of the reactions are reported in Table 4.1. The V, (trans)
values for each of the substrates tested are also shown in Table 4.1. These V,, (trans)
values were obtained using the non-linear line-fitting program. SAS. The V,_ (trans)
values calculated by this program were again similar to the extrapolated y-intercept values
observed on the Eadic-Hofstee plots in every case. Relative to the studies with the natural
sugar substrates, the nitrophenol substrates had very low V| (trans) values. The
V(trans) values for isotrehalose and laminaribose were relatively large. For cach of the

other substrates the V. (trans) values were similar to the V,, (trans) value of cellobiose.
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Table 4.1. Kinetic constants obtained for B-glucosidase at pH 4.5, (25°C) with a variety of
glucosyl substrates.

Substrate* Voar Vo, (trans) K, Vel K,
(units/mg) (units/mg) (mM) (units/mg mM)
pNPGlc 40 3 1.0 42
oNPGlc 41 5 32 13
cellobiose 68 12 27 25
cellotriose 56 12 0.5 108
cellotetraose 36 17 0.3 135
ccllopentaose 33 10 0.5 75
isotrehalose 41 30 4.6 9
sophorose 35 13 3.9 9
taminaribose 57 34 1.5 37
gentiobiose 43 12 L3 32
gentiobiosyl- 46 10 1.5 30
glucose

= All stnsctures of the 3-glucosidase substrates in this thesis are illustsated in Appendix I.

4.8.1 3,4-Dinitrophenyi cellobiose (DNPC)

The enzyme reaction with DNPC was unusual (Figure 4.23). The rates increased

with time (at each substrate concentration) instead of remaining constant (or decreasing).

Also. at substrate concentrations higher than 0.5 mM, the overall rates decreased with

increasing substrate concentration.
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Figure 4.23. Reaction of B-glucosidase with 3 4-dinitrophenyl-f-D-
cellobioside (DNPC). The concentrations of substrate shown
are: 0.05 mM (0), 0.1 mM @A), 0.5mM @), ImM @).2mM @)
and 3 mM & ). Allreactions were done at 25°C, pH 5. The cnzyme

concentration used was 1.4 pg/mL.
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4.9 Activity with metals
Kinetic analyses were done in the presence of divalent metals and EDTA. Divalent
metal ions (Mg, Zn**, Mn> and Ca*") and EDTA did not significantly affect either the
V... or the K, values of the enzyme (data not shown).
4.10 Anomeric preference
The B-glucosidase reaction with cellobiose was monitored to determine the
enzyme's anomeric preference at the reducing end of cellobiose. Additionally. the
products were analyzed to determine if the glucose produced was in the B or « form. The
reaction was carried out very rapidly with 5 mM cellobiose at pH 4.5 with an enzyme
concentration of 40 pg/mL. Aliquots were removed at specific times and processed for
GLC according to Section 3.8.1. Extreme care was taken to make sure the tubes in the
lyophilizer were kept very cold in order to prevent as much mutarotation as possible.
Figure 4.24 illustrates that the $-glucosidase utilized the B-anomer of cellobiose over the
w-anomer and that a much greater amount of B-D-glucose was produced than of a-D-
glucose.
4.11 Inhibitor studies
The inhibitory effects of several sugars were determined (Table 4.2). Galactose.
xylose. allose and mannose were essentially non-inhibitory (K>>100). Gluconolactone
had Ki values that were about 5-10 times lower than those of cellobiose, gentiobiose or

glucose. This study shows that the enzyme is specific for glucosyl substrates.
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Figure 4.24. GLC analysis of B-glucosidase preference for the f-anomer of
cellobiose. The cellobiose reaction was completed with a high
enzyme concentration (40 pg/mL) and 5 mM cellobiose, at pH
4.5, 25°C. The samples were very quickly frozen and the wbes
were kept very cold until the Iyophilization was complete.
Experimental details of the silylation reactions are given in
Section 3.8.1. (O) a-anomer of ccllobiose, (0 ) B-anomer of
cellobiose (reducing end), (A ) a-anomer of glucose, (@) B-

anomer of glucose, and @) gentiobiose.




Table 4.2. K, values obtained by B-glucosidase in the presence of pNPGle.

Inhibitor K, (mM)
Sigma B-glucosidase

Glucose 3.1
Mannose 260
Allose 260
Galactose 670
Xylose 340
Gluconolactone 0.4
Cellobiose 33
Geatiobiose 4.7
Maltose 320
Cellotriose 0.4

4.12 Acceptor studies

The above data showed that cellobiose and glucose can compete with water and act
as acceptors. Studics were therefore done to determine if other sugars or alcohols also
acted as acceptors. TLC was used to follow the reactions with pNPGle in the presence of
D-glucose, D-galactose, D-xylose. isotrehalose, sophorose. lactose, sucrose, mannose and
maltose. All except mannose and maltose produced transglucosidic products (data not
shown). D-Xylose formed only 4 small amount of transglucosidic product at a very slow
rate. When glucose was added. the product was gentiobiose. Several alcohols were also

tested (glycerol. sorbitol. arabitol. methanel, ethanol, propanol, butanol and ethylene
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elycol). They all formed transglucosidic products. Methanol, in particular, formed large
amounts of transglucosidic adduct (Figure 4.23). The effects of the alcohols on the V.,
and K, values were also assayed (pNPGlc). The alcohols had only small affects on the
rates of the reaction (data not shown).

4.13 Analysis of the glycoprotein nature of f-glucosidase

The NMR proton spectra of the B-glucosidase indicated the presence of sugars as
part of the protein structure (Figure 4.26). The spectral peaks suggested the presence of «
and/or B-D mannose, fucose. and N-acetylglucosamine. Thus the enzyme is probably a
glycoprotein. An SDS-PAGE analysis of the PNGase F treated f3-glucosidase is shown in
Figure 4.27. The change in molecular weight of the native enzyme indicated that a
significant amount of carbohydrate were normally present. It is noteworthy to mention
that N-linked glycosylation occurs at sites with characteristic sequence motifs (Asn-X-
Ser or Asn-X-Thr, X can be any residue except Pro). Fourteen of these sites can be
identified in the B-glucosidase primary sequence.

The nature of the glycosidic bond was investigated by incubating the fi-
glucosidase with peptide N-glycosidase F (PNGase F), which cleaves N-linked
oligosaccharides from glycoproteins. Generally, 3 types of N-linked oligosaccharides can
be released from glycoproteins: 1) oligomannose: 11) complex: and 1) hybrid (Glyko,
1994). Type 1 oligosaccharides (oligomannose) contain only mannose residues that are
connected by « linkages 1o a core sugar structure. The core structure generally contains
N-acetyl-glucosamine, mannose and sometimes fucose. Type 11 oligosaccharides

(complex) contain 2 mixture of neutral and charged sugars (sialic acid) attached to a core
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Figure 4.25. Thin layer chromatography of the B-glucosidase reaction with
pNPGle (10 mM) in the presence of methanol (1 M), Enzyme
was added to the reaction mixture at zero time and an aliquot (1
KL) was immediately spotted onto the plate. Spotting was
repeated every 3 min. The chromatography solvent used was n-
butanol: ethyl acetate:2-propanol:acetic acid: water in the ratio of
1:3:2:1:1. Products were detected by dipping the dried plates in
2% sulphuric acid in methanol and charring. The standards used
on the plate werel0 mM oNPGlc (O), 10 mM pNPGle (P), 20
mM methyl-B-D-glucose (**G). and glucose 20 mM (G).
Reaction times are indicated in minutes along the bottom of the
plate.
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Figure 4.26. Proton NMR spectrum of the 3-glucosidase (Sigma). The region
indicative of sugars is shown (0-6ppm). Both o and § anomeric
protons can be identified in the 4.4 1o 5.6 ppm range. [n addition,
a (1-6) linkages between mannose units, which are common in N-
linked oligosaccharides, are also expected to produce a signal in
this range. The carbohydrate skeleton protons generally produce a
signal between 3.4 and 4.2 ppm. Protons from the CH; group of
fucose, a sugar commonly found on glycoprotcins, were also
noticeable. The large peak at ~2 ppm is from the acetate of the
buffer. The large peak marked by the asterisk is the signal from
water. The smaller peaks surrounding the buffer peak probably
result from the acetyl group of N-acetyl-D-glucosamine (cither a
or f since both sugars acetyl groups show proton shifts in the same
range). The peak close to 0 ppm is the standard DSS (2,2
dimethyl-2-silapentane-5-sulfonate) )(SuL). which was used to
orientate the spectrum. The purified Sigma protein was
lyophilized and resuspended in 0.5 mL D,O. The final
concentration of f-glucosidase was 10 mg/mL. The NMR proton
spectrum was recorded using a Bruker AMX-500
spectrophotometer operating at 500.139Mhz as described in

Section 3.9.3
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Figure 4.27. SDS-PAGE of the Sigma B-glucosidase in its deglycosylated and
glycosylated forms. The gel tanes are shown on the bottom of the
gel. The molecular weight marker is shown in lane | with
corresponding molecular weights indicated on the left, sizes are
shown in kDa. Lane 2 contains the B-glucosidase after a 16 hr
treatment with peptide N-glycosidase F (PNGase F). Lane 3
contains the untreated B-glucosidase. Lane 4, fike lane 2, contains
PNGaseF treated B-glucosidase. However, this treatment utilized
10-fold less B-glucosidase than in lane 2 to ensure the treatment
went to completion. Lane 5 is similar to lane 3 but contains 10
fold less B-glucosidase. The Phast gel™ system with an 8-25 %
gradient gel and Coomassie staining was used for SDS-PAGE

analysis.
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structure. Type 111 oligosaccharides (hybrid) are a mixture of mannose and other neutral
sugars as well as sialic acid attached 10 a core structure.

To identify the sugar composition of the -glucosidase N-linked oligosaccharides
the residues liberated by PNGase F were labeled with the fluorophore ANTS (8-
aminonaphthalene-1.3.6-trisulfonic acid). The labeled oligosaccharides were then
separated on a FACE® (Fluorophore-Assisted-Carbohydrate-Electrophoresis) gel. The
resultant profiling gel is shown in Figure 4.28. The FACE® system contains some
reagents that are not stable and therefore it was necessary to analyze the profiling control.
The profiling control, trypsin inhibitor. gave the expected pattern (compare lane 6 in
Figure 4.28(A) with lane 2 of Figure 4.28(B)), which indicated that the reagents were
working correctly. The oligosaccharides obtained from the B-glucosidase displayed 7
individual bands, which suggested the presence of 7 unique oligosaccharides (Figure 4.28
(A). lane 6). The quantitation control, which is equivalent to a particular concentration of
oligosaccharide chains. is only accurate when the FACE® imaging system is used.
However. the control was included on the gel, to get a rough estimate of the number of
oligosaccharides in each band of the profiling gel.

The oligosaccharides were analyzed on the profiling gel by comparing their
mobility with the mobility of the glucose polymers in the oligosaccharide ladder. The
degree of polymerization (DP) is defined by the glucose ladder and is equivalent to the
number of glucose in ¢ach polymer (Glyko, 1994). Therefore. a tetrasaccharide band
would have a DP of 4. A band that migrated between a trisaccharide and tetrasaccharide

band would have a DP of 3.5. Unfortunately, the DP number is only relative to the
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A)

Figure 4.28. Analysis of the oligosaccharide component of the Sigma -
glucosidase enzyme. A) The carbohydrate profiling ge! obtained
after cleavage of the oligosaccharides from the B-glucosidase with
peptide N-glycosidase F. The gel shows a glucose ladder in lanes
1 and 8. The band that represents a polymer of 4 glucose is
indicated. A quantitation control that can be used with the FACE*
imaging system is present in lane 3. The N-linked
oligosaccharides isolated from 300 pg of B-glucosidase are shown
in lanc 5. Oligosaccharides from trypsin inhibitor served as a
control and are shown in lanc 6. Lane 7 contains the tracking dye,
and lanes 2 and 4 were empty. B) A gel reproduced from the
Glyko profiling manual (Glyko, 1994). Lane 1 contains the
glucose ladder and the second Iane contains the trypsin inhibitor
control. This control shows the same pattern as lane 6 and

validates the results obtained in (A).
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number of glucosec monomers. Furthermore, if an oligosaccharide is charged, as occurs
with the negatively charged sialic acid. it will have greater mobility than a neutral
oligosaccharide of the same size. In addition to the complexities caused by the presence
of charged sugars, not all neutral monosaccharides have the same mobility as glucose.
The effects of different sugars on the mobility of an oligosaccharide, relative to glucose.
are shown in Table 4.3,

As stated above. analysis of the profiling gel shows that there are 7 unique
oligosaccharide bands. The mobility of each band was measured and compared with the
mobility of the baads in the glucose polymer ladder. The calculated DP values (from the
largest oligosaccharide to the smaltlest) were 9.7, 9.0. 8.3, 7.9, 5.8, 5.3, and 4.4. However,
these values only give the number of equivalent glucose residues in the oligosaccharide
and not the identity of the sugars. Only when the data obtained from both profiling gel
and sequencing gel is put together can the composition of the different oligosaccharides
be obtained.

In order to determine the identity and order of the sugars present on the f3-
glucosidase, cach of the bands visualized on the profiling gel was excised and digested
with the exoglycosidases in Table 4.4.

The digestion products for each of the bands were then electrophoresed on an N-
linked oligosaccharide sequencing gel. The sequencing gel for one of the bands on the

profiling gel is shown in Figure 4.29. It was the top band and had a DP of 9.7.
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Table 4.3, The effect of monosaccharides. other than glucose. on the DP (degree of
polymerization) number of an oligosaccharide.

Monosaccharide Mobility Shift (in DP units*)
Neuraminic acid -1
Gulactose +1
N-acety) glucosamine +0.75
Mannose +0.75
Fucose +0.6
N-acetyl glucosamine (bisccting) +0.5

* DP units are measured relative to a ladder of glucose polymers.

Table 4.4. Carbohydrate degrading enzymes utilized for N-linked sequencing of the 3-
glucosidase oligosaccharides.

Enzyme Name Specificity Glvko Abbreviation
Neuraminidase (012-3.6.8) linked N- NANase 111
acetylneuraminic acid

B-Galactosidase (B1-4) linked galactosc GAlLase I11

B-N-Acetylhexosaminidase (B1-2,34.6) N- HEXase III
acetylglucosamine
a-M id. {ce1-2.3.6)linked mannose MANase Il
a-Mannosidase (e£1-6) linked mannose MANase VI

Only the addition of MANase Il and MANase V1 resulted in digestion of the DP-
9.7-oligosaccharide to a core structure. The core structure is not digested by the
exoglycosidases because it contains mannose(B1-4)-N-acetyl-glucosamine (B1-
4)[fucose(a]-6)]-N-acetyl glucosamine. The mannose of this structure can not be cleaved
by MANase I or MANase VI because neither enzyme is capable of cleavage of a f(1-4)

bond (Glyko. 1994). The digested oligosaccharide migrated to the same position as the
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(ii) DP 2.5

Figure 4.29. A) Carbohydrate sequencing gel resulting from reaction of the
DP 10 oligosaccharide from the carbohydrate profiling gel witha
variety of exoglycosidases. The lanes are 1) the B-giucosidase
oligosaccharide profile, 2) the purified oligosaccharide band from
the profiling gel, no enzymes added 3) digestion with NANase [11
(removes a2-3,6,8 linked N-acetylneuraminic acid if present), 4)
digestion with NANase 11 and GALase 11 (removes the above in
addition to ($1-4) linked galactose), 5) digestion with NANase
111, GALase 11, and HEXase 111 (in addition to above digestion of
B1-2,3.4,6 linked N-acetyl glucosamine residucs occurs), 6)
digestion with NANase 111, GALasc I, HEXase HI, MANase 11
and MANase VI (in addition to previous digestion, the a1-2,3,6
linked mannose and «1-6 linked mannose are digested) 7) the
core standard containing i) Mannose (1-4) N-acety! glucosamine
(B1-MH[fucose(cel-6)]-N-acetyl glucosamine or ii) Mannose (B1-
4) N-acetyl glucosamine (B1-4)-N-acetyl glucosamine, lane 8 is
the glucose polymer ladder. B) A schematic representation of the
possible structure of the isolated oligosaccharide. Mannose is
represented by (O ); N-acetyl glucosamine (H); and fucose (A).
The nature of the linkages between the mannose residues could
not be determined under the conditions of the sequencing

reactions.
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fucosylated core standard. The core structure has a DP of 3.2 (Glyko, 1994). Therefore,
the remaining DP to be accounted for is 6.5. The exoglycosidase results in Figure 4.29
suggest that the oligosaccharide only contains mannose. From Table 4.3 mannose has a
mobility equal to 0.75 DP, therefore, the oligosaccharide must contain 9 mannose. Each
of the isolated oligosaccharides displayed the same type of result. They were only
digested when the MANase 1T and MANase VI enzymes were present. Since the profiling
gel suggested the sugars differed by 1 or 2 sugar residues, the only difference between the
oligosaccharides isolated was the number of mannose residues preseat. Two of the
oligosaccharides aligned with the lower band of the core structure standard (DP-2.5).
This indicated that the core structure of those oligosaccharides was not fucosylated.
However, they were still only digested by MANase Il and MANase V1. The probable
structures for the isolated oligosaccharides are shown in Figure 4.30. Unfortunately
digestion by MANase 11 and MANase VI provides almost no information about the

linkages between the mannose residues except that they are not ol -4,
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Figure 4.30. Probable structures for the oligosaccharides released from the
Sigma f3-glucosidase. Digestion of the purified oligosaccharide
chains with exo-glycosidases indicates that the oligosaccharides
are mainly composed of mannose. The linkage between the
mannose residues could not be determined from the data since the
MANase enzymes cleaved « 1-2,3,and 6 linkages. The
oligosaccharides were digested down to core structures and
showed the same mobility as the core standards that were
composed of Man(B1-4)GleNAc(B1-4)[Fuca1-6)]GleNAc or
Man(f31-4)GlcNAc(B1-4)GlcNAc, where Man is mannose,
GleNAc is N-acetyl glucosamine and Fuc is fucose. The number
of mannose in cach oligosaccharide is calculated from the change
in the degrees of polymerization (DP units-sec Table 4.3). DP(ex)
are the experimental DP values obtained from the profiling gel.
DP (calc) are values determined using Table 4.3. Sugars are
represented by (O) mannose; (M) N-acetyl glucosamine; and

() for fucose.
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5. Results
Part II:
Characterization of Recombinant Aspergillus niger B-Glucosidase
The gene for the B-glucosidase from Aspergillus niger that was obtained from Dr.

Shoseyov's group at the Hebrew University in Jerusalem was inserted into a plasmid and
expressed in Pichia pastoris. This “recombinant B-glucosidase™ was used to compare the
unsubstituted and substituted B-glucosidases (see Chapter 6). The propertics of the
recombinant B-glucosidase are detailed here and compared to the propertics of the Sigma
cellulase powder B-glucosidase that are described in Chapter 4.

5.1 G

arison of sizes and Kinetics

P q

CNBr cleavage of the Sigma B-glucosidase was carried out. Several candidate
CNBr bands were obtained on the gel. One was chosen and sequenced by Dr. McKay.
University of Calgary. The chosen band produced a clear sequence.
MAAYYKVGRDRLW, which matched exactly with residues 319-331 in the B-
glucosidase sequence provided by Dr. Shoseyov. The sequence alignments of the f3-
glucosidases from family 3 indicate that this is not a highly conserved region (Figure 5.1)
of the protein, except in Aspergillus species. This indicates that the -glucosidase purified
from the Sigma mixture is the same as the 3-glucosidase that is being studied by Dr.
Shoseyov. The possibility that there could be such a good match by chance alone
(especially since both enzymes were obtained from A. niger, is very small). Additionally,
the native and subunit protein sizes of the two enzymes were essentially identical (Figure

5.2). The V,,,, and K, values of the enzymes as well as the unique profiles of the Eadie-
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Figure 5.2. A) SDS-PAGE of the B-glucosidase isolated from the Sigma

celtulase mixture (lane 2) and the B-glucosidase isolated by Dr.
Shoseyov's group (lane 3). The first lane is the molecular weight
marker. B) Overloaded Native PAGE of the two B-glucosidases.
Lane 1 is the enzyme provided by Dr. Shoseyov's group, while lane
2 is the Sigma enzyme. Molecular weights of the marker proteins
are indicated in each case. The proteins used in lane 1 of the gel in
(A) were: myosin (212 kDa), a2-macroglobulin (170 kDa), 3-
palactosidase (116 kDa), transferrin (76 kDa) and glutamic
dehydrogenase (33 kDa). The proteins used in Jane 3 of the gel in
(B) were thyroglobulin (669 kDa), ferritin (440 kDa), catalase (232
kDa), lactate dehydrogenase (140 kDa) and albumin (66 kDa).
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Hofstee plots with both pNPGIc (Figure 5.3) and cellobiose (not shown) at pH 4.5 provide

further evidence that the enzymes are identical.

5.2 Production of the pPicZAa plasmid with the B-glucosidase gene

The pPICZAc:BGL plasmid was created as described in section 3.11.2.

Sequencing of the appropriate parts of the plasmid was done. The sequencing showed that
the B-glucosidase gene was successfully inserted into the pPicZAa plasmid and that the
gene was in frame with the a-secretion sequence and the His-tag sequence.

5.3 Transformation into Pichia pastoris and expression of f-glucosidase

The purified plasmid pPICZAw:BGL was transformed into the X-33. GS115, and
KM?71 strains of Pichia pasioris. Controls containing no DNA and plasmid DNA only.
were also done. After 4 days the controls displayed no growth (as was expected). The P.
pastoris wild type strain, X-33, showed the most transformants, followed by the KM71
strain and finatly the GS115 strain.

The transformants were analyzed to determine their Mut phenotype. Small sections
of the transformants were streaked onto MMH plates and then onto MDH plates. A Mut’
and a Mut' control were also streaked onto the plates for comparison. The KM71
transformants were atlso streaked even though they would all be expected to be Mut'. If the
strains are Mut” they will grow equally well on both types of plates. If the strains are Mut®
they will grow well on the MDH plate but poorly on the MMH plate. As expected. all of
the KM71 transformants grew normally on the MDH plates but grew poorly on the MMH
plates. indicating that they were Mut', The X-33 transformants and the GS115

transformants grew normally on both types of plates indicating that they were all Mut®.
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Figure 5.3. A comparison of the f3-glucosidase activitics of the two enzymes

with pNPGlc at pH 4.5, 25°C. The B-glucosidasc isolated from the

Sigma cellulase mixture is represented by (). while the 8-

glucosidase that Dr. Shoseyov's group isolated is represented by

(Q). The enzyme provided by Dr. Shoseyov was sent as a

Iyophilisate that was resuspended into an appropriate amount of

buffer so that the same enzyme concentration was used for the

assays. The enzyme concentration used was 1.4 pg/ml. One unit

is cqual 1o one pmol of product per min.
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Expression of the B-glucosidase gene was examined for six X-33 transformants.
two GS 113 transformants. and four KM71 transformints. Controls for secreted expression
and background expression were also set up. The B-glucosidase gene was expressed in all
of the transformants. However, the X-33 strains displayed the greatest expression in the
fastest time. The GS115 strains expressed less B-glucosidase. The KM71 strain expressed
more B-glucosidase than the GS115 strains but less than the X-33 strain. The control
strains indicated that the secretion signal was working and that no B-glucosidase was
endogenously secreted by the P. pastoris strains. The expression results were also
visualized by SDS-PAGE. All of the transformants displayed bands of the expected size
for the B-glucosidase protein. The GS115 protein bands were very faint, indicating that the
protein was more poorly expressed in those strains (Figure 3.12). The background control
strain showed no $-glucosidase band, even when the gel was silver stained (not shown).

5.4 Purification of recombi B-glucosid

The B-glucosidase was casily purified from the BMMY media (Section 3.16.4),
SDS-PAGE indicated that very few other proteins were secreted by P. pastoris and the
prolein was usually found to be pure after elution from the Sephacry! S-300 column. In
some cases. the concentrated prolein was yellowish in color. In those cases the yellow
material was removed by application of the sample to the FPLC Superose 6 and 12
columns (connected in series). After concentration. the collected fractions were analyzed
by SDS-PAGE and determined to be pure (>98%) by staining with Coomassic Blue and/or

silver stain.
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5.4.1 Molecular weight of recombinant B-glucosid

The recombinant 3-glucosidase migrated the sume distance as the Sigma enzyme on
SDS and on native PAGE (data not shown). It is also eluted at the same volume as the
Sigma enzyme from the size exclusion columns (FPLC). Light scauering was also utilized
to determine the size of the recombinant enzyme (Figure 5.4). Light scattering in
conjunction with the SDS PAGE data suggested that the recombinant enzyme is a dimer
(as was also the case with the Sigma enzyme). The light scattering radius of 8-9 nm
corresponds to & molecular weight of 196 kDa, which is approximately twice that of the
SDS PAGE molecular weight. The light scattering results also indicated that there is
aggregation. Aggregation is known to occur readily when recombinant enzymes are
concentrated, In this case the aggregation seems to be reversible. When size exclusion was
used for the purifications there was no evidence of aggregation. In those studies the
protein was usualbly not concentrated beyond 1 mg/mL. In addition there was no evidence
of aggregation on native PAGE gels. Thus, aggregation does not scem to be a problem at
low protein concentration. The solutions used to assay the enzyme had very low protein
concentration (0.002 to 0.04 mg/mL) and thus it is highly unlikely that the proteins were

aggregated during the assays.

5.5 Temperature stability of the recombi: B-gl id
The thermal stability of the recombinant enzyme was assayed (data not shown) in
the same manner as for the Sigma enzyme (Section +4.6.6). The two enzymes had very

similar stabilities (data not shown).
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5.6 Fluorescence characterization of the r bi B-gl id

The emission spectra obtained for the recombinant enzyme at excitation
wavelengths of 275, 285 and 295 nm were all similar in shape to the native enzyme
(Figure 5.5(A), (B), and (C). respectively). The excitation spectrum for the recombinant
enzyme that was obtained at an emission wavelength of 339 nm was also almost identical
to the Sigma enzyme spectrum (Figure 5.5(D)).

5.7 Kinetic characterization of the recombi B-glucosid

5.7.1 pNPGlc pH profiles

The pH profiles for V.. K,,. and V. /K,, for pNPGlc were obtained (Figure 5.6).
The trends illustrated in the figure are similar to those of the Sigma enzyme. The main
exception was that the recombinant B-glucosidase had V., values that were somewhat
higher than those of the Sigma enzyme.

5.7.2 Glucosy!l substrates

The V., values for the action of the recombinant enzyme on glucosyl substrates
were somewhat larger than those for the Sigma enzyme (Table 5.1) in each case. The
increased activity may have resulted from the fact that the recombinant enzyme was
purified quickly and used immediately while the Sigma enzyme required more strenuous
purification. In addition, the powder was presumably much older as it was prepared and
processed by Sigma. The majority of the K, values obtained were very similar for the two
enzymes. The largest difference in K, values occurred when gentiobiose was used as a
substrate. The Km of gentiobiose with the recombinant enzyme was 2 times higher than

that of the Sigma enzyme.
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Figure 5.5. Fluorescence emission and excitation spectra of §-glucosidase

from the Sigma mixture (bluc) and the recombinant enzyme
(pink). Intensity is measured as photon counts per second {cps) for
the emission spectra and in millivolts (mV) for the excitation
spectrum. Emission spectra were collected at excitation
wavelengths of: A) 275 nm, B) 285 nm, and C) 295 nm. The
excitation spectrum (D) was obtained at an emission wavelength
of 339 nm. Both cnzyme samples were diluted to 17 pg/mL with
acetate buffer (pH 4.5, 150 mM). Spectra were collected at 25°C.

A spectrum of the buffer alonc was subtracted from each protein
spectrum.
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Figure 5.6. Effect of pH (pNPGlc) on the recombinant (Q) and the Sigma
(O) B-glucosidases. A) V,.; B) K C) V., /K. The assays at
the various pHs were carried out as described in section 3.6.5.
The enzyme concentration used was 1.4 pg/mL. All assays were
completed at 25°C in 150 mM sodium acetate/sodium
phosphate buffer. One unit is equal to one pumol of product per

min,
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Table 5.1 A comparison of kinetic constants of the B-glucosidase isolated from the Sigma
cellulase powder (WT(S)) and the recombinant (WT(P)) B-glucosidases.

Substrate WT(S)-V,..," WT(S)-K,,> WT(P)-V,..° WT(P)-K,®
pNPGle 40 1o 57 1.0
oNPGle 41 3.2 60 30

Cellobiose 68 2.7 78 29

Gentiobiose 43 1.3 46 22
Cellotriose 56 0.5 94 0.7
Cellotetraose 36 03 66 0.6
Cellopentaose 34 0.4 40 04

* V... vatlues are calculated in units of pmol/mg/min.
" K., vatlues are calculated in units of mM.

5.7.3 Inhibitor Studics

The recombinant B-glucosidase was also competitively inhibited to about the same
extent as the Sigma enzyme by cach inhibitor tested (Table 5.2). Glucose was a good
inhibitor, while its epimers: galactose, mannose, and allose were not. Gluconolactone.
ccllobiose. gentiobiose and cellotriose were all good inhibitors (particularly
gluconolzctone and cellotriose). Maltose and xylose were poor inhibitors. It should be
stated that quite a lot of error occurs when determining K, values, especially when the
inhibition is poor (large K, values). Despite this the K| values for the two enzymes with the

virious inhibitors were quite similar.
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Table 5.2. A compurison of inhibitor dissociation constants (K,) for the Sigma and
the recombinant B-glucosidases.

Inhibitor K; (mM) K, (mM)
Sigma B-gl sidase R bi f-gl idase
Glucose 3 3

Mannose 260 280
Allose 260 220
Galactose 670 670
Xylose 340 290
Gluconolactone 0.4 04
Cellobiose 33 3.4
Gentiobiose 1.7 4.8
Maltose 320 270
Cellotriose 04 04

5.8 Analysis of substrate breakdown

5.8.1 Thin layer chromatography

TLC showed that the recombinant enzyme degraded 5 mM cellobiose to glucose
without producing detectable amounts of gentiobiosyl-glucose or gentiobiose (Figure
5.7(A)). When the enzyme was reacted with 50 mM cellobiose a relatively large amount
of gentiobiosyl-glucose was produced (Figure 5.7(B)) even at ecarly times. It could be
detected after 2-4 min. Gentiobiose was not separated from the cellobiose on the TLC
plate and was probably masked by the large spots for cellobiose. These results are similar

to those found with the B-glucosidase from the Sigma cellulose powder.
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Figure 5.7. Thin layer chromatography of the recombinant B-glucosidase
reaction with: A) 5 mM cellobiose and B) 50 mM cellobiose.
Enzyme (8 pg/mL) was added to the reaction mixture at zero time
and an aliquot (1 #L) was immediately spotted onto the plate.
Spotting was repeated at the times indicated in minutes on the
bottom of the plate. The chromatography solvent used was n-
butanol:ethyl acetate:2-propanol:acetic acid:water in the ratio of
1:3:2:1:1. Products were detected by dipping the dried plates in 2%
suiphuric acid in methanol and charring. The standards (1uL) were:
10 mM glucose (G), 10 mM cellobiose (Ce), 10 mM gentiobiose
(Ge), and 5 mM gentiobiosyl-glucose (GG).
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The recombinant enzyme was also reacted with pNPGle at S and 50 mM and
analyzed by TLC (Figure 5.8). The enzyme reacted as expected and produced only
glucose and nitrophenol at 5 mM (the nitrophenol does not char and so is not seen on these
plates). Larger sugars (pPNPGe) were observed at 50 mM pNPGle. Gentiobiose was not
visible at either high or low pNPGlc concentrations but that is probably because the
reaction did not proceed tong enough to produce large enough amounts of glucose for it 1o
act as an acceptor.

5.8.2 Gas-liquid chromatography

The production of glucose. gentiobiose and gentiobiosyl-glucose from cellobiose by
the recombinant B-glucosidase was also analyzed utilizing GLC. Only a small amount of
enzyme was added and the reactions were allowed to proceed for a long time in order 10
follow the reactions better. At pH 4.5. the production of glucose from 5 mM cellobiose
occurred in a similar fashion for the two enzymes (Figure 5.9). Very little geatiobiose or
trisaccharide were produced by either the recombinant or the Sigma enzyme with 5 mM
cellobiose (amounts were barely above background). When the enzyme activity was
monitored in the presence of 50 mM cellobiose at pH 4.5 the results were also similar to
those of the Sigma enzyme (Figure 5.10). The initial rate of glucose production at 50mM
cellobiose was smaller than at 5 mM (as expected). Glucose accumulation plateaued at
about 45 mM for the Sigma enzyme and at about 55 mM for the recombinant enzyme. The
amount of gentiobiose increased and then decreased as the enzymes degraded it (Figure
5.10(B)). In the case of both enzymes there was a lag before the gentiobiose production

rate became significant. This is because the amount of glucose had to be built up to a large
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Figure 5.8. Thin layer chromatography of the recombinant B-glucosidase

reaction with: A) 5 mM pNPGle and B) 50 mM pNPGle. Enzyme
(1.4 pg/mL) was added to the reaction mixture at zero time and an
aliquot (1 pL) was immediately spotted onto the plate. Spotting was
repeated at the times indicated in minutes on the bottom of the
plate. The chromatography solvent used was n-butanol:ethyl
acetate:2-propanol:acetic acid:water in the ratio of 1:3:2:1:1.
Products were detected by dipping the dried plates in 2% sulphuric
acid in methanol and charring. The standards (1uL) were: 5 mM
pNPGlc (P), 10 mM glucose (G), 10 mM cellobiose (Ce), and 10
mM gentiobiose (Ge). pNPGe is p-nitrophenyl-gentiobiose.
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Figure 5.9. Analysis of the glucose produced by the reactions of the 3-
glucosidase from Sigma and the recombinant B-glucosidase with
5 mM cellobiose. Gentiobiose and gentiobiosyl-glucose were
also monitored but the amounts present were only slightly above
background and are not shown. The symbol used to represent the
Sigma enzyme is (3 ) and the recombinant enzyme is (©). The
concentration of the recombinant enzyme was 2 pg/ml and a
concentration for the Sigma enzyme was chosen that resulted in
approximately the same rate of glucose production. The

complete experimental details are given in Section 3.8.1.
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Figure 5.10. Analysis of the products of the reactions of the Sigma f3-
glucosidase and the recombinant -glucosidase with 50 mM
cellobiose at pH 4.5. The products that were monitored were: A)
glucose, B) gentiobiose, and C) gentiobiosyl-glucose. The
symbol used to represent the Sigma enzyme is (g) and the
recombinant enzyme is (©). The enzyme concentration of the
recombinant enzyme was 2 pg/mL and a concentration for the
Sigma enzyme was chosen that resulted in approximately the
same rate of glucose production as for the recombinant enzyme.
The activities of the two cnzymes used was actually a little
different and this is seen by the different profiles for gentiobiose
and trisaccharide. The complete experimental details are given in

Section 3.8.1.
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enough amount before synthesis of gentiobiose began. The maximum amount of
gentiobiose occurred at different times for the two enzymes because the rates of glucose
production were not fully matched. The production of the trisaccharide also rapidly
increased and then decreased. There was, however, no lag in its production rate. The build
up and loss of the trisaccharide occurred in a similar fashion for both enzymes although
again, because the enzyme activity was not fully matched for the two enzymes. there were
different degradation rates. TLC showed that the trisaccharide produced was also utilized
by the enzyme to produce longer glucose chains. These larger sugars would not be visible
using the GLC method as sugars larger than trisaccharides would require temperatures that
would leach the column coatings.

The production of the three sugars was also analyzed at pH 7. With 5 mM
cellobiose (Figure 5.11) the hydrolysis to glucose was slow by both enzymes. Very liule
gentiobiose or trisaccharide were produced. When 50 mM cellobiose (Figure 5.12) was
used, the rate of glucose production a1 pH 7 was more rapid than at 5 mM cellobiose (as
expected). The rate at which the trisaccharides and gentiobiose were produced were
similar for the two enzymes. The trisaccharide comprised a large proportion of the product
when itis considered that one glucose is produced every time that a trisaccharide forms.
Again, there was a delay in gentiobiose production that was dependent on an initial build-
up of glucose. The delay was very noticeable in this case.

The recombinant enzyme was also analyzed by GLC with pNPGle (Figure 5.13).

When 5 mM pNPGle was used. the main reaction was hydrolysis and the amount of

glucose acc! lated until it pl i at about 5 mM. When the concentration of pNPGlc
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Figure 5.11. Analysis of the glucose produced by the reaction of the f-
glucosidase from Sigma and the recombinant B-glucosidase with
5 mM cellobiose at pH 7. Gentiobiose and gentiobiosyl-glucose
were also monitored but the amounts present were oniy slightly
above background and arc not shown. The symbol uscd to
represent the Sigma enzyme is (O) and the recombinant enzyme
is (0). The concentration of the recombinant enzyme was 2
png/mL and a concentration for the Sigma enzyme was chosen
that resulted in approximately the same rate of glucose

production. The complete experimental details are given in

Section 3.8.1.



192

Figure 5.12. Analysis of the products from the reactions of the f3- glucosidase
from Sigma and the recombinant B-glucosidase with 50 mM
ccllobiose at pH 7. The products that were monitored were: A)
glucose, B) gentiobiose. and C) gentiobiosyl-glucose. The
symbol used to represent the Sigma cnzyme is (0) and the
recombinant enzyme is (©). The concentration of the
recombinant enzyme was 2 pg/mL and a concentration for the
Sigma enzyme was chosen that resulted in the same rate of
glucose production. The complete experimental details are given

in Section 3.8.1.
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Figure 5.13. Analysis of products resulting from the recombinant 3-

glucosidase reaction with pNPGlc, pH 4.5, by GLC. Products
were monitored with: (A) 5 mM pNPGIc and (B) 50 mM
pNPGlc. The reaction was monitored by following the
production of glucose (©), gentiobiose (A ) and, in (B) only,
pNPGe ([1). Experimental details are given in Section 3.8.1.
The enzyme concentration used was 2 pgp/mL.
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wils 50 mM (Figure 5.13). the reaction rate was slow in comparison to the rate with 5 mM
pNPGlc. This is expected from the Kinetic plots (sce Figure 5.3). pNP-Gentiobiose was
produced in the presence of 50 mM pNPGlc but only a very small amount of this
transglucosidic product was observed. It should be noted that the V,_ (trans) value for
pNPGlc is very small and thus lowered rates of glucose production are expected even
when only a portion of the reaction forms the transglucosidic product. That is, the
substrate acting as an acceptor directs & large proportion of the reaction from hydrolysis to
the formation of pNPGe and thus decreases the amount of glucose produced and since the
Ve (trans) value is very small, the amount of trisaccharide produced is very small.
Gentiobiose was also produced. Again. the glucose concentration had to be high relative to
the substrate concentration for gentiobiose formation to occur and thus there was a delay
(it was only formed in significant amounts after the reaction had proceeded for 4 hours).
The breakdown of 50 mM gentiobiose by the recombinant -glucosidase was also
analyzed using GLC (Figure 5.14). As expected, the glucose production rate was
somewhat slower than the rate when cellobiose was reacted (see Table 5.1). A
trisaccharide was also produced (probably gentiobiosyl-f3( 1-6)-glucose). It should form
when a gentiobiose joins with a glucose by a B(1-6) bond. Less trisaccharide seemed to be
produced than with 50 mM cellobiose. However, close observation shows that the
proportion of trisaccharide that was produced at carly times is quite large. The
trisaccharide probably degrades rapidly and thus it only appears as if not much was

formed.
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Figure 5.14. Analysis of the products resulting from the recombinant 3-
glucosidase reaction with 50 mM gentiobiose by GLC. The
reaction was monitored by following the production of: (O
glucose, and (A trisaccharide. Experimental details are given

in Section 3.8.1. The enzyme concentration used was 2 pg/mL
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GLC experimenis were also done to determine initial velocities of glucose and
trisaccharide production (Figure 5.15) as a function of the cellobiose concentration. These
were done to find the concentration of cellobiose that is required for it to be able to act as
an acceptor for the transglucosidic reactions. A similar experiment was done with the
Sigma enzyme (see Figure 4.17). There were some differences between the two enzymes
but the general trend was the same. The initial rates of glucose production increased
rapidly as a function of the concentration of cellobiose. At the point where the initial rates
of trisaccharide production began to increase (at 15 — 30 mM cellobiose). the initiat rate of
glucose production declined. As the concentration of cellobiose was increased. the rate of
glucose production decreased to the point where it was almost accounted for totally by the
transglucosidic reaction (the production of cach trisaccharide requires the release of one

glucose).

5.9 Mutagenesis strategy for the r binant f-glucosid

5.9.1 Sequence analysis

Dr. Shoseyov reported that the -glucosidase that he was working with is & member
of the family 3 glycosyl hydrolases (Personal communication and Dan et al. (2000)). The
enzyme contained the known active site motif of [LIVM](2)-[KR]-x-[EQK]-x-(4)-G-
[LIVMFT]-[LIVT]-[LIVMF]-[ST}-D-(W)-x-[SGADNI]. This confirms that it is a member
of the family 3 glycosyl hydrolases (hitp:/fexpasy.ch
bin/picedoc.pl?PDOCONG621). Dr. Shoseyov's group indicated that they were interested in
investigating the properties of the catalytic residues of the protein in addition to some other

conserved regions (D261, D501, D145, E140, the region from V382 to N386. and a second
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Figure 5.15. Initial rates of production of glucose and trisaccharide by the
recombinant B-glucosidase. The initial rates were determined at
various cellobiose concentrations. The amounts of glucose and
trisaccharide produced were plotted against time and the initial
rates of production (V) were determined from the slopes. The
rates are plotied above: (©) initial rate of glucose production;

(@ ) initial rate of trisaccharide production. The assays were
carried out with 10 pg/mL f-glucosidase. During the reaction the
samples were incubated at 25°C. Experimental details regarding

the preparation of the samples for GLC are given in Section 3.8.1.
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region from Y627 to Y640). I agreed 1o examine different sites, which limited the number
of conserved residues available for study. Studies by the Shoseyov lab indicated that the
enzyme activity was completely destroyed by reaction with N-bromosuccinimide, 2.3«
butanedione. and tetranitromethane. but that sodium cyanoborohydride and
diethylpyrocarbonate had no cffect on enzyme activity (personal communication). If one
assumes that the chemical reagents had free access to all of the side chains (which is not
necessarily the case) this suggests that Trp, Arg, and Tyr may be important for enzyme
activity while Lys and His are not. Sequence alignments were done utilizing only the
fungal family 3 glycosy! hydrolase members in an effort to discover a greater number of
conserved residues. The sequence alignments indicated that a significant number of Trp
were conserved in the fungal family 3 glycosyl hydrolases (Figure 5.16). The sequences
used in the alignment were obtained from GenBank and their accession numbers are
indicated in Appendix #IV.
Tryptophan is important for sugar binding in many glycosyl hydrotases (Quiocho.
1993). Since the evidence presented in Chapter 4 indicates that fi-glucosidase has several
glucose binding subsites, it is possible that at least some of the conserved Trp would be
positioned in the subsites. Therefore. I decided to investigate the effect of substitutions for
Trp on the sugar-binding and catalytic properties of the enzyme. From the conservation
found within the sequences it was decided that the Trps at positions 21, 49, 139, 262, 430,
551. 806. and 813 might play some role in binding substrate. Leu-426 was also chosen for
mutagenesis because of the importance of a Trp at an equivalent position at the active site

in a family 3 barley (Hordewn vulgare) B-D-glucan exohydrolase whose sequence is quite
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Figure 5.16 Alignment of fungal family 3 glycosyl hydrolase B-glucosidases.
The alignment was done with the Textco Gene Inspector
program (version 1.5). The regions of high conservation are
indicated in red, lower conservation in pink or pale pink. No
conservation is indicated by no shading. All sequences were
obtained from GenBank, except the A, niger sequence which was
provided by Dr. Shoseyov. Sequence accession numbers are
given in Table 1 in Appendix 1V. A Blosum 55 matrix was used
for the alignment, with pairwise grouping parameters of: 1 for k-
tuple (word) size. 20 for the maximum gap length. a gap penalty
of 4 and the number of top diagonals to use was 5. The multiple
sequence alignment parameters were: 9 for gap creation and 8 for
gap extension. The motif for fumily 3 glycosyl hydrolases is
indicated in purple ((LIVM}(2)-{KR]-x-[EQK]-x(4)-G-
{LIVMFT[-[LIVT]-{LIVMF]-[ST]-DW-x-[SGADNI]). The motif
is centered on the conserved aspartic acid residue (shown in
yellow in the purple portion of the alignment) that has been
shown to be involved in the catalytic mechanism of Aspergillus
wenrtii -glucosidase A3 ( Bause and Legler, 1980) and
Aspergillus niger (Dan et al., 2000). The residues chosen for
mutagenesis are indicated with blue boxes and in blue in the A.
niger sequence, which is highlighted in cyan. The 19 amino acid
leader sequence is shown in green, and the N-terminal amino
acid of the mature protein is indicated by a green 1 (Dan et al.,

2000).
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similar (Figure 5.17) to the A. niger B-glucosidase sequence. The structure of the barley
enzyme is the only family 3 glycosyl hydrolase that has been completed and the barley
enzyme structure could therefore be used to propose the position and/or role of the Trps
(and Leu). The x-ray structure determined by Dr. Fincher's lab (Varghese ef al., 1999) is
shown in Figure 5.18 uand the Trps that were investigated are indicated. Trp 262, Trp 430.
and the Trp that is substituted for Leu 426 were shown to be located in the active site of
that enzyme. Trp 49, Trp 21 and Trp 551 are some distance from the active site. Trp 49 is
buried inside the enzyme molccule but is not very far from the active site. Trp 139 is in
between the active site and Trp 551. There are no equivalents 1o Trp 806 and 813 in the
barley enzyme.

Due to the explosion in sequencing that has occurred since I made the original
alignments. the number of family 3 glycosyt hydrolase sequences has expanded 1o over
100 members. Additional work by Dr. G.B. Finchers group at the University of Adelaide,
Australia has shown that the family 3 sequences can be subdivided into 6 major branches
based on an unrooted radial phylogenetic tree (Harvey er al, 2000) (Figure 5.19). The
Aspergillus niger sequence was not included in the results, but based on sequence analysis
it isa member of branch #4, while the barley enzyme is a member of branch #1. The
branch #4 subdivision contains 16 other members and a new alignment with these protein
sequences is shown in Figure 5.20. As mentioned above, the H. vulgare B-glucan

exohydrolase is the only family 3 enzyme whose structure is known.



Figure 5.17 Alignment of the Aspergillus niger B-glucosidase sequence (BGL-
NCBI-A.n.) with the Hordeun vulgare $-D-glucan exohydrolase
(Barley). Both proteins belong to the family 3 glycosy) hydrolases
and there was 37% identity. The sequences were aligned using
Gene Inspector™ version 1.5 by Textco. The scoring matrix used
was Blosum 55. The alignment parameters used were a k-tuple
(word) size of 1, a maximum gap length of 5, a gap penalty of 3,
the number of top diagonals to use was 5, a gap creation of 12 and a
gap extension of 10, The Trp and Leu residucs that were substituted

are circled with blue. They are also identified in Figure S.16.
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Figuse 5.18 Barley B-D-glucan exohydrolase structure with residues that
correlate to the B-glucosidase substitutions done in this study
shown in red. The numbers refer to the /1. vulgare enzyme but
the equivalents in the A. niger B-glucosidase are: W49 (W70),
WI139 (Y160), W262 (W286), L426 (W430), W430 (W434) and
W551(W544). Trp-2) had no equivalent in the 4. vulgare
enzyme. The catalytic nucleophile (D28S- /4. vulgare. D261-4.
niger) and putative catalytic acid/base (E491) are shown in cyan,
The other possible acid/base catalyst is shown in yellow (E220-
Hovulgare, E195-4A. niger). The structure was obtained from the
RCSB protein data bank (hup:/www.resb.org/pdb/) using the
code 1EXI. The structure was reported by Varghese ¢r al.,
(1999).



Figure 5.19. Unrooted radial phylogenetic tree of family 3 glycosyl hydrolases

produced by Harvey er al. (2000). Alig of the seque with the

Aspergillus niger B-glucosidase indicate that this enzyme would be in
branch 4 (Refer to Figure 5.20 for alignment). This was verified by Dr.
Muaria Hrmova (personal communication). The tree was constructed with
the EprotPars program of the University of Wisconsin GCG package.
The H. vulgare B-glucan exohydrolase is in branch 1. The proteins that
have been modeled using the-glucan exohydrolase are shown in botd

type in each branch. This figure is available on the Web at

hutp://planta.waite.adelaide edu.av/labs/sbf/modeling.htm.
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Figure 5.20 Alignment of family 3 glycosyl hydrolases from branch 4.
The alignment was done with the Textco Gene Inspector
program (version 1.5). The regions of high conservation are
indicated in red, lower conservation in pink or pale pink. The
green box is the area at which the Sigma CNBr peptide was
shown to be the same as in the sequence provided by Dr.
Shoseyov. No conservation is indicated by no shading. All
sequences were obtained from GenBank. Sequence accession
numbers are given in Table 1 in Appendix IV. A Blosum 62
matrix was used for the alignment, with pairwise grouping
parameters of: 1 for k-tuple (word) size, 5 for the maximum gap
length, a gap penalty of 3 and the number of top diagonals to use
was 5. The multiple sequence alignment parameters were: 10 for
gap creation and 10 for gap extension. The motif for family 3
glycosyl hydrolases is indicated in purple ({LIVM](2)-[KR]-x-
[EQK)-x()-G-I[LIVMFTI-[LIVT]-[LIVMF]-[ST]-DW-x-
[SGADNI]). The residues chosen for ful is are indicated

with blue boxes in the A. niger sequence, which is highlighted in
cyan. The N-terminus of the mature A. niger B-glucosidase is

indicated by a black arrow (residue #20).
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5.9.2 Rationale for the Amino Acid Substitutions

Tryptophans usually have two types of interactions with sugars. Hydrogen bonding
can occur between the Trp nitrogen and the hydroxy! groups of sugars. Secondly. Van der
Waals interactions occur through nonpolar-nonpolar associations, a phenomenon referred
1o as stacking. Stacking occurs because most sugars have one face that is less polar than
the other and can therefore, pack against the face of Trp. Phe and Tyr residues, The
interaction occurs not only from the complementary nonpolar surfaces, but is also a result
of the proximity between the aliphatic protons in the sugar ring and the nt-electron cloud of
the aromatic ring (Weis and Drickamer, 1996). The aliphatic protons carry a net positive
charge because the oxygens of the hydroxyls attached to the same carbons are electron
withdrawing.

Initially 4 highly conserved Trp (49. 262, 430 and 551 from Figure 5.16) were
substituted with Phe and Ala. Later, substitutions for additional Trp as well as Leu 426
were also created. It was hoped that changes of substrate binding and/or activity that
occurred as a result of these substitutions could be used to suggest a role of the Trp for
sugar binding. If additional substituted enzymes were subsequently created, degencrate
primers were constructed that were capable of producing a variety of alternative
substituted amino acids.

Trp 21 was substituted with Tyr, Leu and His. Tyr is similar to Trp in size, although
itis less hydrophobic. However, itis still commonly involved in stacking interactions
because of its aromatic structure. Leu is hydrophobic. However. it does not have the ring

structure necessary for stacking interactions and changes to binding and/or activity that
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resulted from this substitution would suggest positions where stacking was important. His
is smaller than Trp. This could result in a cavity in the protein structure. Additionally, His
is much more hydrophilic, which could indicate the importance of a hydrophobic residue
at conserved Trp positions. However, His contains an imidazole ring that might be able to
form H-bonds similar to those that could be formed with Trp. Trp 49 was initially
substituted with an Ala and a Phe. Substitution of Trp residues with a Phe should indicate
the importance of hydrogen bonding. Phenylalanine is capable of interactions with sugars
via stacking but would not be able to form hydrogen bonds. Substitution of Trp with an
Ala would abolish both of these types of interactions and would maintain only a slight
hydrophobic environment. Substitution with an Ala would also leave a cavity in the
position formerly occupied by the Trp. Later, Trp 49 was also substituted by Asp. Asn and
Gly. Dr. Shoseyov's group substituted Trp 139 with a Leu. Trp 262 was substituted with
Ala, Cys. Phe, Leu, and Pro. The reasoning for the Ala, Phe and Leu substitutions is the
same as was mentioned above. Both Cys and Pro are very different from Trp. Cys is quite
small and is considered to be hydrophobic in some hydropathy scales. It is capable of
forming hydrogen bonds. Pro is much smaller than Trp and can cause bends in protein
chains and influence the protein architecture. It would be expected to cause large
differences in substrate binding and enzyme activity. Trp 430 was substituted with Ala,
Phe and Leu for the reasons discussed above. Trp 551 was substituted with Ala and Phe.
The Leu at position 426 was substituted with Gly, Ala and Val. Gly has only a hydrogen

side chain, Ala has only a methyl group, while Val is most like Leu since it only differs by
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a methylene group. Only the Val substitution would maintain a hydrophobic environment
similar to that of Leu. Both Gly and Ala would leave cavities in the protein structure.
The general philosophy was to study each of the substituted enzymes in detail in

order to determine if they play any significant role in this enzyme. However, only
preliminary studies were done with Trp-139. Enzymes with substitutions for Trp 806 and
813 were created but since preliminary studies showed that they were not very
interesting, those studics were abandoned. The results with Trp 49 and Trp 262 were of
most interest since they suggested that these Trp had significant affects. The substitutions
of the other Trp did not have such dramatic affects but, in some cases, further study to

follow up on some potentially interesting properties is warranted.



6. Results
Part I11:
Substitutions for Some Conserved Residues in Aspergillus niger f-Glucosidase.
6.1 Characterization of the substituted enzymes

The substituted enzymes were characterized physically and kinetically. In most
cases, the experiments described below were done on each of the substituted enzymes.
The object was to discover relatively large differences in the hydrolytic and/or
wransglucosidic activity and of the binding propertics that occurred as a result of the
substitutions that could lead to new information about the roles of the substituted residues
in the enzyme. I also looked for effects that could potentially be exploited industrially.

1) SDS and/or native PAGE were used to determine the size and purity of all of the
enzymes. Some examples are shown in Figure 6.1. The changes in protein composition
during purification are shown on the gels. In most cases, SDS-PAGE gels with overloaded
protein were carried out in addition to the ones shown to show the purity of the enzymes.

2) The gel filtration that was used for purification also worked to establish whether
the substituted enzymes cluted from the columns at the same volume as the wild type
enzyme. This was done to determine if the substituted enzymes were the same size as the
wild type enzyme and to determine if they were still associated as dimers.

3) Fluorescence (emission and excitation) was utilized to determine if major
structural changes occurred as a result of the substitutions. There are a large number (21)

of Trp in this protein (Dan er al. 2000) and thus, although Trp were replaced, significant
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Figure 6.1. SDS-PAGE of some of the substituted B-glucosidases. (A):
enzymes after the ammonium sulfate cuts of 40% and 60%
saturation of the centrifuged liquid media. Lane | and 7: molecular
weight markers, Lane 2: W49A, Lane 3: W49F, lane 4: W262A,
lane 5: W262C and lane 6: wild type. In cach case the band at
about 116 kDa was the enzyme. (B): enzymes after gel filtration
through the Sephacryl-300 column, Lane 1: molecular weight
marker, lane 2: W21TH, lane 3: W49A, lanc 4: W262A, lane 5:
L426A, lane 6: W430A, lane 7: W551A and Lane 8: wild type. If
impurities were observed on the gel at this stage, the enzyme was
purified further utilizing FPLC size exclusion. Sizes of the
molecular weight markers are indicated on the side of the gel
(kDa). Gels were run with the Phast gel™! system from Pharmacia.
Gradient gels (8-25%) were used. Gels were stained with
Coomassic blue. The apparent higher molecular weight bands in

lanes 7 & 8 of pel (B) are picces of polyacrylamide.
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spectral changes should not occur if the substitutions do not significantly influence the
protein structure.

4) Isolation and sequencing of the genes of cach of the substituted enzymes from
the P. pastoris genome was done to confirm that the B-glucosidase gene was actually
integrated into the P. pastoris gcnome and to show that the substitution was present.

5) Kinetic studies were done with the -glucosidases having substitutions for Trp
and one Leu using the same substrates and inhibitors utilized with the wild type enzyme in
order to obtain clues about the role of the Trp or Leu. Since the substituted enzymes were
all expressed in Pichia pastoris they were compared with the recombinant wild type
enzyme rather than the B-glucosidase isolated from the Sigma A. niger cellulase mixiure.
The substrates used for the kinetic analyses were pNPGle, oNPGle, cellobiose, cellotriose,
cellotetraose, cellopentaose, and gentiobiose. Such a large number of substrates were
tested because information about the hydrophobic nature of the binding could be obtained
and because | hoped to find information about the glucose sub-sites. pNPGlc was used to
investigate the pH dependence of the substituted enzymes. Competitive inhibition studies
were done. Changes in K, values that resulted from inhibitors could suggest that there
were changes to the glucose binding sites in the substituted enzymes. Thus, the natural
substrates, cellobiose and gentiobiose (a transferolysis product) were tested as competitive
inhibitors. Inhibition by D-glucose and the D-monosaccharides that are epimers of D-
glucose (D-mannose, D-allose, D-gatactose) as well as D-xylose which is like glucose but
has only 5 carbons and therefore, lacks the C,-OH. were also tested to see if the specificity

of the enzyme for glucosyl substrates was changed by the substitutions. Additionally,
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gluconolactone and maltose, were used for inhibition studies (see Appendix II for sugar
structures). Differences in inhibition by gluconolactone could indicate some involvement
of the substitutions in the mechanism of the enzyme because gluconolactone is a transition
state analog inhibitor. If the disuccharide maltose was able to act as a good competitive
inhibitor, this might indicate large changes in the sugar binding sites of the B-glucosidase
as one would not expect maltose to be a good inhibitor. Some of the K, values obtained
were only done at one inhibitor concentration. Such K, values are subject 1o more error
than if more concentrations are used since the slopes and intercepts (equation # 3. section
3.6.8) of only two lines were used for the calculation. In addition, since the calculation of
K, values is dependent on differences between the V. and K, values with no inhibitor,
and the *PV__and 'K, values in the presence of inhibitors, and since each of these
kinetic constants is subject to error, the error is magnified by these calculations and is
additive, Thus, some caution must be used in the interpretation of the K, values. This was
especially true when the inhibition was poor since the slopes and intercepts in those cases
were not very different in the presence or absence of inhibitors and thus the differences
between the V,, and K, values and the *®V,, and *™K,, values would be small and could
potentially result in relatively large ervors. In general, I searched for patterns in the
changes of the V.. K, and K| values. If there were not any consistent patterns, the Trp or
Leu was cither not involved or only indirectly involved in interactions between -
glucosidase and its substrates.

6) TLC was utilized to analyze the products that resulted from the reactions of the

substituted B-glucosidases with 50 mM cellobiose. In some cases, additional TLC



experiments were done at lower cellobiose concentrations. TLC allowed for the rapid
analysis of the effects of the substitutions and it was also the only way that analysis for
oligosaccharides of larger than 3 glucoses was done.

7) The breakdown of cellobiose was investigated by GLC. Initially, the breakdown
of cellobiose at 5 and SO mM cellobiose was monitored. The production of glucose,
gentiobiose and gentiobiosyl-glucose was followed to determine the affects of the
substitutions on the transglucosidic reactions. If warranted, initial velocity experiments of
the rates of glucose and trisaccharide production at various cellobiose concentrations (1
mM to 100 mM) were also completed to determine the concentration of cellobiose

necessary for transglucosylation to occur.



6.2 Tryptophan 21

Trp-21 was substituted with a His, a Leu and a Tyr using degenerate primers and
the Quik-Change mutagenesis kit. The plasmids resulting from the mutagenesis were
sequenced to find those with the above substitutions (only the B-glucosidase gene was
sequenced). The sequencing also showed that there were not any substitutions at other
positions. The plasmids were transformed into Pichia pastoris and the proteins were
expressed. Integration of the B-glucosidase genes into the P. pastoris genome was verified
through PCR analysis of the genomic DNA und sequencing (refer to Section 3.15 for
details). The three P. pastoris organisms with the substituted genes were able to grow
normally and expressed the substituted enzyme (the amount expressed was similar to wild
type expression). The proteins were purificd from the media. All of the enzymes with
substitutions for Trp-2! cluted from the gel filtration columns in the same volume of
buffer as the wild type enzyme. SDS-PAGE showed that the enzymes were pure and were
the same size as wild type. The substituted enzymes were only utilized for kinetic studies
if they were >95% pure.

6.2.1 Fluorescence characterization

Substitutions for Trp 21 caused almost no change to the shape of the emission
spectra recorded at 275, 285 and 295 nm excitation (parts A, B, and C of Figures 6.2, 6.3,
6.4). In cach case, the maxima occurred at approximately the same wavelength as for the

wild type enzyme.
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Figure 6.2. Fluorescence emission spectra of W21H (bluc) and wild type

(red/pink) B-glucosidase at: A) 275 nm excitation, B) 285 nm
excitation, C) 295 nm excitation and D) excitation spectra obtained
at 339 nm emission. Intensitics for emission spectra were in
photon counts per second (cps). Intensity for the excitation spectra
was in millivolts (mV). All spectra were collected at 25°C at a rate
of | nm/s. The slit width for emission spectra was I nm and for
excitation spectra was 5 nm. The excitation wavelengths used to
produce the emission spectra are indicated by dotted lines in (D).
A, readings of concentrated enzymes were obtained. The
cnzymes were then diluted to an Ay, of 0.029. Measurcments
were taken (1/nm) for all spectra.
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Figure 6.3. Fluorescence cmission spectra of W21L (blue) and wild type
(red/pink) B-glucosidase at: A) 275 nm excitation, B) 285 nm
excitation, C) 295 nm excitation and D) excitation spectra obtained

at 339 nm cmission. Intensitics for emission spectra were in

photon counts per second (cps). Intensity for the excitation spectra

was in millivolts (mV). All spectra were colfected at 25°C at a rate

of 1 nm/s. The slit width for emission spectra was 1 nm and for

excitation spectra was 5 nm. Ay, readings of concentrated

enzymes were obtained. The enzymes were then diluted to an Ay,

of 0.029. Mcasurements were taken (1/nm) for all spectra.
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Figure 6.4. Fluorescence emission spectra of W21Y (blue) and wild type
(red/pink) B-glucosidase at A) 275 nm excitation, B) 285 nm
excitation, C) 295 nm excitation and D) excitation spectra obtained
at 339 nm e¢mission. Intensities for emission spectra were in
photon counts per second (cps). Intensity for the excitation spectra
was in millivolts (mV). All spectra were collected at 25°C at a rate
of 1 nm/s. The slit width for emission spectra was 1 nm and for
excitation spectra was 5 nm. A,y readings of concentrated
enzymes were obtained. The enzymes were then diluted to an Ay,
0{0.029. Measurements were taken (1/nm) for all spectra.
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The excitation spectra of the three substituted enzymes are shown in part D of
Figures 6.2, 6.3, and 6.4. W21H B-Glucosidase was the most different. The shoulder that
was found at 288 nm was a smali peak rather than just a shoulder (as is the case for the
wild type). The excitation spectra of the W21L and W21Y B-glucosidases were almost
identical to the excitation spectrum of the wild type enzyme.

6.2.2 Kinctic characterization

.2.2.1 pNPGIc and oNPGlc

Overall. the K, values with pNPGlc and oNPGlc (Figure 6.5 and Table 6.1) were
not dramatically different from those of the wild type enzyme. There is likely to be some
error in the K, values (especially if the V,,,, vatues are low) because it is a little difficult to
know which points contribute to hydrolysis and which to transglucosidic reactions. This is
illustrated in Figure 6.5, which shows the Eadie-Hofstee plots of the substituted enzymes
with pNPGlc. One can see that it is somewhat difficult to determine the exact slope of the
line for the hydrolysis component of the reactions. Considering the possibility of crror.
Table 6.1 shows that the K, values for pNPGlc and oNPGlc are not affected much by
substitution for Trp-21.

The V,., values were, however, changed quite a lot (Figure 6.5 and Table 6.1.
Those of W2IL and W21Y B-glucosidases were smaller than for the wild type enzyme
while W2IH f-glucosidase had a higher V,,, value for pNPGlc, but a lower V., value for
oNPGlc. The biggest difference from the wild type enzyme occurred with W2IL f3-
glucosidase. It had V,,, values approximately 4-5 times less than those of the wild type

enzyme did.
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Figure 6.5. Eadie-Hofstee plots of the reactions of the B-glucosidases with

substitutions for Trp 2l with pNPGle, pH 4.5, 25°C. Data was
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acquired by the assay methods described in Section 3.6.2. (Q ) WT,
(@ ) W2IH, () W2IL, and (A) W21Y, The enzyme

concentration used was 8pg/mL. The lines illustrate the portion of

the curves used to determine the hydrolytic kinetic values, All
assays were completed with a final enzyme concentration of 1.4
ug/mL. One unit is equivalent to the production of one pmol of

product per min.



The Eadie-Hofstee profiles (Figure 6.5) of the Eadic-Hofstee plots for the
substituted enzymes all had similar decreases in rate at high substrate concentrations as
did the wild type enzyme. The downward curvature occurred at about the sume pNPGlc
concentration as with wild type enzyme.

Table 6.1. Kinetic constants for the wild type (WT) and the enzymes with substitutions
for Trp-21 with pNPGlc and oNPGlc.

Substrate WT W21H W2IL w21y

Vou' K.’ Voo | K | Vo' | K| Vo' | K

pNPGle 57 1.0 69 0.9 12 0.8 28 1.1

1.9 31 2.6

(8]
(8
(=)

oNPGlc 60 3.0 44

* V. values were in units of pmol/mg/min.
* K, values were in mM.

6.2.2.1.1 Effect of pH

The effects of pH were only investigated for W21Y B-glucosidase. It had similar
pH profiles as did the wild type enzyme (Figure 6.6). The main differences were in the
magnitudes of the V, and V /K, values. The Eadie-Hofstee plots of W21Y f3-
glucosidase had the same unique profiles as for wild type enzyme. The plots curved
downward at low pH (pH 5 and below) and upwards at high pH (pH 6 and above). The
V... (trans) values were not measured but appeared to be the samie at cach pH.

6.2.2.2 Reaction with natural glucosyl substrates

These studies were only done for the complete series of cellooligosaccharides in the

case of W21Y B-glucosidase. Cellotetraose and cellopentaose are very expensive. The

K., values for cellobiose were about the same for al) three substituted enzymes as for wild



Figure 6.6. The effect of pH on the hydrolysis reaction with pNPGlc at 25°C.
The wild type B-glucosidase is shown by (0) and W21Y f-
glucosidase is shown by (4 ). A) V. . B) K. C) V. /K, . Eadic-
Hofstee plots (at each pH) were done to obtain the V,,, and K,
values. Assays were completed according to Section 3.6.5. The
enzyme concentration used for cach assay was 1.4 pg/mL. One unit

is equivalent to the pumol of product produced per min.
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type B-glucosidase (Figure 6.7 and Table 6.2) except that they tended to be about 3 times
larger for cellotriose. However, the K, values decreased as a function of substrate

length as occurs with wild type B-glucosidase. The trend that was observed with the wild
type enzymes. larger oligosaccharides have a lower K, also seems to occur. The K,
values for gentiobiose were smaller with the substituted enzymes than with the wild type
enzyme. In general, the V,,, values were decreased by about 1/3 for W21H B-glucosidase
but more for W2iL and W21Y B-glucosidases.

Table 6.2. Hydrolytic V..., and K., values for nateral glucosyl substrates.

Substrate wT W21H* W21L* w21y

Vo | K& | V' | K| Vo' | K| Ve | K2

Cellobiose 78 2.9 55 3.0 24 2.8 36 29

Cellotriose 94 0.7 47 1.7 16 1.3 12 20

Ccllotetraose 66 0.6 ND ND ND ND 20 1.2

Cellopentaose 13 0.6 ND ND ND ND 11 1.1

Gentiobiose 46 22 42 1.2 9 1.8 24 1.8

*ND indicates the experiment was not done.
* The units for the V,,, values were umol/mg/min.
® The units for the K,, values were mM.

The Eadie-Hofstee plots for cach of these substrates with the substituted enzymes
curved downwards at high substrate concentration (see Figure 6.7 for cellobiose — rest not
shown). This strongly suggests that transglucosidic reactions with the substrates acting as

acceptors occur at high concentrations just as they do with wild type. The curvatures

occurred at about the same concentrations of substrate as they did for the wild type
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Figure 6.7 Eadie-Hofstee plot illustrating the reactions of the 3-glucosidases
with cellobiose. The reaction was donc as described in Section
3.6.7 at pH 4.5 and 25°C. Wild type f-glucosidase (Q ), W21H
@), W21L (O), and W21Y (A ). The enzyme concentration
used for the above assays was 8 pg/mL. One unit is equivalent to
one pumol of product produced per min. The lines indicate the
portions of the plot that were used to determine the kinetic values

for hydrolysis.
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enzyme, suggesting that these substrates bind to the acceptor sites of the substituted
cnzymes with about the same affinity as they do to wild type.
6.2.2.3. Competitive inhibition studics

The results are shown in Table 6.3. As stated in Section 6.1 there is some error
involved in these values. Taking that into account, there is no definite pattern of inhibition
changes that results from the substitutions except that W21Y B-giucosidase bound these
inhibitors better than the wild type or the other substituted enzymes. Also, the substituted
enzymes scem to bind gentiobiose better than the wild type enzyme.

Table 6.3. K, values* obtained by the f3-glucosidase W21 substituted enzymes in the
presence of pNPGle.

Inhibitor wT W2IH W2IL W21y
Glucose 27 45 3.1 1.8
Mannose 220 215 360 150
Allose 290 230 ND 130
Galactose 280 180 180 110
Xylose 670 590 290 270
Gluconolactone 0.4 04 0.7 0.2
Cellobiose 3.4 24 4.0 0.9
Gentiobiose 4.8 22 1.9 0.9
Maltose 270 200 230 86

*All K, values are reported in mM.
ND indicates the experiment was not done.



6.2.3 Analysis of ccllobiose degradation with thin layer chromatography

The B-glucosidases with substitutions for Trp-21 all produced gentiobiose and
gentiobiosyl-glucose in addition to glucose when they were reacted with cellobiose. TLC
plates of the reactions are shown in Figure 6.8 A, B, and C. for W21H, W2IL and W21Y-
B-glucosidases, respectively. The results, except for differences in V,,, were generally the
same for all three substituted enzymes and overall were not very different from the results
with wild type (Figure 5.7). Glucose and trisaccharide could be detected quite soon after
the reaction started. Gentiobiose production only became significant after a large amount
of glucose was produced. Both trisuccharide and gentiobiose were transient products and
were broken down if the reaction was followed to completion.

6.2.4 Gas-liquid chromatography

The B-glucosidases with substitutions for Trp 21 were analyzed for the rates of
glucose, gentiobiose and gentiobiosyl-glucose production at initial cellobiose
concentrations of 5 and 50 mM at pH 4.5. It was attempted to maich the glucose
production rates to the rate with the wild type enzyme so that the relative affects of the
substitution on the production of gentiobiose and/or gentiobiosyl-glucose could be
illustrated. In the presence of 5 mM cellobiose, the cellobiose was quickly hydrolyzed to
give 10 mM glucose (Figure 6.9). As was the case with the wild type f-glucosidase, only
negligible amounts of gentiobiose and trisaccharide were produced at this low cellobiose
concentration. W21L B-Glucosidase was not investigated in the presence of 5 mM

cellobiose.



Figure 6.8 Thin layer chromatographic analysis of the reactions of the W21
substituted B-glucosidases with 50 mM cellobiose. A) W21H B)
W2IL and C) W21Y. Enzyme was added (8 pg/mL final
concentration) to the reaction mixture at zero time and an aliquot
(1 mL) was immediately spotted onto the plate. Spotting was
repeated at the times indicated in minutes on the bottom of the
plates. The chromatography solvent used was n-butanol:ethyl
acetate:2-propanol:acetic acid :water in the ratio of 1:3:2:1:1. The
plates were developed twice and were dried in between solvent
exposures. Products were detected by dipping the dried plates in
2% sulphuric acid in methanol and charring. The standards used
on the plates were 10 mM cellobiose (C). 5 mM trisaccharide (T).
10 mM gentiobiose (Ge) and 50 mM glucose (G). The standards
on the plate for W21Y f-glucosidase (i.e. C) had different
concentrations. They were 5, 1. 1, and 1 mM for cellobiose,
gentiobiose, trisaccharide and glucose, respectively. The slight
horizontal fine through the produced glucase in (C) was a result of

a scratch on the TLC plate.
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Figure 6.9. Analysis of glucose production from the reaction of the wild type
B-glucosidasc and two B-glucosidases with substitutions for Trp
21 with 5 mM cellobiose over 6 hrs. The reactions were carried
out at pH 4.5, 25°C. Wild type enzyme (0) W21H (& ), and
W21Y (g). The wild type cnzyme concentration was 10 pg/mL
and amounts of the substituted enzymes were added to give
approximately rates approximately equal to that of wild type. The
experimental details are described in Section 3.8.1. No detectable

amounts of gentiobiose or trisaccahride were produced.
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The results of the reaction of all three substituted enzymes in the presence of 50
mM cellobiose are shown in Figure 6.10. The experiment was done with a relatively large
number of points over only a one hour time to obtain “initial velocity™ plots. The data
show that the enzymes with substitutions for Trp 2! had essentially the same initial rates
for gentiobiose and gentiobiosyl-glucose production as did the wild type B-glucosidase
when the glucose production rates were matched. The production of gentiobiose was
delayed initially for all of these enzymes (Figure 6.10(B)). As shown carlier for wild type
this delay occurs because gentiobiose can only be produced when the glucose
concentration is high enough to act as an acceptor. Experiments were also done over an
extended period to see the time courses of the whole reaction for each of these substituted

enzymes. Again, the results (not shown) were not too different from those of wild type.
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Figure 6.10. GLC experimental results with 50 mM cellobiose and an
enzyme concentration that produced an amount of glucose
equivalent to that produced by 10 pg/mL of wild type enzyme.
The reactions were done at pH 4.5 and 25°C. The samples were
prepared for GLC as described in section 3.8.1. The amount of
glucose, gentiobiose and gentiobiosyl-glucose is reported in A,
B, and C, respectively, in mM. Wild type B-glucosidase (Q):
W2IH (A ) W2IL(0O ) and W21Y (@).
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6.3 Tryptophan 49

Trp 49 of B-glucosidase was initially substituted with Ala and Phe. Later, because
the substituted enzymes had properties that were quite different from those of wild type B-
glucosidase, Trp 49 was also substituted with an Asp. an Asn and a Gly. These latter
substitutions were only investigated' by GLC. The mutated gene sequences were analyzed
by sequencing, to ensure that the proper substitution had occurred, and were transformed
into P. pastoris. PCR analysis of the ycast genome confirmed the integration of the f3-
glucosidase gene and sequencing of the PCR product verified that the mutated enzymes
were actually part of the genome. The yeast was able to grow normally and the substituted
protein was expressed and secreted into the media. The protein was purified. The
substituted f-glucosidases cluted from the gel filtration columns in the same volume of
buffer as was required to elute the wild type enzyme. The purity of the substituted
enzymes was analyzed by SDS-PAGE. All enzymes were greater than 95% pure before
they were utitized for kinetic analysis.

6.3.1 Fluorescence characterization

Substitutions for Trp 49 did not result in any significant changes of the fluorescence
spectra from those of the wild type enzyme. The peak maxima were at essentially the
same wavelength for the enzymes with substitutions by Phe and Ala as they were for the
wild type enzyme at all three excitation wavelengths (275, 285 and 295) (Figure 6.11 and

6.12). The excitation spectra for both W49A and W49F f3-glucosidase were also similar to

" The studies with Asp. Asn and Gly were done in collaboration with Sandra Zabrocki (fourth year project.
Brochemistry 530, University of Calgary).
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Figure 6.11. Fluorescence emission spectra of wild type B-glucosidase (pink) and
W49A B-glucosidase (blue) at: A) 275 nm excitation, B) 285 nm
excitation, C) 295 nm excitation and D) excitation spectra obtained at

339 nm cmission. Fluorescence intensities for emission spectra were
in photon counts per second (cps). Intensity for the excitation spectra
was determined in millivolts (mV). All spectra were collected at a
rate of | nm/s, The slit width for cmission spectra was | nm and for

excitation spectra was 5 nm. All spectra were collected at 25°C. Ajg,
readings were obtained with concentrated enzyme and the enzymes
were then diluted to give an A, of 0.029. Measurements were taken

(1/nm) for all spectra.
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Figure 6.12. Fluorescence cmission spectra of wild type f-glucosidase (pink)
and W49F B-glucosidase (blue) at: A) 275 nm excitation, B) 285
nm excitation, C) 295 nm excitation and D) excitation spectra
obtained at 339 nm emission. Fluorescence intensities for emission
spectra were in photon counts per second (cps). Intensity for the
excitation spectra was determined in millivoits (mV). All spectra
were collected at a rate of 1 nm/s. The slit width for emission
spectra was 1 nm and for excitation spectra was 5 nm. All spectra
were collected at 25°C. A, readings were obtained with
concentrated enzyme and the enzymes were then diluted to give an
Ay 0f 0.029. Measurcments were taken (1/nam) for all spectra.
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the wild type spectrum (Figure 6.11 and 6.12 (D)). There was a main peak at 283 nm and a
shoulder at 288 nm.

6.3.2 Kinetic characterization

6.3.2.1 pNPGlc and oNPGlc

The V,,. and K, values of W49A and W49F B-glucosidase were consistently lower
than those of the wild 1ype enzyme (Figure 6.13 and Table 6.4). The Eadie-Hofstee plots
of the substituted enzymes were also different (Figure 6.13). The enzymes with
substitutions for Trp 49 required higher concentrations of substrate for the downward
curvature to occur. The curvature with the wild type enzyme begins to occur at quite low
pNPGlc concentrations (at about 3 mM) while with the substitsted enzymes it first begins
to occur at pNPGIc concentrations of about 10 -20 mM.

Table 6.4. Kinetic values obtained with W49 substituted enzymes with aryl-glucosides.

Substrate wT WH49A W49F

Vol | Ko | Vo' | K | Vel K.’

pNPGlc 56.9 1.0 11.8 0.5 6.8 0.5

oNPGle 60.2 3.0 13.2 1.3 3.4 1.2

*The V,,, is in units of pmol/mg/min.
" The K,, is in units of mM.

6.3.2.1.1 Effect of pH
The pH profiles that resulted from the hydrolytic activity of wild type, W49A and
W49F f3-glucosidase are shown in Figure 6.14. The V., profiles of the substituted

enzymes followed similar trends as the wild type enzyme except the magnitude was about
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Figure 6.13. Eadie-Hofstee plots of the reaction of the wild type and of the B-
glucosidases with substitutions for Trp-49 with pNPGIc, at pH 4.5
and 25°C (A). Wild type enzyme (O ). W49A (@) and W49F (D).
(B) Closc-up of W49A [-glucosidasc and W49F B-glucosidasc.
Data was acquired by the assay methods described in Section
3.6.2. The lines illustrate the portion of the curves used to
determine the kinetic values in Table 6.22. All assays were
completed with an enzyme concentration of 1.4 pg/mL. One unit

is equivalent to the production of one pmol of product per min.



Figure 6.14. The effect of pH (pPNPGIc) on the hydrolysis reaction for: wild
type (0), W49A (@p) and W49F (O ). A) V... B)K,. O)
Vma/Ky,. Eadic-Hofstee plots (at each pH) were uscd to
determine the V. and K, values. All of the reactions were
done using 1.4 pg/mL enzyme at 25°C. Assays were

completed according to Section 3.6.5.
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3 times lower with W39A f-glucosidase and about 10 times lower with W49F 3-
glucosidase. The K,, pH profiles were quite similar except that both differed slightly from
the wild type values at low pH. The change in V. /K, with pH showed the largest
differences between the enzymes with substitutions for Trp 49 and the wild type enzyme.
The values were much higher for wild type and the peak maximum occurred at pH 6. For
the substituted enzymes the peak maxima occurred at pH 4.5.
6.3.2.2 Reaction with natural glucosyl substrates

The V,,,, values for the hydrolytic component of the reactions catalyzed by the
enzymes with substitutions for Trp-49 were much lower than they were with the wild type
enzyme (Figure 6.15 and Table 6.5).

Table 6.5. A comparison of kinetic values obtained from reaction of wild type and W49
substituted B-glucosidases with natural substrates.

Substrate wT WJ9A WI9F
A K,» o K, N K,"
Cellobiose 78 2.9 14 1.9 0.9 0.35
Cellotriose 94 0.7 23 3.2 1.1 0.5
Cellotetraose 66 0.6 38 3.9 1.2 0.6
Cellopentaose 13 0.6 11 1.7 0.5 0.7
Gentiobiose 46 22 4.9 2.1 0.8 0.6

* Vo vaalues are reported in units of gmol/mg/min.
" K,, values are reported in mM.

Of significance is that the K,, values with W49A B-glucosidase were low for cellobiose

but increased rather than decreased as the number of glucose monomers in the substrate
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Figure 6.15. Eadie-Hofstee plots of the reaction (cellobiose) of the wild type
B-glucosidase and the enzymes with substitutions for Trp 49. Wild
type enzyme (O) W49A (@), and W49F (0). The inset plot
shows the W49F plot on a larger scale. The assays were done as
described in section 3.6.7 at pH 4.5 and 25°C with 8 pg/mL
enzyme. One unit is equivalent to the production of 1 pmol of

product per min.
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increased. This is different from wild type f-glucosidase. In that case, the K, values
decreased relative to cellobiose as the oligosaccharide length increased. The biggest
decrease with wild type enzyme is from cellobiose to cellotriose (about 4 fold). For these
substituted enzymes the K, values increased about 1.5 fold for cellotriose compared to
cellobiose. This is significant since it is a clue as to why this enzyme has a lowered ability
to carry out transglucosidic reactions. There was only a hint of the expected downward
curvature of the Eadie-Hofstee plot (at pH 4.5) with W49A fl-glucosidase (Figure 6.15). In
the case of W49F B-glucosidase the curvature was more obvious.

6.3.2.3 Competitive inhibitor studies
In general. the K, values were lower for the substituted enzymes (Table 6.6) than for wild
type B-glucosidase.

Table 6.6. K, values (mM) obtained from glucosyl monosaccharides and disaccharides.

Inhibitor WT WI9A WI9F
Glucose 2.7 24 0.6
Mannose 220 145 40
Allose 290 390 210
Galactose 280 420 82
Xylose 670 520 698
Gluconolactone 0.4 0.2 0.2
Cellobiose 34 2.8 1.0
Gentiobiose 4.8 1.8 0.9
Maltose 270 540 250




253

W49F B-Glucosidase was inhibited significantly and consistently better than wild type by
most of the sugars (especially the glucosyl inhibitors). Despite the error involved, the
consistently lower K, values must mean that the inhibitors bind better especially when
taken together with the lower K values for this substituted enzyme.

6.3.3 Analysis of cellobiose breakdown by TLC

When 10 mM cellobiose was reacted with W49A f-glucosidase only glucose was
produced (Figure 6.16(A)). Similar experiments at 10 mM cetlobiose with the wild type
enzyme resulted in the production of small amounts of both trisaccharide and gentiobiose
(data not shown). In the presence of 50 mM cellobiose. only a small amount of gentiobiose
and/or trisaccharide (Figure 6.16 (B)) was produced (it is hard to tell whether the spot
below the cellobiose was gentiobiose or trisaccharide). Similar results at these two
cellobiose concentrations were obtained with W49F f-glucosidase (Figure 6.17(A)).
However, the hydrolytic reaction is quite slow with this enzyme and so the amount of
glucose produced was also low. No gentiobiose or trisaccharide were produced in the
presence of 10 mM cellobiose. At 30 mM cellobiose (Figure 6.17 B)) a small amount of
trisaccharide and/or gentiobiose was produced (again it was hard to determine which it
was). The main product was glucose. These TLC data show that the enzymes with
substitutions for Trp-49 result in the production of significantly less transglucosidic

product than occurs with wild type f-glucosidase.



Figure 6.16. Thin layer chromatography analysis of the reaction of W49A -
glucosidase with cellobiose: A) 10 and B) 50 mM ; at 25°C.
Enzyme was added (8 pg/mL final concentration) to the reaction
mixture at zero time and an aliquot (1 pL) was immediately
spotted onto the plate. Spotting was repeated at the times indicated
in min. on the bottom of the plate. The chromatography solvent
used was n-butanol:cthyl acetate:2-propanol:acetic acid:water in
the ratio of 1:3:2:1:1. The plates were cluted twice and they were
dried in between clutions. Products were detected by dipping the
dried plates in 2% sulphuric acid in methanol and charring. The
standards used on the plates were 10 mM cellobiose (C), 10 mM
gentiobiose (Ge) and 20 mM glucose (G). The slight horizontal
line through the glucose in (B) was a result of a scratch on the

TLC plate.
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Figure 6.17. Thin layer chromatography analysis of the reaction of W49F -
glucosidase with: A) 10 and B) 50 mM ccllobiose at 25°C.
Enzyme was added (8 pg/mi final concentration) to the reaction
mixture at zero time and an aliquot (1 pL) was immediately
spotted onto the plate. Spotting was repeated at the times indicated
in minutes on the bottom of the plate. The chromatography solvent
used was n-butanol:ethyl acetate:2-propanol:acetic acid :water in
the ratio of 1:3:2:1:1. The plates were cluted twice and they were
dried in between solvent exposures. Products were detected by
dipping the dried plates in 2% sulphuric acid in methano! and
charring. The standards used on the plates were 10 mM cellobiose
(C). 5 mM trisaccharide (T), 10 mM gentiobiose (Ge) and 10 mM
glucose (G).
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6.3.4 Gas-liquid chromatography

The enzyme reactions of the B-glucosidase with substitutions for Trp<49 with 5
and 50 mM cellobiose were followed by gas chromatography. Concentrations of the
substituted enzymes were adjusted so that they produced an equivalent rate of glucose
production as did wild type enzyme when its concentration was [0 pg/ml.. This was done
so that the amounts of transglucosidase products could be compared relative to the
production of glucose. In the presence of 5 mM cellobiose both of the substituted
enzymes behaved as wild type in that mainly hydrolysis was occurring. The cellobiose
was completely hydrolyzed to glucose with no evidence at all for the production of
trisaccharide or gentiobiose (Figure 6.18). The reactions of the enzymes with 50 mM
cellobiose are shown in Figure 6.19. Significantly less gentiobiose and gentiobiosyl-
glucose were produced by the f-glucosidases substituted for Trp-49 than for wild type.
This is especially obvious at very carly times (the first 10 minutes).

Because of the significantly lower amount of the transglucosidic reaction
component compared to the hydrolytic reaction component with these enzymes, the
reactions were studied in more detail. The initial rates of glucose and trisaccharide
production were determined from plots of the amount of sugar produced over a short time
period at cellobiose concentsations between 1 and 100 mM. These experiments were
done with enzymes having 5 different substitutions. A relatively large number of points
were taken over a short period of time and the slopes of the lines were determined. These
initial rates were plotted against substrate concentration to produce Michaelis-Menten

type plots (Figure 6.20). The plot for glucose production (Figure 6.20(A)) by wild type B-
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Figure 6.18. Analysis (GLC) of glucose production from the reaction of the
wild type $-glucosidase and enzymes with substitutions for Trp-
49 with 5 mM cellobiose over 6 hrs. Wild type enzyme (),
W49A (4), and WH9F (0). Enzyme concentrations were chosen
for W49A and W49F (3-glucosidase that produced an equivalent
amount of glucose as 10 pg/mL of wild type enzyme. The
reaction was done at pH 4.5 and 25°C. The samples were then

prepared for GLC as described in section 3.8.1.
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Figure 6,19 GLC results of the substituted W68 enzymes and wild type with

50 mM cellobiose. The concentration of enzyme uscd for the

substituted enzymes was equivalent in terms of the rate of

glucose production by the wild type enzyme (10 pg/mL). The

enzyme was added to cellobiose at time zero and aliquots were

removed cvery 10 min. and treated as described in Section

3.8.1. A) glucose; (B) gentiobiose; (C) gentiobiosyl glucose.
Wild type (O); W49A (A ); and W49F (0O).
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glucosidase was hyperbolic at low cellobiose concentration. However., when the
concentration of cellobiose became higher (about 15-30 mM cellobiose), the rate of
glucose production decreased and the curves took a definite dip. This happens because
the cellobiose acts as an acceptor and the slower transglucosylation reaction occurs rather
than hydrolysis. At the same time that the glucose production rate decreased. the rate of
trisaccharide production increased (Figure 6.20(A)). At higher cellobiose concentration
the rate of glucose and trisaccharide production is almost at a 1:1 ratio. Since the release
of one glucose is required for production of one trisaccharide this shows that the main
reaction at high concentrations of cellobiose is transglucosylation.

The results of similar experiments with B-glucosidases with substitutions for Trp-
49 (Figure 6.20 (B) 1o (F)) are clearly different from those for the wild type enzyme.
W49A B-Glucosidase (Figure 6.20(B)) has a much slower trisaccharide production rate
than the wild type enzyme. There is really no cellobiose concentration that results in a
noticeable increase in trisaccharide production with this enzyme. The rate of glucose
production does not decrease. but displays the expected hyperbolic Michaclis-Menten
plot. The substitution of Phe, and Asn for Trp 49 (Figure 6.20 (D and F)) caused similar
effects. When substituted with Asp and Gly (Figure 6.20 (C and E)) there were somewhat
greater rates of trisaccharide production. The rates of trisaccharide production in these
cases increased somewhat at about 30-50 mM cellobiose, and this coincided with
decreases in glucose production. However, the rate of trisaccharide production was
smaller than for wild type, and the decreases in the rates of glucose production were less

than the decrease observed with wild type B-glucosidase.
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Figure 6.20. Michaelis-Menten plots for the wild type and §-glucosidases with
substitutions for W49. The rates of glucose production (0) and
gentiobiosyl-glucose production (A) are shown. All rates were
determined from individual plots of sugar production over time
at cach cellobiose concentration. (A) wild type: (B) W49A: (C)
W49D; (D) WH9F (E) W49G: (F) W49N. The enzyme
concentrations of the substituted f3-glucosidases were chosen
because they had the sume glucose production rate as 10 pg/mL
of wild type enzyme. All reactions were done at 25°C, pH 4.5.

Experimental details are given in Section 3.8.1.
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6.4. Tryptophan 139

Trp-139 was substituted with a Leu by Dr. Shoscyov's group in Israel and given to
us after it was transformed into P. pastoris strain KM71. The yeast was grown in the same
manner as the other KM71 strains of Pichia pastoris. The enzyme was secreted into the
media by the yeast and was purified. W139L B-Glucosidase eluted with the same volume
of buffer as did the wild type enzyme. Some very preliminary studies were done on this
enzyme with pNPGle (Figure 6.21), cellobiose and gentiobiose. Fluorescence, TLC and
GLC experiments were not done. The kinetic data that was obtained is shown in Table 6.7,
and the pH profiles for W139L B-glucosidase are shown in Figure 6.22. The V,,,, values
were significantly smaller than for wild type, but the V,,,, for pNPGlc wus Jarger than for
the natural substrates. The K, was 3 times larger than that of wild type when pNPGlc was
the substrate but was 4 to 5 times lower when cellobiose and gentiobiose were substrates,
respectively. This was the opposite of what was observed with the wild type enzyme
where reactions with both cellobiose and gentiobiose result in higher K, values than with
pNPGlc. The pH affected the substituted enzyme in a similar way as wild type (Figure
6.22). However, at cach pH the V_,, was lower and the K, was higher for the substituted
B-glucosidase. The Eadie-Hofstee plots curved downwards in each case. This suggests that
the transglycosylation reaction occurs with this substituted enzyme. In each case the
V... (trans) seems to be about 10-15% of the value of the hydrolytic V.. If, as is likely,
this is due to the transglucosidic rezction. it indicates a similar extent of transglucosidic

activity as with the wild type enzyme.
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Figure 6.21. Eadic-Hofstee plot of the reaction of wild type ( 0) and W139L
(@) B-glucosidases with pNPGIc at pH 4.5, 25°C. The enzyme
concentration used was 1.4 ug/mL. The lines represent the
portions of the plot that were utilized to determine the Vi, and
K, values. Only a small part of the wild type data is shown for
comparison. One unit is equivalent to one pmol of product

produced per min.



Figure 6.22. The effect of pH on the WI139L f-glucosidase with pNPGle.
Assays with WI39L B-glucosidase were only done between pH 4
to pH 7 (25°C). They were done between pH 3 and 7 for wild
type. The enzyme concentration used was 1.4 pg/mL. Kinetic
values were obtained from the hydrolytic portion of the resultant
Eadie-Hofstee plots. A) V... B)K,,. C) V. /K,,. wild type B-
glucosidase (0); WI139L (A). Onc unit is equivalent to 1 pmol

of product per min.
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Table 6.7. Kinetic constants for the wild type (WT) and the enzyme with a substitution for
Trp-139.

Substrate Wild Type W139L
Vou® K.’ Vi K.’
pNPGle 57 1.0 22 3
Cecllobiose 8 29 8 0.7
Gentiobiose 46 22 13 0.4

* V.. values are reported as pmol/mg/min.
® K, values are reported as mM.



270

6.5 Tryptophan 262
Trp-262 was thought to be important since alignment of family 3 glycosyl
hydrolase sequence pinpointed it as part of the active site motif (SDW) for these enzymes.
It is very highly conserved. Asp-261 is the catalytic nucleophile (Dan er al. 2000). A Trp is
also present at the cquivalent position in the structure of the barley exohydrolase family 3

glycosylase (Varghese ef al. 1999).

W262L-B-Glucosidase was created by Dr. Shoseyov's group. W262A, W262C,
W2G2F, and W262P B-glucosidases were created as part of this study. The plasmids
resulting from the mutagenesis were sequenced to determine that the substitutions did
occur and that there were not any substitutions at other positions. The plasmids were
transformed into Pichia and the proteins were expressed. Integration of the f3-glucosidase
gene into the P. pastoris genome was verified through PCR analysis of the genomic DNA.
The PCR product wus isolated and then sequenced (refer to Section 3.15 for details). The
three P. pastoris strains with the substituted genes were able to grow normatly and
expressed the substituted enzymes (the amount expressed was similar to wild type
expression). The proteins were purified from the media. All of the enzymes with
substitutions for Trp 262 cluted from the gel filtration columns in the same volume of
buffer as the wild type crzyme. SDS-PAGE showed that the enzymes were pure, and that
the sizes of the subunits were the same size as wild type. The substituted enzymes were
utilized for Kinetic studies only if a single band (>95% pure) was present on an SDS-PAGE
gel. Each of the substituted enzymes except W262P f3-glucosidase was studied in detail.

W262P B-glucosidase had such low activity that a study of its propertics was not pursued.
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6.5.1 Fluorescence studies

The emission spectra of the substituted enzymes were collected at the excitation
wavelengths: 275, 285, and 295 (Figure 6.23. 6.24, 6.25, and 6.26). The enzymes
substituted with Ala. Phe and Leu gave spectra that were similar to the spectra of wild type
B-glucosidase at all three excitation wavelengths (Figures 6.23, 6.25. and 6.26.
respectively). The spectra of W262C f-glucosidase appeared to be slightly red-shifted. It
had peak maxima (Figure 6.25) that were at slightly lower wavelengths than was seen for
wild type and the other substituted f3-glucosidases. This red shift was least noticeable when
the excitation was 295 nm.

Excitation spectra were also obtained for these enzymes (part (D) of Figures 6.23,
6.24. 6.25. and 6.26). All of these enzymes displayed characteristic excitation spectra with
the same peak at 283 nm that was observed for wild type and with a similar shoulder at 288
nm. The excitation spectrum for W262C B-glucosidase (Figure 6.24 (D)) was again slightly
red-shifted compared to the spectrum of wild type or 1o those of the other enzymes with
substitutions for Trp 262.

6.5.2 Kinetic characterization

6.5.2.1 pNPGlc and oNPGlc

The kinetics for these enzymes with substitutions for Trp-262 were very different
from those for the wild type enzyme. In contrast to Eadie-Hofstee plots of the wild type
enzyme, the enzymes with substitutions for Trp-262 were linear (Figure 6.27). Also. there
were no hints of downward curvatures of the lines. even at very high concentrations of

substrate. The V,,, values of all of the substituted enzymes were much smaller (at least 10
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Figure 6.23. Fluorescence emission spectra of W262A $-glucosidase (blue) at
A) 275 nm excitation, B) 285 nm excitation, C) 295 nm excitation
and D) excitation spectra obtained at 339 nm emission. Intensities
for emission spectra were in photon counts per second (cps).
Intensity for the excitation spectra was determined in millivolts
(mV). All spectra were collected at 25°C. Spectra for W262A B-
glucosidase (blue) and for the wild type B-glucosidase (pink) are
shown. A,q, readings were obtained with the concentrated
enzymes. The enzymes were diluted to give an A,y 0f 0.029.
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Figure 6.24. Fluorescence einission spectra of W262C B-glucosidase (blue) at:
A) 275 nm excitation, B) 285 nm excitation, C) 295 nm excitation
and D) excitation spectra obtaincd at 339 nm emission,
Fluorescence intensities for cmission spectra were in photon
counts per second (cps). Intensity for the excitation spectra was
determined in millivolts (mV). All spectra were collected at 25°C.
Spectra for W262C B-glucosidase (blue) and for the wild type 8-
glucosidase (pink) are shown. Ay, readings were obtained with the
concentrated enzymes. The enzymes were then diluted to give an

Ay 070,029,
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Figure 6.25. Fluorescence emission spectra of W262F B-glucosidase (bluc) at: A)
275 nm excitation, B) 285 nm excitation, C) 295 nm excitation and D)
excitation spectra obtained at 339 nm emission. Fluorescence

intensities for emission spectra were in photon counts per second
(cps). Intensity for the excitation spectra was determined in millivolts
(mV). All spectra were collected at 25°C. Spectra for W262F -
glucosidase (blue) and for the wild type B-glucosidase (pink) are
shown. A,y readings were obtained with the concentrated enzymes.
The enzymes were then diluted to give an A,y 0f 0.029.
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Figure 6.26. Fluorescence cmission spectra of W262L B-glucosidase (blue) at:

A) 275 nm excitation, B) 285 nm excitation, C) 295 nm excitation
and D) excitation spectra obtained at 339 nm emission. Intensities

for emission spectra were in photon counts per second (cps).

Intensity for the excitation spectra was determined in millivolts
(mV). All spectra were collected at 25°C. Spectra for W262L -
glucosidase (blue) and for the wild type $-glucosidase (pink} are

shown. A,y, readings were obtained with the concentrated

enzymes. The enzymes were then diluted to give an Ay 0f 0.029.
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Figure 6.27. Eadie-Hofstee plots of the B-glucosidases with substitutions for
Trp-262 with pNPGlc. pH 4.5, 25°C. The wild type enzyme is not
shown so that the substituted enzymes may be seen more clearly.
(@) W262A, ([7) W262C, (A ) W262F, and () W262L. An
enzyme concentration of 1.4 pg/ml. was used for all of the above
assays. One unit is equivalent to 1 pmol of product produced per

min.
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times smaller) than the V., values for the wild type enzyme. W262F $-Glucosidase had
the largest V., values while W262L B-glucosidase had the smallest. The other very
significant difference was that the K| values were much higher than those of the wild type
B-glucosidase (Tuble 6.8).

Table 6.8. Kinelic constants obtained with B-glucosidases with substitutions for Trp-262.

Substrate| Wild Type W262A W262C W262F W262L

Voo | Ko Vol | Ko' | Vol | K" | V2 [ K | Vo' K

pNPGlc 57 1.0} 44 40 1.4 27 4.7 50 1.0 73

oNPGlc 60 3.0 14 84 1.1 40 6.0 65 04 21

* V.., values are reported in gmol/mg/min.
* K,, values are reported in mM.

6.5.2.1.1 pH profiles

The enzymes with substitutions for Trp 262 were also assayed for kinetic changes
in response to changes in pH (Figure 6.28). In general, the V,,,,, values obtained for the
substituted enzymes followed similar trends as were observed for the wild type enzyme
except, of course, that they were much smaller. The pH optimum for the V,,, of cach
enzyme was at about pH 4 t04.5. The K, profiles for W262A and W262F f3-glucosidase
were somewhat similar to that of wild type except, of course, they were much larger. The
K,, was high at lower pHs and then decreased as the pH approached 7. W262C and
W262L f-plucosidase were different. The K, values for these substituted enzymes
changed very little with pH. The V,, /K, values varied with pH in a manner somewhat

similar to the wild type enzyme except that the values were much smaller and that the




Figure 6.28. pH profiles of the W262 substituted enzymes with pNPGle
(25°C). The data for the enzymes are shown in parts (A), (B). and
(C). while the corresponding wild type plots areshown in (D), (E).
and (F), respectively. Plots (A) and (D) show the change in V,
with pH. Plots (B) and (E) show the change in K, with pH. Plots
(C) and (F) show the change in the V., /K with pH. The
enzymes are represented by (@p) W262A, (O) W262C, (A)
W262F. (B) W262L and ( O) for wild type. All Kinetic values
were obtained from Eadie-Hofstee plots. All of the reactions were

done using 1.4 pug/mL cnzyme at 25°C.
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maxima were at about pH 4.5 rather than 6.0 as it is for wild type B-glucosidase. The
V,../K,, values are proportional to ky/Ks and the different maxima may represent
differences in their values as a function of pH. Studics to determine if this is the case
would require rapid flow techniques and that was beyond the scope of these studies.
6.5.2.2 Natural substrates

The B-glucosidases with substitutions for Trp-262 were also assayed with the
natural substrates (Tuble 6.9). As was the case with the aryl-glucosides, all of the lines on
the Eadie-Hofstee plots were linear with each substituted enzyme with each substrate.

Table 6.9. A comparison of kinetic values obtained from reaction of wild type and W262
substituted B-glucosidases with natural substrates.

Substrate Wild type W262A W262C W262F W262L

V| Ko | Ve[| Ko | Vo' | Ko®| V| Ko | Vel | Ko°

Cellobiose 78 29 3.1 22 0.3 28 3.2 40 1.5 127

Cellotriose 94 0.7 0.5 291 071 26| 19 2.3 03 2.7

Cellotetraose | 66 0.6 0.6 1.3 06| 22 1.7 1.3 | 012 86

Cellopentaose | 13 0.6 0.4 3.9 03] 61| 08 2.8 0.5 6.0

Gentiobiose 46 22 1.3 42 1.6 | 167] 22 82 1.6 155

* V.. values are reported in pmol/mg/min.

" K,, values are reported in mM.
The Eadie-Hofstee plots for the substituted enzymes with cellotetraose are shown in
Figure 6.29. The V,, values with these substrates were again low. The greatest
differences in K, values for the glucosyl substrates relative to wild type were for

cellobiose and gentiobiose. The K, values for gentiobiose were especially large. The K,
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Figure 6.29. Eadic-Hofstee plots illustrating the reactions of the substituted

B-glucosidases with cellotetraose. A) The plots for W281A (W),
W281C ). and W2BIF ( 0). B) The plot for W281L (A). All

reactions were done at 25°C, pH 4.5 with 8 pg/mL enzyme. One
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values for the longer substrates were much lower and were closer to the wild type enzyme
values. This is significant towards an understanding of what may be occurring with these
substituted enzymes. In general, the highest K,, values were observed with W262L 8-
glucosidase and the lowest were seen with W262A f-glucosidase.
6.5.2.3 Competitive inhibitor studics

Relative to wild type. the competitive inhibition of the enzymes with substitutions
for Trp 262 by glucose, cellobiose, gentiobiose, and gluconolactone was very poor (Table
6.10). Cellotriose was the best inhibitor, but it was still less effective with the Trp-262
substituted B-glucosidases than it was for wild type.

Table 6.10 K, values® determined for the W262 substituted B-glucosidases.

Inhibitor Wild type W262A Ww262C W262F W262L
Glucose 2.7 470 220 220 550
Mannose 220 6900 6400 2100 2200
Allose 290 295 280 515 390
Galactose 280 940 1100 1900 860
Xylose 670 920 480 2400 740
Gluconolactone 0.4 46 54 18 210
Cellobiose 34 83 170 93 160
Gentiobiose 4.8 191 290 200 125
Maltose 270 315 190 195 260
Cellotriose 0.4 2.9 6.8 2.1 ND

* K, values are reported in mM.
ND not determined
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The inhibition by mannose and galactose was affected to a lesser extent. Maltose, allose,
and xylose inhibited the substituted enzymes to about the same extent as they inhibited the
wild type enzyme.

6.5.3. Analysis of substrate breakdown by TLC

The substituted B-ghucosidases were reacted with 50 mM cellobiose and the
products of the reaction were analyzed by TLC (Figure 6.30). In every case, the
trisaccharide product, gentiobiosyl-glucosc. was detected first (usually within the first 10
min. of the reaction). Glucose could only be observed 20 to 60 minutes later. However,
there should be a plucose produced every time that a trisaccharide is synthesized (see
mechanism, Figure 4.20 ). When charring 2 TLC plate, a spot produced by a trisaccharide
should be 3 times as intense as one by the same concentration of glucose. So, in
comparison, it would be hard to see the glucose. These data show that the only reaction
occurring for cach of these enzymes is trisaccharide production and one glucose is
produced for every trisaccharide. Larger oligosaccharide products were observed with the
B-glucosidases substituted with Ala, Cys and Phe. This only happened if the trisaccharide
had attained a high enough concentration. W262L 3-Glucosidase would also probably
have produced larger sugars if the reaction had been monitored for a longer time. The
formation of products with more glucose did not occur nearly as readily with the wild type
enzyme. TLC was also completed for all of the substituted B-glucosidases with 10 mM
cellobiose. The results for W262F (3-glucosidase are shown in Figure 6.31 (A). Even at
this low concentration of ceflobjose the substituted enzyme produced roughly equal

amounts of trisaccharide and glucose (when differences in amount of intensity are taken



Figure 6.30.Thin layer chromatographic analysis of the reaction of the B-
glucosidase with substitutions for Trp-262 with 50 mM ccllobiose
at 25°C. A) W262A, B) W262C, C) W262F and D) W262L.
Enzyme was added (8 pg/mL final concentration) to the reaction
mixture at zero time and an aliquot was immediately spotted onto
the plate. Spotting was repeated at the times indicated in minutes
on the bottom of the plate. The chromatography solvent used was
n-butanol:cthyl acetate:2-propanol:acetic acid :water in the ratio of
1:3:2:1:1. The plates were developed twice, and the plates were
dried between solvent elutions. Products were detected by dipping
the dried plates in 2% sulphuric acid in methano) and charring.
The standards used on the plates were cellobiose (C). trisaccharide
(T). gentiobiose (Ge) and glucose (G). In (A) and (B) the
concentrations of standards used was 10 mM cellobiose and 5 mM
for glucose, gentiobiose and trisaccharide. In (C) and (D) the

concentrations of the standards were all 10 mM.
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Figure 6.31.Thin layer chromatographic analysis of the W262F B-glucosidase
reaction. The substituted enzyme was reacted with 10 mM
cellobiose (A), 10 mM pNPGlc (B), and 50 mM pNPGlc (C) at
25°C over 8 hrs. Enzyme was added (8 pug/mL final concentration
for cellobiose and 1.4 pg/mL final concentration for pNPGlc) to
the reaction mixture at zero time and an aliquot was immediately
spotted onto the plate. Spotting was repeated at the times indicated
in minutes on the bottom of the plate. The chromatography solvent
used was n-butanol:ethyl acctate:2-propanol:acetic acid :water in
the ratio of 1:3:2:1:1. The plate shown in (A) was developed
twice. The plate was dried between developments. The plates
shown in (B) and (C) were only developed once. Products were
detected by dipping the dried plates in 2% sulphuric acid in
methanol and charring. The standards used on the plates were 10
mM cellobiose (C), 10 or 50 mM pNPGlc (P), 10 mM
trisaccharide (T), 10 mM gentiobiose (Ge) and 5 mM glucose

(G)in (A)and 10 mM glucose in (B) and (C).
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into account). Thus cven at 10 mM cellobiose, only transglucosidic reactions are
occurring. No gentiobiose was produced for any enzyme (Figures 6.30 A,B.C, D and 6.3!
A). This is probably because of the small amount of glucose that was present (even after 8
hrs.).

TLC was also done with all of the B-glucosidases with substitutions for Trp 262
with pNPGle (10 and 50 mM) to analyze the resultant products. The reaction of the
enzymes with pNPGlc is a better way of showing the amount of hydrolysis that occurs
relative to transglucosylation because, with pNPGle, glucose is only a product of
hydrolysis. When only transglucosylation occurs only nitrophenol (and the newly
synthesized larger sugar) should be released. The TLC plates for W262F f3-glucosidase are
shown in Figure 6.31 (B) and (C) for 10 and 50 mM pNPGlc. respectively. At 10 mM
pNPGlc, quite a lot of pNPGe (it migrates below pNPGlc but above glucose) was
produced. The identity of this is known because it interacts with the fluor on the TLC
plates and fluoresces under UV light. Additionally, its R, value is equal to the R, value
known for pNPGe (see Section 4.6.1). In the presence of 10 mM pNPGlc 4 small amount
of glucose was produced, which suggests that a small amount of hydrolysis did occur,
although the main reaction was obviously transglucosylation. In the presence of 50 mM
pNPGlc there was no glucose on the TLC plate. On the 50 mM pNPGlc plate there was
only pNPGe and an additional band which is probably nitropheny! trisaccharide. There
was no detectable glucose, Therefore, very little hydrolysis seems to have occurred. The

TLC plate resuits obtained with the other B-glucosidases with substituted for Trp 262 with



289

10 and 50 mM pNPGIc were very similar 10 those for W262F--glucosidase (data not
shown).

6.5.4 Gas-Liquid Chromatography

Because the substitutions for Trp-262 greatly reduced the ability of the enzymes to
react with cellobiose, it was attempted to match the glucose production rates between the
enzymes with substitutions for W262 rather than compare them directly with the wild type
enzyme. Aliquots from the reaction mixtures were also collected over a2 much longer
period of time (~48 hrs). GLC was done at cellobiose concentrations of 5 and 50 mM.

Glucose was produced at a fairly constant rate by all of the substituted enzymes
with 5 mM cellobiose (Figure 6.32(A) and (B)). This was especially true for the first 120
min. (Figure 6.32 (B)). The substituted enzymes also showed that gentiobiose was
produced after a detay (Figure 6.32 (C) and (D)). However, with GLC unlike with TLC. it
could be detected. The amounts of gentiobiose produced were similar for W262A, W262C
and W262F B-glucosidase but W262L B-glucosidase did not produce any measurable
gentiobiose. A very significant amount of the products, especially at carly times (See
Figure 6.32 (E) and (F)). was the trisaccharide. In the case of the wild type enzyme, the
amount of trisaccharide produced with 5 mM cellobiose was hard to detect and was
usually less than the error. Considering that one glucose is produced for every
trisaccharide, the transgiucosidic reaction even at this low cellobiose concentration made
up over was over 5090 of the product at very carly times for at least one of the substituted
enzymes (Figure 6.33). Trisaccharide could not even be detected with wild type. The

maximum amount of the product was present just before the 1000 min. time point of
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Figure 6.32. Results of GLC analysis of the B-glucosidases with substitutions
for Trp-262 with 5 mM cellobiose. The products that resulted
from the reaction were: glucose (A) and (B), gentiobiose (C) and
(D). and gentiobiosyl-glucose (E) and (F). The plots in parts (A),
(C) and (E) show the change in the concentration of product over
the entire reaction time. The plots in parts (B). (D), and (F) show
the first 120 min of product accumulation only. W262A (@),
W262C (O), W262F (A) and W262L (8). The substituted
enzymes concentrations were chosen so that they all had
essentially the same rates of glucose production. All reactions

were done at 25°C, pH 4.5,
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Figure 6.33. A comparison of the ratio of trisaccharide production to glucose
production by the Trp-262 substituted enzymes with 5 mM
cellobiose. Both the trisaccharide produced and the glucose
produced at early times were near to the GLC detection limit, and
thus there is some error. However, it is obvious that a significant
proportion of the product was trisaccharide when compared to the
fact that no trisaccharide is produced by wild type at this
cellobiose concentration. The complete reaction time is shown in
(A) and the first 120 min. are shown in (B). W262A (4), W262C
(0). W262F (&), W262L () and wild type (©). which is only
shown in (B). The amounts of both trisaccharide and glucose are
in mM. The substituted enzymes concentrations were chosen so
that they all had the same rate of glucose production, the wild
type concentration was 2 pg/mL. All reactions were done at 25°C,
pH 4.5. The amounts of products here were quite small and thus
subject to some error. The error is even greater when one obtains
a ratio. However, it is obvious that the ratios are much larger (B)

for the substituted enzymes than for the wild type enzyme.
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reaction and then the trisaccharide was cither degraded or was used as an acceptor o
produce the larger oligosaccharide (this was not studied).
When the substituted enzymes were reacted with 50 mM cellobiose the results

shown in Figure 6.34 were observed. The glucose production rates of the W262F [3-
glucosidase were slightly higher than the other enzymes and so this must be noted when
examining the data. All of the enzymes produced small but detectable amounts of
gentiobiose (note that TLC was not sensitive enough to detect the small amount of
gentiobiose produced). In particular, W262A B-glucosidase produced a significant amount
of gentiobiose (Figure 6.34 (C)). Again, however, the production occurred after a time lag
(Figure 6.34 (D) and (E)) and only after a significant amount of glucose was present.
A very large portion of the reaction was trisaccharide production (Figure 6.34 (E) and
(F)). At carly times for cach substituted enzyme except W262F B-glucosidase, the
amount of trisaccharide was roughly equal to the amount of glucose produced. For
W262F-f3-glucosidase it was just a little lower. When it is realized that one glucose is
produced every time that a trisaccharide is produced, this means that for cach enzyme
except W262F B-glucosidase no hydrolysis occurs when the substrate concentration is
high. The only reaction that occurs is transglucosylation. Trisaccharide production did
plateau in cach case. This was probably because the trisaccharide was converted to higher
oligosaccharides or because it was degraded back to glucose (Figure 6.34 (E)). The ratio
of trisaccharide produced is compared to the amount of glucose produced in Figure 6.35.

This clearly shows that initially only transglucosylation is occurring for the W262A,
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Figure 6.34. Results of GLC analysis of the enzymes with substitutions for
Trp-262 with 50 mM cellobiose. The products that resulted from
the reaction were glucose (A) and (B), gentiobiose (C) and (D),
and gentiobiosyl-glucose (E) and (F). In this case, at short
reaction times, the amounts of gentiobiose were just a little
greater than the detection limits and thus there was some error.
The plots in parts (A). (C) and (E) show the change in the
concentration of product over the entire reaction time. The plots
in parts (B), (D). and (F) show the first 120 min of product
accumulation only. W262A (@), W262C (01). W262F (A) and
W262L (8 ). The substituted enzyme concentrations were chosen
so that they all had essentially the same rates of glucose

production. All reactions were done at 25°C, pH 4.5.
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Figure 6.35. A comparison of the ratios of trisaccharide production to glucose
production by the enzymes having substitutions for Trp-262 with
50 mM cellobiose. The complete reaction time is shown in (A)
and the first 240 min. are shown in (B). W262A (¢). W262C
(0). W262F (A), W262L (8) and wild type (0 ), which is only
shown in (B). The amounts of both trisaccharide and glucose are
in mM. The concentrations of the substituted enzymes were
chosen so that they all had essentially the same rates of glucose
production. The wild type concentration was 2 pg/mL. All
reactions were done at 25°C, pH 4.5. The amounts of products
here were quite small (near the detection limit) at early times and
thus were subject to some error. The error is even greater when
utilizing ratios. However, it is noticeable that the ratios are larger

(B) for the substituted enzymes than for the wild type enzyme.
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W262C and W262L B-glucosidases. The W262F B-glucosidase has much more
transglucolytic activity than wild type but the rate is less than the other W262 substituted
enzymes, which may result from the similarity of Phe to Trp. Comparison with the wild
type ratio of trisaccharide production to glucose production, which was at about 0.25 or
lower, illustrates the significant transglucosylation ability of these enzymes (Figure

6.35(B)).



6.6 Leucine 426

Leu 426 was substituted with an Ala. a Gly and a Val using degenerate primers and
the Quik-Change mutagenesis kit. The plasmids with the desired mutagenesis were
detected by sequencing. Sequencing was also done to show that there were not any
substitutions at other positions. The plasmids were transformed into Pichia. Integration of
the B-glucosidase gene into the P. pastoris genome was verified through PCR analysis of
the genomic DNA, and isolation of the PCR product followed by sequencing showed that
the desired substitutions were present. The three P. pastoris organisms with the substituted
genes were able to grow normally and expressed the expected amount of enzyme (similar
to wild type expression). The proteins were purified from the media. All of the enzymes
with substitutions for Leu 426 eluted from the size exclusion column in the same volume
as elution of the wild type enzyme, showing that there were no changes in the size and that
the enzymes were dimers. SDS-PAGE was used to show that the enzymes were pure and
had the same subunit size as did wild type.

6.6.1 Fluorescence studies

The emission spectra at excitation wavelengths of 275, 285 and 295 nm had peak
maxima at the same wavelength as the wild type enzyme in all cases (Figures 6.36. 6.37,
and 6.38). The excitation spectra, at an emission wavelength of 339 nm, were also similar
to the wild type excitation spectrum (Figures 6.36, 6.37. and 6.38 part (D)). Each had a

main peak at 282 nm with a shoulder at 288 nm.
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Figure 6.36. Fluorescence emission spectra produced by L426A B-glucosidase

(blue) at A) 275 nm excitation, B) 285 nm excitation, C) 295 nm
cxcitation and D) excitation spectra obtained at 339 nm emission.
Fluore: i ities for emission spectra were in photon
counts per second (cps). Intensity for the excitation spectra was
determined in millivolts (mV). All spectra were collected at 25°C.
Spectra for LA26A (blue) and for the wild type (pink) are
displayed. A, measurements of the concentrated enzymes were
obtained and the enzymes were then diluted to a concentration
that would give an A, of 0.029.
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Figure 6.37. Fluorescence emission spectra produced by 1.426G B-glucosidase
(blue) at A) 275 am excitation, B) 285 nm excitation, C} 295 nm
excitation and D) excitation spectra obtained at 339 nm emission.
Fluorescence intensities for emission spectra were in photon
counts per sccond (cps). Intensity for the excitation spectra was
determined in millivolts (mV). All spectra were collected at 25°C.
Spectra for LA26G (blue) and for the wild type (pink) are
displayed. Ay, measurements of the concentrated enzymes were
obtained and the enzymes were then diluted to a concentmtion
that would give an A,y of 0.029.
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Figure 6.38. Fluorescence emission spectra produced by L426V f-glucosidase

(blue) at A) 275 nm excitation, B) 285 nm excitation, C) 295 nm
excitation and D) excitation spectra obtained at 339 nm emission.
Fluor intensitics for ion spectra were in photon
counts per sccond (cps). Intensity for the excitation spectra was
determined in millivolts (mV). All spectra were collected at 25°C.
Spectra for LA26V (blue) and for the wild type (pink) arc
displayed. Ay, measurements of the concentrated enzymes were
obtained and the enzymes were then diluted to a concentration
that would give an A,y of 0.029.
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6.6.2 Kinetic characterization
6.6.2.1 pNPGle and oNPGlc

B-Glucosidases with substitutions for Leu 426 were assayed with pNPGlc and
oNPGlc. There were some differences from wild type but these were not dramatic (Table
6.11). L426G PB-Glucosidase had V.., and K, values similar to those with wild type with
both substrates. L426A and L426V B-glucosidases had V., values with pNPGIc that were
about 2 times as large as with oNPGle. This is different from wild type f-glucosidase.
where the V,, values for these two substrates were nearly the same. In addition, the K,
values of the substituted B-glucosidases were similar to that of wild type for pNPGlc.
while they differed for oNPGlc (especiatly L426V B-glucosidase). All of the enzymes
with substitutions for Leu 426 had curved Eadie-Hofstee plots similar to wild type with
both substrates (Figure 6.39). This suggests that they have similar transglucosidic activity.

Table 6.11. Kinetic constants with pNPGle and oNPGIc for wild type B-glucosidase and
the B-glucosidases with substitutions for Leu 426.

Substrate Wild Type L426A L426G L426V
Vor K.® Vor K.® Vot [ Vor K7’
pNPGle 57 1.0 93 14 62 0.9 44 1.3
oNPGlc 60 30 47 1.9 49 2.7 20 1.2

* Ve vitlues were recorded in units of gmol/mg/min.
® K,, values are in units of mM.

6.6.2.1.1 Effect of pH
Except for the magnitude. the pH profiles (Figure 6.40) for the substituted enzymes

were similar to those for the wild type enzyme. The Eadie-Hofstee plots curved
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Figure 6.39. Eadie-Hofstee plots of the reaction of the L426 substituted

enzymes and the wild type B-glucosidase with pNPGlc at pH 4.5,

25°C. Data was acquired by the assay methods described in
Section 3.6.2. Wild type ( © ). L+26A (@ ), L426G (0 ) and

L426V (A). The lines illustrate the portion of the curves used to

determine the kinetic values in Table 6.11. All assays were

completed with an enzyme concentration of 1.4 pg/mL. One unit

is equivalent to the production of one umol of product per min.



306

Figure 6.40. pH Profiles obtained with pNPGle for B-glucosidases with
substitutions for Leu-426. (A) V... (B) K and (C) V. /K,,. The
enzymes are represented by; (Q) wild type, (€p) L426A, ([3)
L426G and (A)L426V. Eadic-Hofstee plots (at cach pH) were
then used to determine the V., K and V. /K, values for each
plot. Assays were completed according to Scction 3.6.5. The
enzyme concentration used for cach assay was 1.4 pug/mL, and all
assays were completed at 25°C. One unit is equivalent to the pmol

of product produced per minute.
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downwards at low pH and upwards at high pH as was the case with wild type enzyme.
The V., (trans) values were not determined but they appeared to be the same at each pH.

6.6.2.2 Reaction with natural substrates

The kinetic results of these assays are summarized in Table 6.12. The V,,, values of
most of the substituted enzymes were lower than the values obtained with the wild type
cnzyme. But each enzyme was still quite reactive. The K| value with L426A (-
glucosidase (with cellobiose) was higher than with wild type enzyme while both the
L426G and L426V B-glucosidases had lower K,, values. The substituted enzymes®
interactions with the larger cellooligosaccharides differed from the wild type enzyme. For
wild type enzyme, the K, (for the cellooligosaccharides) decreased significantly with
increasing oligosaccharide size, with a large decrease between cellobiose and cellotriose.
The K,, values increased in going from cellobiose to cellotriose and then decreased with
increasing numbers of glucose for each of the substituted B-glucosidascs. The relative
changes to the V., values for the substituted enzymes with the oligosaccharides of
increasing length were somewhat similar 1o the changes with the wild type enzyme. The
Kinetic values (V. and K,,) with gentiobiose were similar to those of the wild type
enzyme except for L426V B-glucosidase. Its V, ., value was approximately 8 times smaller
than that of wild type B-glucosidase. The Eadie-Hofstee graphs had typical curved plots in
the presence of all of the cellooligosaccharides with these enzymes. The curvatures were
at substrate concentrations similar to the occurrences with wild type enzyme (see

cellobiose example - Figure 6.41).
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Figure 6.41. Eadie-Hofstee plot showing the decrease in hydrolytic rate (when
transglycosylation occurs) in the presence of cellobiose with the
enzymes with substitutions for Leu-426. Wild type (©), L426A,
(). L426G ({3) and L426V (A). All reactions were done at
25°C, pH 4.5 with 8 ug/mL enzyme. One unit is equivalent to the

production of 1 pmol per min. of product.



Table 6.12. Kinetic constant values obtained with natural glucosyl substrates.
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Substrate Wild Type L426A L426G L4326V
Voo K»° v.: Ke | Voo KP | Voo K’
Celliobiose 78 29 69 6.0 52 21 30 1.1
Cellotriose 94 0.7 66 4.8 37 25 72 1.9
Cellotetraose 60 0.6 69 3.6 33 1.4 61 27
Celiopentaose 13 0.6 21 1.2 10 0.2 17 1.7
Gentiobiose 46 22 30 23 42 33 6.0 1.4

“ V. values are reported in units of pmol/mg/mL.

" K,, values are in units of mM.

6.6.2.3 Inhibitor studies

The K, values for the inhibition of the substituted enzymes by glucose and

gluconolactone were similar to the K, values of wild type B-glucosidase (Table 6.13). The

substituted enzymes seemed to be inhibited a little better by the other inhibitors. This was

especially true for L426V B-glucosidase. However, no consistent trend can be seen from

these inhibition data.
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Table 6.13. Ki values* obtained with the Leu 426 substituted enzymes and a variety of
inhibitors.

Inhibitor Wild Type LA426A L426G L426V
Glucose 23 2.8 34 2.0
Mannose 220 240 155 98
Allose 290 362 140 140
Galactose 280 190 130 130
Xylose 670 450 600 220
Gluconolactone 0.4 03 03 0.2
Cellobiose 34 1.2 1.9 1.2
Gentiobiose 4.8 1.5 2.1 0.9
Maltose 270 110 110 73

* All K, values are in units of mM.

6.6.3 Analysis of substrate breakdown hy TLC

The TLC plates of the reaction of the substituted 3-glucosidases with cellobiose are
shown in Figure 6.42. In cach case both trisaccharide and glucose were produced at
relatively carly times. It appears that trisaccharide is present at higher amounts but it must
be remembered that there are 3 glucose in the trisaccharide and thus the intensity will be 3
times as great when charred. Gentiobiose was produced later, when enough glucose had
been produced to act as an acceptor for gentiobiose production. Gentiobiose was not seen
in the case of L426V f3-glucosidase but its presence was probably masked because the

cellobiose and trisaccharide were not well separated.



Figure 6.42.Thin layer chromatography analysis of the reactions of the -
glucosidases with substitutions for Leu-426 with 50 mM
cellobiose at 25°C. A) L426A, B) L426G, and C) L426V. Enzyme
was added (8 pg/mL final concentration) to the reaction mixture at
zero time and an aliquot was immediately spotted onto the plate.
Spotting was repeated at the times indicated in minutes on the
bottom of the plate. The chromatography solvent used was n-
butanoizethyl acetate:2-propanol:acetic acid :water in the ratio of
1:3:2:1:1. The plates were developed twice. They were dried in
between solvent exposures. Products were detected by dipping the
dried plates in 2% sulphuric acid in methanol and charving. The
standards used on the plates were cellobiose (C), trisuccharide (T),
gentiobiose (Ge) and glucose (G). The concentrations of the
standards was generally 10 mM. The glucose standards in (A) and
(B) were S0 mM and in (B) the concentration of cellobiose and
gentiobiose stundards was 5 mM. The plate in (B) was scraiched

and this is apparent by the line interrupting the glucose spots.
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6.6.4 Gas-liquid chromatography
The reaction of the substituted enzymes with 5 mM cellobiose resulted in the

normal glucose production profiles (Figure 6.43). As expected. gentiobiose or
gentiobiosyl-glucose could not be detected at this low cellobiose concentration (data not
shown). The reaction of the substituted enzymes with 50 mM cellobiose shows that the
glucose production by the enzymes with substitutions for Leu 426 matched the glucose
production of the wild type enzyme (Figure 6.44(B)) at carly times. However. the glucose
produced by the wild type enzyme began to plateau after about 25 mM glucose was
produced and had plateaued when 50 mM glucose was produced. The substituted
enzymes, however, continued to produce glucose and only began to plateau when about 50
mM glucose was produced. The production of glucose by the substituted enzymes only
plateaved when higher amounts of glucose were produced. Examination of the first 2 hr of
gentiobiose production suggests that the substituted B-glucosidases produced more
gentiobiose than did wild type (Figure 6.44 (D)). Since more glucose is produced. this
would be expected (gentiobiose production depends on the presence of glucose). All of the
substituted enzymes produced gentiobiosyl-glucose at relative rates similar to that with
wild type B-glucosidase (Figure 6.44 (E) and (F)). Similar amounts of gentiobiosyl-
glucose were made and the presence of the trisaccharide was transient, as was the case

with wild type B-glucosidase.
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Figure 6.43. Analysis of products from the reaction of the wild type 8-

glucosidase and the B-glucosidase with substitutions for Leu-426
with 5 mM cellobiose over 6 hrs using GLC. Wild type (0 ).
L426A (@ ). L426G (O) and L426V (A). The reictions were
carried out at 25°C, at pH 4.5. The amount of substituted enzyme
used was chosen so s 1o produce equivalent rates of glucose as
2 ug/mL of the wild type enzyme did. The experiments were

completed as described in Section 3.8.1.
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Figure 6.44. Results of GLC analysis of the enzymes with substitutions for
Leu-426 with 50 mM cellobiose. The products that resuited from
the reaction were; glucose (A) and (B), gentiobiose (C) and (D),
and gentiobiosyl-glucose (E) and (F). The plots in parts (A), (C)
and (E) show the change in the concentration of product over the
eatire reaction time. The plots in parts (B). (D), and (F) show the
first 120 min of product accumulation only. Wild type ( O ).
L426A (@ ). L426G (O ) und L426V (A ). The substituted
enzyme concentrations were chosen so that they had an
equivalent rate of glucose production as with 2 pg/mL wild type.

All reactions were done at 25°C, pH 4.5,
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6.7 Tryptophan 430

Trp 430 was substituted with an Ala, a Phe and a Leu. All amino acid substitutions
were accomplished with the Quik-Change mutagenesis kit. Selection of the plasmids that
were mutated was done by sequencing and sequencing was also done to show that the
substitutions did occur and that there were not any changes at other positions. The
plasmids were transformed into Pichia and the proteins were expressed. Integration of the
B-glucosidase gene with the desired mutations into the P. pastoris genome was verified
through PCR analysis of the genomic DNA and isolation of the PCR product followed by
sequencing. Purification of the substituted enzymes showed that they eluted from gel
filtration columns in the same volume as clution of the wild type enzyme. This indicates
that the enzymes were present as dimers of the same size as wild type. The three P.
pastoris organisms with the substituted genes were able to grow normally and expressed
the expected amount of enzyme (it was similar to wild type expression). The proteins were
purified from the media. SDS-PAGE showed that the enzymes studied were pure and had
the same subunit size. Only enzyme fractions that were >95% pure were used for the
studies described below:.

6.7.1 Fluorescence studies

Small shifts were observed in all of the emission spectra of the enzymes with
substitutions for Trp 430 (Figure 6.45, 6.46 and 6.47). The shifts were so small that they
are probably not significant. Excitation spectra were also obtained for these substituted

enzymes (Figure 6.45, 6.46 and 6.47, part (D)). The spectra observed with W430A and
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Figure 6.45. Fluorescence cmission spectra of W430A at A) 275 nm
excitation, B) 285 nm excitation, C) 295 nm excitation and D)
excitation spectra obtained at 339 nm emission. Fluorescence
intensities for emission spectra were determined by photon counts
per second (cps). Intensity for the excitation spectra was
determined by mitlivolts (mV). Spectra for W430A (blue) and for
the wild type (pink) enzyme are displayed. A,y readings were
obtained with concentrated enzyme and the enzymes were then
diluted the amount that would give an Ay, of 0.029.
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Figure 6.46. Fluorescence emission spectra of W430F at A) 275 nm excitation,
B) 285 nm excitation, C) 295 nm excitation and D) excitation
spectra obtained at 339 nm emission. Fluorescence intensitics for
cmission spectra were determined by photon counts per sccond
{cps). Intensity for the excitation spectra was determined by
millivolts (mV). Spectra for W430F (blue) and for the wild type
(pink) enzymec are displayed. A,y readings were obtained with
concentrated enzyme and the enzymes were then diluted the

amount that would give an A,y 0f 0.029.
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Figure 6.47. Fluorescence emission spectra of W430L at A) 275 nm excitation,
B) 285 nm cxcitation, C) 295 nm excitation and D) excitation
spectra obtained at 339 nm emission. Fluorescence intensities for
emission spectra were determined by photon counts per second
(cps). Intensity for the excitation spectra was determined by
millivolts (mV). Spectra for W430L (bluc) and for the wild type
(pink) enzyme are displayed. A,y readings were obtained with
concentrated enzyme and the enzymes were then diluted the
amount that would give an A,,, of 0.029.
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W430L f3-glucosidase were similar to the wild type spectrum. There was a small shift in
the excitation spectrum of W430F B-glucosidase compared to the wild type spectrum.

6.7.2 Kinetic characterization

6.7.2.1 pNPGlc and oNPGlc

The kinetic constants obtained for the substituted enzymes with pNPGlc and
oNPGlc at pH 4.5 are summarized in Table 6.14. The V., and K,, values of W430F -
glucosidase were similar to those of the wild type enzyme. W430A and W430L -
glucosidase had lower V,,, values than those observed for the wild type enzyme. The K,
values of W430A and W430F -glucosidase were similar to those of wild type and only
the substitution by Leu resulted in notable changes to the K. For both substrates the K,
values obtained were smaller than the values observed for the wild type enzyme and the
other W430-substituted enzymes. All of the enzymes with substitutions for Trp 430 had
the characteristic downward bends (Figure 6.48) that were found with wild type when
there was transglucosidic activity.

Table 6.14. Kinetic constants with pNPGle and oNPGle for wild type B-glucosidase and
the B-glucosidases with substitutions for Trp 430.

Substrate Wild Type W430A W430F W430A

Vo | Kb | Veur | K& | Veur | Ka | Veur | K

pNPGlc 57 Lo 15 09 59 1.7 24 0.5

oNPGlc 60 3.0 43 20 61 3.5 29 1.1

* V.. values were recorded in units of pmol/mg/min.
® K,, values are in units of mM.

n
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Figure 6.48 Eadie-Hofstee plots with pNPGle generated with the wild type B-
glucosidase and the B-glucosidase with substitutions for Trp-430.
Wild type (O). W430A (¢ ). W430F ([3 ) and W430L (A). The
lines illustrate the portion of the curves used to determine the
kinetic values in Table 6.14. All assays were completed with an
enzyme concentration of 1.4 pg/mL at 25°C, pH 4.5. One unit is

cquivalent to the production of one pmol of product per min.
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6.7.2.1.1 pH cffccts

The change from downward stope at high substrate concentration to upward slopes
was not observed for the enzymes with substitutions for Phe and Leu. Both of these
substitutions resulted in a downward curving plot at cach pH. The enzyme substituted with
Ala showed the expected upward curving plot at pH 6 and higher. It is also interesting that
W430F f-glucosidase had a V,, at pH 7 that was 5 times larger than that of the wild type
enzyme.

The pH profiles (Figure 6.49) were not dramatically different from those for the
wild type enzyme, despite the changes observed above. The profiles for W430L 8-
glucosidase were the most different.

6.7.2.2 Reaction with natural substrates

The Eadie-Hofstee plots for the reactions of the 3-glucosidases with substitutions
for Trp 430 with cellobiose are shown (Figure 6.50). In general the V,,,, values (Table
6.15) observed were lower than those seen with the wild type enzyme. The values tended
to decrease with increasing substrate length. This trend was observed for all of the
substituted enzymes except W430F PB-glucosidase. The K, values also decreased with
increasing substrate tength, although the values were generally higher than the K, values

of the wild type enzyme. Overall, no consistent trends were noted.



Figure 6.49. pH Profiles obtained with the B-glucosidases with substitutions
for Trp-430 with pNPGlc as the substrate. (A) V., (B) K, (C)
Vol K - Wild type (0), W30A (@), W430F( ) and W430L
(). Eadic-Hofstee plots (at each pH) were used to determine the
Vo and K values for each pH. Assays were completed
according to Section 3.6.5. The enzyme concentration used for
each assay was 1.4 pg/mL. and all assays were completed at 25°C.
One unit is equivalent to the umol of product produced per

minute.
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Figure 6.50. Eadie-Hofstee plots of the reaction of the wild type f-glucosidase

and the enzymes with substitutions for Trp-430 with cellobiose at

pH 4.5, 25°C. The graph in (A) is shown on a smaller scale in (B).

The assay was completed as described in Section 3.6.7. Wild type

(O ); W430A (@ ); W430F (C1): W430L (&), The enzyme

concentration used for all of the above assays was 8 ug/mL. One

unit is equivalent to one pmo! of product produced per min. The

lines indicate the portions of the plot that were used to determine

the kinetic values in Table 6.15.



Table 6.15. Kinetic constant values obtained with natural glucoside substrates and the
W430 substituted enzymes.

Substrate Wild type W430A W430F W430L
Voo | Ko Ve Ko | Vo Ko | Vi K.®
Cellobiose 78 29 24 29 35 5.8 24 29
Cellotriose 94 0.7 12 0.6 63 4.6 22 1.8
Cellotetraose 66 0.6 10 1.5 41 1.6 16 1.0
Ccllopentaose 13 0.6 5 1.7 20 1.0 10 1.27
Gentiobiose 46 22 s 1.8 50 5.7 8 1.8

* ANV, values are reported as pmol/mg/min.

*All K,, values are reported in mM.

6.7.2.3 Inhibitor studics

The competitive K, values are listed in Table 6.16. In most cases the K, values were

lower for the substituted enzymes than were the wild type enzyme values. The K, values for

W430A B-glucosidase were especially low. The K, value for cellobiose with W430F {3-

glucosidase was much higher than expected. However, no consistent trends were noted.

Table 6.16. Inhibition constants (K)* for the B-glucosidases with substitutions for Trp 430
with 4 variety of sugars.

Inhibitor Wild Type W430A WA30F W430L
Glucose 27 1.0 2.7 1.9
Mannose 220 72 170 135
Allose 290 124 230 390
Galactose 280 7 190 650




Xylose 670 89 430 505
Gluconolactone 0.4 0.7 0.2 0.2
Cellobiose 34 0.5 16.5 1.8
Gentiobiose 4.8 0.5 6.7 2.1
Maltose 270 170 86 435

* Al K, values are reported in mM.

6.7.3 Analysis of substrate breakdown by TLC

The degradation of cellobiose by the substituted B-glucosidases occurred in a
similar way as it did with the wild type enzyme. At low cellobiose concentrations (7 mM)
the reactions were mainly hydrolytic (data not shown). At higher concentrations of
cellobiose (50 mM) all of the enzymes produced oligosaccharide products (Figure 6.51).
However, the concentrations of trisaccharide (gentiobiosyl-glucose) that were produced
were much higher for the W430A and W430F B-glucosidases than for W430L. B-
glucosidase. Oligosaccharides larger than risaccharides were also synthesized in greater
amounts by W430A and W430F B-glucosidase. There was no evidence of this for W430L
B-glucosidase.

6.7.4 Gas-liquid chromatography

The B-glucosidases with substitutions for Trp 430 were investigated by GLC by
following the degradation of 5 and 50 mM cellobiose at an enzyme concentration that
produced approximatety the same amount of glucose as did the wild type (2 pug/mL).
W430L -Glucosidase was further investigated to determine the cellobiose concentration

required for the transglucosidic reactions to occur because the results obtained with that
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Figure 6.51 Thin layer chromatography analysis of the reaction of the 8-
glucosidase with substitutions for Trp-430 with 50 mM
cellobiose. A) W430A B) W430F and C) W430L. Enzyme was
added (8 pg/mL final concentration) to the reaction mixturc at
zero time and an aliquot was immediately spotted onto the plate.
Spotting was repeated at the times indicated in minutes on the
bottom of the plate. The chromatography solvent used was n-
butanol:ethyl acetate:2-propanol:acetic acid :water in the ratio of
1:3:2:1:1. The plates were eluted twice ( with drying in between).
Products were detected by dipping the dried plates in 2%
sulphuric acid in methano! and charring. The standards used on
the plates were cellobiose (C), trisaccharide (T), gentiobiose (Ge)
and glucose (G). The concentrations of the standards were all 10
mM except the cellobiose in (C) which was 5 mM and the

glucose in (C) which was 40 mM.
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enzyme suggested that it was not as adept at transglucosidation as the other substituted
enzymes.

The glucose production rate patterns for the B-glucosidases with substitutions for
Trp 430 were similar to that of the wild type enzyme in the presence of 5 mM cellobiose
(Figure 6.52). The amounts of gentiobiose and gentiobiosyl-glucose that were produced
were barcly above background levels and arc not shown.

The normal delays in gentiobiose production occurred in the presence of 50 mM
cellobiose (Figure 6.53). W430A and W430F f-glucosidases produced gentiobiose and
trisuccharide at the same rates as did the wild type enzyme. The rates of gentiobiose and
trisaccharide production by W430L f-glucosidase were, however, slower. The slow
transglucosidic rate observed with W430L f-glucosidase was the only significant effect of
the substitutions for Trp 430. Since the rates of gentiobiose and gentiobiosyl-glucose
production by W430L B-glucosidase were relatively slow, preliminary studies of the initial
rates of glucose and trisaccharide production were monitored at 6 concentrations of
cellobiose. The preliminary results are plotted on & Michaelis-Menten graph in Figure
6.54(B). The plot illustrates that the rute of trisaccharide production only takes a large
increase when the cellobiose concentration is at 50 mM. The increase occurs at about 15 -
30 mM with wild type B-glucosidase. The preliminary data also shows that when
trisaccharide production begins to increase, there is a decline in hydrolysis. At 80 mM
cellobiose the rate of trisaccharide production is quite a lot smaller than the rate of glucose

production. For wild type, the rates were essentially equal at 80 mM cellobiose. These
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Figure 6.52. Analysis of glucose production by the reaction with wild type B-
glucosidase and the enzymes with substitutions for Trp-430 with
5 mM cellobiose over 6 hrs. Wild type (O); W430A (@ );
W430F (O ); W430L (4 ). The experiments were completed as

described in Section 3.8.1.
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Figure 6.53. Analysis of the products of the reaction with wild type f3-
glucosidase and the enzymes with substitutions for Trp-430 with
50 mM ccllobiose over 6 hrs. A) glucose, B) gentiobiose, and C)
gentiobiosyl-glucose. The symbols used to represent the
different enzymes in all the graphs were (0) wild type; (@)
W430A; (O ) W430F; (A ) W430L. All reactions were done at
25°C, pH 4.5. The concentration of the f-glucosidases was
chosen so that they produced an cquivalent amount of glucose as
was produced by the wild type enzyme when its concentration
was 2 pg/mL. The experiments were completed as described in

Section 3.8.1.
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Figure 6.54. Michaelis-Menten plots for the wild type and B-glucosidases with
substitutions for W430L. The rates of glucose production (O)
and gentiobiosyl-glucose production (&) are shown. All rates
were determined from individual plots of sugar production over
time at cach cellobiose concentration. (A) wild type: (B) W430L.
The enzyme concentrations of the substituted B-glucosidases
were chosen because they had the same glucose production rate
as 10 pg/mL wild type enzyme. All reactions were done at 25°C,

pH 4.5. Experimenta! details are given in Section 3.8.1.
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preliminary studies show that the effect of substitution of Trp 430 with Leu is on both the

rate of the transglucosidic reaction and on the binding of cellobiose to the acceptor site.
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6.8 Tryptophan 551
Trp 551 was substituted by Phe and Ala. The plasmids with the desired mutated
genes were detected by sequencing and the plasmids with the substituted codons were
transformed into P. pastoris. PCR analysis of the yeast genome confirmed the integration
of the B-glucosidase gene. and sequencing of the PCR product verified that the Trp 551
mutations were present. The yeast was able to grow normally and the substituted proteins
were expressed and secreted into the media. The proteins were purified. The -
glucosidases with substitutions for Trp 551 cluted from the gel filtration columns in the
same volume of buffer as was required to clute the wild type enzyme. This showed that
the enzymes were the same size as wild type and that the enzymes were present as dimers.
Analysis by SDS-PAGE showed that W551A and W551F B-glucosidase were pure and
that the subunit sizes were the same as the wild type monomer weight. Only fractions that
were >95% pure were used for the studies described below.
6.8.1 Fluorescence studies
Emission spectra were obtained for the enzymes with substitutions for Trp 551. The
spectra of both enzymes were very similar to the spectra for the wild type enzyme at all
three excitation wavelengths tested (275, 285, and 295). The spectra obtained are shown in
Figure 6.55 for W551A B-glucosidase and in Figure 6.56 for the W551F PB-glucosidase.
The excitation spectra obtained for both enzymes with substitutions for Trp 551 were also

similar to the excitation spectrum of the wild type enzyme (Figures 6.55(D) and 6.56(D)).
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Figure 6.55. Fluorescence emission spectra of W551A B-glucosidase. A) 275
nm excitation, B) 285 nm excitation, C) 295 nm excitation and D)
excitation spectra obtained at 339 nm cmission. Fluorescence
intensitics for emission spectra were determined by photon counts
per second (cps). Intensity for the excitation spectra was
determined by millivolts (mV). All spectra were collected at
25°C, Spectra for W551A (blue) and for the wild type (pink) are
displayed. A,y values of the concentrated enzymes were obtained
and the enzymes were then diluted so that the A,y was 0.029.
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Figure 6.56. Fluorescence emission spectra of WSSI1F B-glucosidase. A) 275

nm excitation, B) 285 nm excitation, C) 295 nm excitation and D)

excitation spectra obtained at 339 nm emission. Fluorescence

intensities for emission spectra were determined by photon counts

per second (cps). Intensity for the excitation spectra was

determined by millivolts (mV). All spectra were collected at
25°C. Spectra for W5SIF (blue) and for the wild type (pink) are
displayed. Ay, values of the concentrated enzymes were obtained
and the enzymes were then diluted so that the A, was 0.029.



6.8.2 Kinetic characterization
6.8.2.1 pNPGlc and oNPGlc
The K,, values of the B-glucosidases with substitutions for Trp 551 were similar to
those of the wild type enzyme (Table 6.17). The V,, values were, however, 2-3 times
smaller. The Eadie-Hofstee plots of the substituted enzymes had similar downward
curvatures as did the wild type enzyme, which suggested that they catalyzed
transglucosidic reactions (Figure 6.57).

Table 6.17. Kinetic constants for the wild type and the enzymes with substitutions for Trp
551 with pNPGlc and oNPGlc.

Substrate Wild Type W551A W551F
Ve | Ko | Vew | K& | Ve | Ko
pNPGle 57 1.0 18 0.9 32 0.9
oNPGle 60 3.0 25 2.1 30 29

4V, vitlues are reported in units of pmol/mg/min.
" K,, values are reported in mM.

6.8.2.1.1 pH profiles
The effect of pH was investigated from pH 3 to pH 7 with pNPGlc (Figure 6.58).
The V. pH profile for W551A B-glucosidase was similar to the V,,,, profile for wild type
but the magnitude was lower. W551F B-Glucosidase had its maximum V,, value at pH 5
rather than at 4 - 1.5. Both substitutions resulted in K, pH profiles that were similar to
that obtained with the wild type enzyme. As a result of the above differences, the V, /K,
profiles were slightly different for the substituted enzymes. The Eadie-Hofstee plots of the

enzymes curved downwards at low pH values and upwards at high pH values (similar to
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Figure 6.57. Eadie-Hofstee plot of the reaction of the f3-glucosidases with
substitutions for Trp-551 with pNPGlc, pH 4.5, 25°C. Data was
acquired by the assay methods described in section 3.6.2. (0 ) wild
type; (@ ) W551A ; and (1) W5SIF. The lines illustrate the
portion of the curves used to determine the kinetic values in Table
6.17. All assays were completed with an enzyme concentration of
1.4 ug/mL. One unit is equivalent to the production of one pumol of

product per min.
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Figure 6.58. The effect of pH on B-glucosidase hydrolysis reaction (pNPGlc)
with W351A (¢ ): WSSIF (O ); wild type (O ). The plots represent
A)Y V... BYK,. ©) V,../K,. Eadic-Hofstee plots (at each pH) were
used to determine the V,, and K, values for each plot. Assays
were completed according to Section 3.6.5. The enzyme
concentration used for each assay was 1.4 pg/mL, and all assays
were completed at 25°C. One unit is equivalent to the pmol of

product produced per minute.
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wild type enzyme). The V_, (trans) values, although not determined. seemed to be
independent of pH (from 3-7).
6.8.2.2 Reaction with natural substrates

The V,,,, values for the substituted enzymes were usually lower than for wild type.
However, they followed the same trend for the different substrates as was the case for wild
type. In general, similar trends of the K, values as with the wild type enzyme were also
seen except that W551A B-glucosidase had a lower K,,, when gentiobiose was the
substrate, while the K, values for the cellooligosaccharides were all higher than those of
wild type B-glucosidase. However, no consistent overall trend was observed.

Table 6.18. Kinetic constants obtained with natural glucosyl substrates and the 3
elucosidases with substitutions for Trp 551.

Substrate Wild type W551A WS5S1F
V. K. Voo Ko Vo K.
Ccllobiose 78 29 12 3.2 34 2.7
Celiotriose 94 0.7 34 1.8 65 31
Ccllotetraose 66 0.6 26 1.2 40 0.9
Cellopentaose 13 0.6 10 1.1 29 2.2
Gentiobiose 46 2.2 12 1.0 36 3.5

*All V. values are reported in pmol/mg/min..
*The K, values are in units of mM.

The downward curves that were normally observed on Eadie-Hofstee plots of the B-
glucosidases were only seen with W551F f-glucosidase (Figure 6.59). Eadie-Hofstee plots

of W551A B-glucosidase did not have any curvature at concentrations up to 20 mM
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Figure 6.59. Comparison of Eadic-Hofstee plots resulting from the wild type

B-glucosidase and the W551 substituted enzymes reacting with

cellobiose. Reaction conditions are detailed in Section 3.6.7.(Q )

wild type; (@) WS51A; and (3 ) W551F. All reactions were

done at 25°C, pH 4.5 with 8 pg/mL enzyme. One unit is

equivalent to the production of 1 pmol per min. of product.
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cellobiose. However, some downward curvature did occur with longer
cellooligosaccharides.
6.8.2.3 Inhibitor studics
The K, values obtained for the enzymes with substitutions for Trp 551 were
somewhat different from the values obtained for wild type (Table 6.19). W551A -
Glucosidase was inhibited to a greater extent by all of the sugars except glucose and
allose. W551F B-Glucosidase was inhibited to a greater extent by all of the sugars except
mannose and maltose. Glucose. gluconolactone. cellobiose and gentiobiose were generally
good inhibitors, while maltose and xylose and the epimers of glucose were poor inhibitors.
Overall, however, there were not any consistent trends observed.

Table 6.19. K, values for 3-glucosidase inhibitors with the W551 substituted enzymes.

Inhibitor Wild Type WS51A W551F
Glucose 2.7 1.8 14
Mannose 220 130 450
Allose 290 300 80
Galactose 280 135 85
Xylose 670 280 425
Gluconolactone 0.4 0.3 03
Cellobiose 34 1.5 0.8
Gentiobiose 4.8 1.1 2.0
Maltose 270 95 285

* K, values are reported in mM.
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6.8.3 Analysis of substrate breakdown by TLC

Analysis of cellobiose breakdown by TLC was anly done at 50 mM cellobiose
(Figure 6.60). Considering the lack of a curvature in the Eadie-Hofstec plot of W551A B-
glucosidase, it was surprising that both of the substituted enzymes produced trisaccharide
at more or less the same relative rate as did wild type enzyme. Gentiobiose was produced

after the typical lags by both of the substituted enzymes.

6.8.4 Gas-liquid chr graphy

The reactions of the B-glucosidases with substitutions for Trp 551 were analyzed
by GLC in presence of 5 and 50 mM cellobiose. The enzyme concentrations used were
chosen such that they produced glucose (Figure 6.61) at initial rates similar to the rates of
wild type enzyme (2 pg/mL). The production of gentiobiose and gentiobiosyl glucose at
5 mM cellobiose was hardly above background. In the presence of 50 mM cellobiose
(Figure 6.62) the amounts of glucose produced by the substituted B-glucosidases did not
seem to plateau as was the case with the wild type enzyme. Gentiobiose was produced, as
expected. after a lag during which glucose accumulated (Figure 6.62 (D)). Relative to the
glucose produced. the rate of production of gentiobiosyl-glucose was a little slower for

the substituted B-glucosidases than for wild type (Figure 6.62 (E) and (F)).
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Figure 6.60 Thin layer chromatographic analysis of the reactions of the -
glucosidase with substitutions for Trp-551 with 50 mM
cellobiose. A) W551A and B) W551F. Enzyme was added (8
png/mL final concentration) to the reaction mixture at zero time
and an aliquot was immediately spotted onto the plate. Spotting
was repeated at the times indicated in minutes on the bottom of
the plate. The chromatography solvent used was n-butanol:cthyl
acetate:2-propanol:acetic acid :water in the ratio of 1:3:2:1:1. The
plates were developed twice (after drying in between). Products
were detected by dipping the dried plates in 2% sulphuric acid in
methanol and charring. The standards used on the plates were 5
mM cellobiose (C). 10 mM gentiobiose (Ge) and 25 mM glucose
(G).
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Figure 6.61. Analysis of products from the reaction of the wild type f3-
glucosidase and of enzymes with substitutions for Trp-551with
5 mM cellobiose over 6 hirs. (0 ) Wild type; @) W551A; and
(B8 ) W551F. The experiments were completed as described in
Section 3.8.1.
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Figure 6.62. Results of GLC analysis of the enzymes with substitutions for
Trp-551 with 50 mM cellobiose. The products that resulted from
the reaction were: glucose (A) and (B), gentiobiose (C) and (D),
and gentiobiosyl-glucose (E) and (F). The plots in parts (A). (C)
and (E) show the change in the concentration of product over the
entire reaction time (6 hr). The plots in parts (B), (D), and (F)
show the first 60 min. of product accumulation only. The
enzymes are represented by (0 ) wild type: ( A ) WS51A; and
(O ) W551F. The substituted enzymes concentrations were
chosen so that they had an equivalent rate of glucose production

as 2 ug/mL wild type. All reactions were done at 25°C, pH 4.5.
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7. Discussion

7.1 Overview

Cellulases have enormous biotechnological potential. The breakdown of cellulose,
a rencwable resource, is important for many reasons. A, niger is known as an excellent
producer of ceflulases (Birk e al.. 1997) and B-glucosidase, the enzyme described herein,
is one of the components of cellulases.

This project began with an investigation of a commercial cellulase mixture from
A. niger. Several unique enzymes for cellulose breakdown were initially isolated from the
mixture. One of these was identified as a -glucosidase. The first experiments completed
with the purified B-glucosidase were done with 3.4-dinitrophenyl-cellobiose (DNPC).
The kinetics were quite unusual. The rate increased as a function of time and the enzyme
seemed to be inhibited at high DNPC concentrations. A preliminary TLC analysis of the
reaction products with cellobiose was also done. A disaccharide with a R, similar to that
of gentiobiose (B-D-glucopyranosyl-(1-6)-D-glucopyranose) was formed. This finding
was interesting since B-galactosidase (an enzyme from E. coli that is also being studied in
this laboratory) produces allolactose. Allolactose is similar to gentiobiose except that the
non-reducing moiety is a galactose rather than a glucose. Allolactose is the naturat
inducer of the lac operon in E. coli and it was thought possible that the B-glucosidase
from A. niger produced gentiobiose for similar reasons. Also, if gentiobiose were to be
synthesized by the same mechanism as allolactose, it would be of interest to compare the
two enzymes. There were also other reasons that the study of this enzyme was

undertaken. A review of the literature indicated that the B-glucosidase from A. niger had
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not been characterized extensively. In addition, each of the enzymes reported in the
literature scemed to have quite different properties (as discussed in the Introduction -
Section 1.2.3.2). Finally, there was no report in the literature of a gene for the A. niger -
glucosidase that had been cloned or sequenced.

A thorough physical and kinetic characterization of the f3-glucosidase from the
Sigma mixture was done. The intention was to clone the gene after the characterization
was complete and express it so that substitutions of conserved amino acids could provide
mechanistic insights.

Following the characterization of the B-glucosidase from the commercial mixture
it was discovered that a group from Israel (Dr. O. Shoseyov, Hebrew University of
Jerusalem) had already cloned and scquenced an A. niger B-glucosidase. The group had
shown that the enzyme was a family 3 glycosidase. Comparison of the amino acid
sequence of @ CNBr peptide of the commercial -glucosidase to the sequence encoded by
the gene, SDS-PAGE. native PAGE. and preliminary kinetic studies showed that the two
enzymes were identical. This led to a collaboration with the group from Israel. Analysis
of family 3 glycosyl hydroluse sequences showed which residues were conserved and
likely important in the B-glucosidase. Since Trp often plays a role in substrate binding in
glycosyl hydrolases it was determined that enzymes with substitutions for Trp be
examined. There are 21 Trp in the protein. Alignment of the available family 3 sequences
showed which Trp were most conserved. and therefore which could be of importance. In
addition, a Leu was present at the same position in this enzyme that is occupiced by a Trp

in some other family 3 glycosidases and it was decided to also study enzymes with
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substitutions for that Leu. One structure of a family 3 glycosidase (barley f3-D-glucan
exo-hydrolase) was also available and the structure was examined to help determine
which residues should be studied. The objective was to find substituted enzymes that had
large differences of their hydrolytic or transglucosidic activities compared to the wild
type enzyme. This information would allow the roles of the specific substituted amino
acids to be elucidated. Additionally, I wanted to acquire substitutions that could be
exploited for biotechnological applications. -Glucosidases with substitutions for the
following amino acids were studied: Trp 21, 49, 139, 262, 430, 551 and Leu 426.
Substitutions for Trp 806 und 813 were also created but were only studied ina
preliminary way.

The sequences of the substituted -glucosidase enzymes were checked in two
ways to ensure that the substitutions were correct and that no other mutations had
occurred to the gene sequences during mutagenesis. Firstly, following mutagenesis the
plasmids were isolated from E. coli and the B-glucosidase gene was sequenced in its
entirety. The gene was then transformed into Pichia pastoris, where it was integrated into
the genome. In order to verify that integration occurred, the Pichia genomic DNA was
isolated and primers specific to the AOX region (where the gene was inserted) of the
genome were used to amplify the integrated B-glucosidase gene. A PCR fragment of the
correct size was obtained which showed that the gene was inserted correctly into the
genome. The PCR fragment was ligated into a plasmid and sequencing was repeated to

ensure that the correct substitution was present.
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7.2 Wild type B-glucosidase

Analyses of the commercial and the recombinant B-glucosidases by SDS and
native PAGE, size exclusion chromatography and DLS were done. Native PAGE showed
that the molecular weight is 223 kDa. Size exclusion chromatography showed that the
molecular weight is 210 kDa. DLS indicated a molecular weight of 188 kDa. SDS-PAGE
gave a subunit molecular weight of 125 kDa while the sequence indicated a subunit
molecular weight of 91.4 kDa. Taken together, this data shows that the enzyme is most
likely present as a dimer.

NMR spectra of the purified commercial $-glucosidase showed that
oligosaccharides were present. Reaction of the purified enzyme with N-glycosidase F and
subsequent SDS-PAGE showed that the molecular weight was decreased and that the
carbohydrate part made up a significant portion of the molecular weight. Analysis of the
amino acid sequence showed that 14 possible N-linked glycosylation motifs (Asn-X-Ser
or Asn-X-Thr) are present. It is unlikely that all of these would be glycosylated. It has
been shown that the motifs are probably not glycosylated if the X in the motifs is Leu,
Glu. Asp, Trp or Pro (Shakim-Eshleman er ol.,1996). Examination of the 14 possible
motifs using this stricter criterion indicated that only 10 were likely to be glycosylated.
Removal of the carbohydrate chains and profiling showed that there were 7 unique
oligosaccharides. This suggests that only 7 of the 10 sites that had the favored
glycosylation motifs were glycosylated or that some of the oligosaccharides are identical.
Sequencing of the isolated oliposaccharides using the Glyko FACE® imaging system

indicated that mannose was the most prevalent sugar in these chains and that the
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oligosaccharides differed mostly in length: not in sugar composition. This was also
observed for other glycosylated proteins from A. niger (Panchal and Wodzinski, 1998)
and A. fumigatus (Rudick and Elbein, 1973). The recombinant enzyme was not analyzed
for the oligosaccharide content but the molecular weights before reaction with N-
glycosidase F, were the same for the two enzymes. In addition, the recombinant enzyme
would probably not be active if it were not glycosylated.

The only significant difference in properties that was noted between the
commercial and the recombinant B-glucosidases was that the recombinant B-glucosidasce
had larger V., values. This is likely because the recombinant enzyme was always
purified just prior to experimentation. The enzyme mixture from Sigma could have been
months old. Additionally, in order for Sigma to provide a ccllulase powder it is likely that
the enzymes were lyophilized. This was shown to cause a decrease in -glucosidase
activity. In the light of the identity of the enzymes, the discussion below pertains to both
forms of the enzyme.

The competitive inhibition studies with a number of sugars showed that the -
glucosidase is specific for glucosyl substrates. Mannose, allose, galactose and xylose
were all very poor competitive inhibitors. This indicates that the orientation of the
hydroxyls at the C2, C3 and C4 positions and the presence of a primary -CH,OH at the
C6 position are very important. In addition, cach B-glucosyl substrate was a good
inhibitor. Good inhibition by gluconolactone showed that it is a transition state analog
inhibitor. The form of gluconoluctone that resembles the transition state the most (D-

glucono-(1-5)-lactone) is present in very small amounts in solution. D-Glucono-(1-4)-



360

lactone (which is not likely to be a transition state analog) predominates (Parke et al.,
1997).

The TLC reactions with cellotriose, cellotetraose and cellopentaose Jemonstrated
that the enzyme preferentially removes glucose from the non-reducing end. Products
were released and subsequently used as substrates to be shortened by another glucose (see
Section 4.6. 1, Figure 4.12, Figure 4.13). This shows that the enzyme only cleaves
between the first and second sugars at the non-reducing end. Further evidence of the exo-
hydrolase nature was that f-D-glucopyranosyl-(1-6)-B-D-glucopyranosyl-(1-4)-D-
glucopyranose only resulted in glucose and cellobiose formation with no trace of
gentiobiose (see Section 4.6.1). This can only happen if the enzyme is an exo-hydrolase.
If it were an endo-hydrolase. gentiobiose would have been formed. The results obtained
with DNPC (Figure 4.14 and Figure 4.23) provide further evidence that the enzyme is an
exo-hydrolase. With this substrate, the evidence suggests that the two glucose
components of DNPC bind to the first two glucose subsites (-1, +1) while the DNP
portion is positioned at the third subsite (+2). This results in cleavage of the glucose-
glucose bond but not the glucose-DNP bond. Color formation only occurs after the first
bond is broken and when enough DNPGIc is formed to compete significantly with DNP-
cellobiose for binding at the first two glucose subsites. Thus the rate of DNP production
increases with time. The reason that the higher concentrations of DNPC result in slower
rates of hydrolysis than lower concentrations of DNPC is that the DNPC at high
concentrations binds to the —1 and +1 sites and blocks any DNPGle that was formed from

binding and being hydrolyzed.
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A. niger B-glucosidase has at least 5 subsites (-1 to +4) for glucose. The K, values
of cellooligosaccharides of increasing length decreased progressively and the V., as well
as the V., /K, changed in each case (see Table 4.1 and 5.1). If there were not specific
subsites for the glucoses the values of these constauts would stop changing when the
number of glucoses of the cellooligosacchurides was greater than the number of subsites.
It was found that the decreases in K, were smaller between cellotriose and cellotetraose,
and between cellotetraose and cellopentaose than between cellobiose and cellotriose. This
implies that the enzyme binds very tightly at the first three glucose subsites (-1, +1, +2).
and that the remaining two (or more) sites (+3 and +4) bind glucose more weakly.
Therefore, the enzyme is an exo-hydrolase that is adept at hydrolysis of
cellooligosaccharides of different sizes. Yazaki er al. (1997) observed that an A, niger 3-
glucosidase with properties that appear to be different from those of the enzyme
described here had 6 glucose subsites.

pNPGlc and oNPGIlc had different K, values. The K| variances between pNPGle
and oNPGle are probubly a result of the different nitrophenols binding with unique
affinities to the second glucose subsite (+1). This suggests that the second glucose subsite
(+1) has hydrophobic interactions. This is a common phenomenon for glycosidases and it
has been suggested that hydrophobic interactions also have a substantial role in the
binding at subsite +1 for a $-glucosidase studied by Ohnishi er al. (1998). The V. /K.,
value for pNPGlc was significantly higher than oNPGlc. This suggests that the enzyme
reaction is more efficient with pNPGle. One of the reasons for doing the substitution

studies was to determine if one of the conserved Trp studied was at this binding site.
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Unfortunately, there was not any definite evidence that any of the residues that were
substituted in this study were at the +1 site.

Unusual kinetic profiles were obtained for the reactions with this enzyme. There
were pH dependent rate increases or decreases at high substrate concentration. The
evidence for this has been discussed in the results section but the evidence and reasoning
will be briefly reiterated here. TLC, NMR, and GLC evidence as well as isolation and
analysis of the unknown sugars produced by the f-glucosidase indicated that the enzyme
has two possible reaction pathways. At low concentrations of substrate, the reaction is
mainly hydrolytic while at high concentrations the reaction is mainly transglucosidic. The
initial common first step for cach pathway is the glycolytic cleavage step with the rate
constant, k, (sce mechanism Figure 7.1). The enzyme cleaves the glycosidic bond in this
step. The reducing glucose (or nitrophenol) that occupied the +1 site is rapidly released
while the non-reducing portion of the substrate remains bound to the enzyme (it is
probably attached covalently (Dan er al., 2000)). The hydrolytic reaction pathway occurs
when this glucosyl enzyme reacts with water (k,) to form free glucose. The
transglucosidic pathway occurs when a second substrate molecule binds at the position
vacated by the aglycone (dissociation constant is K,") and the C6 OH group of the non-
reducing glucose (of the substrate acting as an acceptor) reacts (k) to form the
transglucosidic product (Figure 7.2). Most molecules with hydroxy! groups that were
tested were able (o act as acceptors. The action was not just restricted to the substrates.
Also, with both cellobiose and gentiobiose, sugars larger than trisaccharides are also

formed. This indicates that once a trisaccharide is formed in high enough amounts, it can
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E-Glee Glc-OR

Gle-,Gle-,0 Glc-OR

b ks -
£ = EoGlc-OR ~P E-Glc

ka

Figure 7.1. Proposed mechanism for the hydrolytic and transglucosidic
reactions of f-giucosidase. The enzyme is represented by E,
substrate is shown as Gle-OR, where the R group can be another
sugar or it can be a nitrophenyl group. Gle,-,Glc,- OR is the
transglucosidic product. Gle is glucose. Solid dots represent an
enzyme complex. The hyphen between the E and the Gle indicates
that this is probably a covalent intermediate. The common parts of
the mechanism are shown in green, the hydrolytic reaction is pink
and the transglucosidic reaction is blue. Production of gentiobiose
occurs as shown by the transglucosidic portion of the mechanism,

but in that casc the acceptor is just glucose.
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act as the acceptor of another glucose to produce a tetrasaccharide and so forth. It will be
assumed that the subsites on the enzyme for binding the glucoses of the substrate are
probably the sume subsites to which the acceptors bind. If the acceptor is a
monosaccharide it probably binds to the sume subsite (+1) that the reducing glucose (or
the nitrophenol) was bound to before it was cleaved and released from the enzyme. If the
acceptor is a disaccharide or a nitrophenol substrate it probably binds to the +1 and +2
subsites.

The unusual rate decreases at high substrate concentrations at lower pH values
and the rate increases at high substrate concentrations at high pH values occur because
the hydrolytic reaction is pH dependent over the pH range studied while the
transglucosidic reaction is pH independent. At low pH, k, is smaller than k, and
transglucosylation occurs at a stower rate than hydrolysis. Since transglucosylation is
slower than hydrolysis, the reaction appears inhibited at high substrate concentration. At
high pH. k, is smaller while k, has the same value regardless of pH and this results in
transglucosylation occurring at a faster rate than hydrolysis. It should be noted that at
high pH, k, has to be larger than k; and k; has to be larger than k, or the results obtained
would not be possible. Most of the other kinetic studics (Watanabe er al., (1992),
McCleary & Harrington (1988), Himmel er ¢l ,(1993) Yan er al., (1998), and Rashid &
Siddiqui. (1999)) in the literature on B-glucosidases similar to this one have only reported
rates at low substrate concentrations and at those concentrations the *inhibition’ and
‘activation” would not have been noted.

The data show that k, is at least partially rate-limiting at pH 4.5.



For this enzyme: k_, = Kk/(k. + ky).

The portion of the reaction mechanism with k, as the rate constant is common for all
substrates. Since the V,,,, values were different (see Tables 4.1 and 5.1) for the different
substrates and because the step with k, is not common (since the leaving groups are either
different in structure or if they are glucoses they are attached by different hydroxyl
groups). k, is at feast partially rate determining. To confirm this, stopped-flow studies
would have to be done. At pH 7, k, is no longer rate determining. As already stated, the
increases in rate at high substrate concentration (at high pH) can oaly happen if k, is
relatively large compared to k; and if k, is larger than k;.

The pH studices with oNPGle, pNPGlc and cellobiose showed that the K, values
of cach increased with decreasing pH. It is possible that one or more carboxyl groups in
the binding site become protonated at the lower pH values and reduce the enzyme's
ability to bind substrate at iower pH. However, the situation is not that clear. For
glycosidases:

K, = KkJ(k, + k,)
So, changes of any of K,, k; or k; with pH could affect the pH profiles for K,,. To
determine which caused the large increases in K, at lower pH, one would have to do
stopped flow studies. The enzyme had maximum V,, values at pH 4 - 4.5. The V, /K,
values are equivalent to ky/K,. Similar profiles were seen for the different substrates,
Again, however, no attempt was made to determine how chaages in k., k; or K, affected

the profiles obtuined.
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Since both the hydrolytic and transgiucosidic reactions probably occur by similar
reaction mechanisms, it is difficult to hypothesize what would render transglucosidation
pH independent. It is possible that a conformational change is involved. Possibly there is
a group at the active site that is ionizable and is important to keep the active site in the
correct conformation for activity. As the pH is raised and the group is deprotonated, it
could lose the correct charge and the subsequent conformation change would cause the
activity to decrease. Since sugar acceptors are much larger than water, it is conceivable
that the acceptors could use their binding interactions to hold the enzyme in the correct
conformation for reaction regardless of whether the group is protonated or not. Effects of
pH have also been found to be different for the hydrolytic and transglycolytic reactions of
B-galactosidase from E. coli (Huber et al.. 1983).

As mentioned above, TLC analyses of the reaction with cellobiose showed that a
disaccharide was formed that had the same R, as gentiobiose. Purification of the unknown
and analysis by NMR showed that the disaccharide was indeed gentiobiose. Since f3-
galactosidase forms allolactose (Huber at al., 1976) in a direct transglycosidic addition
(without prior release of glucose) it was expected that the gentiobiose would also be
formed through direct transglycosylis with the 3(1-4) bond breaking and a $(1-6) bond
forming. However, all of the data obtained for cach enzyme studied showed that there
was always a delay before gentiobiose formed and that gentiobiose was only synthesized
when the glucose concentration had built up 1o high concentrations. The gentiobiose is,
therefore, produced in the same manner as the larger oligosaccharides, via indirect

transglycosylation with glucose as the acceptor. The difference is probably that the +1
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site in this B-glucosidase has much poorer affinity than the comparable site of B-
galactosidase.

The V,, (trans) when the substrates themselves are acceptors depended on the
make-up of the substrate (Table 4.1). In particular, the V,, (trans) was higher for
cellobiose than for pNPGlc or oNPGle. When pNPGlc and oNPGle are the acceptors. the
nitrophenol group should bind at the +2 position. This could change the positioning of the
C6 hydroxyl of the glucose at the +1 position that reacts to form the transglucosidic
product. The data obtained with the cellooligosaccharide substrates showed that the +2
subsite has a high affinity {or glucose. It may also be very important {or the proper
positioning of the acceptor. Thus, there would be different V, (trans) for cach substrate.

There must be some purpose for the transglucosidic activity of the -glucosidase
or it wouid be a very inefficient way of hydrolyzing cellobiose. The enzyme may have
transglucosidic activity in order for it to produce an inducer molecule. Gentiobiose may
be an inducer similar to allolactose for the lac operon in E. coli (Huber er al., 1976). It
has been suggested that sophorose is an inducer for the Trichoderma reesei cellulases. It
is produced by that enzyme’s transglycosidic action (Carle-Urioste er al.. 1997). The
trisaccharide produced from cellobiose could also be an inducer. It is, however, also
possible that the enzyme may only produce these larger oligosaccharides as a way of
storing glucose for future use.

None of the metals studied had any effect on the enzyme activity. EDTA also had
no effect on the enzyme reaction. Metals also had no effect on a 200 kDa f-glucosidase

from A. niger characterized by Galas and Romanowska (1997) that has different
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propertics. suggesting that it may be common for metals not to be important in A, niger
B-glucosidases.
7.3 Tryptophan 21

Fourteen of 17 sequences in subfamily 4 (glycosyl hydrolase family 3) have a Trp
at a position equivalent to position 21 of the B-glucosidase from A, niger. Experimentally,
however, when this residue was substituted. the results obtained did not differ greatly
from those of the wild type enzyme.

SDS-PAGE and size exclusion chromatography indicated that the enzymes with
substitutions for Trp 21 were the same size as the wild type enzyme and were dimers.
The fluorescence spectra were not different from wild type for any of the substitutions,
which indicated there were no major structural changes. It is possible that minor
conformational changes did occur but were masked in the spectra because of the large
number of Trp in the protein. The inhibition studies indicated that the substituted
enzymes were still specific for glucosy! substrates. There were some differences in the
V... and K, values. The reasonably small K, changes suggest that Trp 21 does not have a
direct impact on substrate binding. The differences in V., were larger and may result
from smali conformational changes that effect k;. Small conformation effects would have
to be transferred to the active site and upon substitution affect the positioning of the
active site catalytic residues to cause the V, changes. It is unfortunate that an equivalent
Trp was not found in the barley enzyme that could provide some clue as to the position of

Trp-21 in the Aspergillus niger B-glucosidase. The transglucosidic reactions did not seem
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to be affected by these substitutions. The same vesults at high and low pH and high and
low substrate concentrations were observed as occurred with wild type enzyme.
7.4 Tryptophan 49

There is less conservation of Trp 49 than of Trp 21 in branch #4 of the family 3
glycosyl hydrolases. Only 10 of the 17 sequences contained a Trp at this position. In the
dissimilar sequences a variety of amino acids were observed (Lys, Phe, Ile, Gly, Ser,
Ala). In the barley B-glucan exohydrolase structure Trp-70 is equivalent to Trp-49
(Figure 7.3). It appears to be buried some distance from the active site and if it is present
at the same position in the A. niger B-glucosidase the affect on the conformation at the
active site would have to be transmitted through the structure.

The fluorescence spectra obtained with the Trp-49 substituted enzymes indicated
that there were no major structural differences between the substituted f-glucosidases
and the wild type enzyme. Ge! exclusion chromatography and SDS-PAGE indicated that
the enzymes are the same size as the wild type and are dimers. The inhibition studies
showed that the substitutions did not affect the -glucosidase preference for glucosyl
substrates. The pH profiles that were obtained were similar to wild type except for the
magnitude of the V, . values. Assays with pNPGlc, oNPGlc and cellobiose showed that
the V., and K, values were decreased. The major significant kinetic effect was that the
larger (longer) cellooligosaccharides had distinctly higher K values than the shorter
cellooligosuccharides (see Table 6.5). This is opposite to what occurs with wild type 8-
glucosidase. With wild type the K,, values decreased with increased substrate length

(probably due to cooperative affects). The data showing that the K, values for cellotriose,



Figure 7.3 Barley B-D-plucan exohydrolase structure illustrating the positioning
of Trp~19 (W70-barley)(red) relative to Trp-262 ( W286-barley)
(yellow). The catalytic nucleophile (D285-71, vilgare, D261-A. niger)
and putative catalytic acid/base (E491- //, vulgare, no equivalent in .
niger) are shown in cyan. The structure was obtained from the RCSB
protein data bank (htip://Awww.resb.org/pdbr) using the cade 1EXI.
The structure was reported by Varghese ef al., ( 1999).
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cellotetraose and cellopentaose are relatively large compared to that for cellobiose
suggests that substitutions for Trp 49 affect the +2 subsite and maybe some higher
glucose subsites. They may decrease the cooperative effects normally involved in binding
longer substrates. Since the affinity of the enzymes having substitutions for Trp-49
decreased with substrate length, it is probable that the affinity for acceptors binding to
these sites is also decreased. This would explain the need for (see Section 6.3.4) higher
substrate concentrations for the transglucosidic reactions with these enzymes. The
maximum rate of the transglucosidic reactions also appears to be small for these enzymes
(see Figure 6.20). As stated earlier (Section 7.2), the binding at the +2 site can affect how
the acceptor is oriented for the transglucosidic reaction. Wrong positioning can cause the
V. (rans) values to be low. Over and above this, the low binding affinity for acceptors
would also allow hydrolysis to occur more readily since the enzyme would not be forced
into the transglucosidic pathway. It is likely that the acceptor site in the wild type enzyme
has even higher affinity for acceptors in these subsites after glycosidic cleavage (k,) has
occurred (Huber er al., 1984) and that the effect of loss of acceptor binding is even more
significant than indicated by the increased Km values of the longer cellooligosaccharides.
Trp-49 was substituted with 5 different amino acids and each gave similar results.
(see Figure 6.20). There were some differences but they were not large. This strongly
suggests that Trp 49 does not interact directly with the substrate. If Trp 49 were directly
involved the different substitutions would have very different effects. Since Trp is a large
residue. substitution should result in at least a small cavity and if there is a collapse of the

cavity that causes conformation changes these could be transmitied to the active site. The
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Trp at the matching position in barley B-D-glucan-exohydrolase sits buried under the
active site with 1 or 2 peptide backbone chains between. The affects of the substitutions
could be transmitted through the backbone chains.

The enzymes with substitutions for Trp 49 have biotechnological implications.
For cellulose degradation to be complete, a B-glucosidase that does not form
oligosaccharides would undoubtedly be more efficient. The list of biotechnological
applications for efficient cellulose breakdown to glucose is large. Some examples are
increasing the nutritive value of animal feeds by converting cellulose to glucose.,
production of giues and for the manufacture of raw material (glucose) for the
fermentation industry (Mandcls, 1985). It would be more efficient 1o utilize a B~
glucosidase that does not have acceptor activity for the formation of the glucose.
7.5 Tryptophan 139

The Trp 139 is quite conserved within the subfamily 4 sequences of the family 3
glycosyl hydrolases. Of the 17 sequences, 14 have a Trp that matches the 139 position.
Two of these others have a Phe, and one has a Gly. W139L f3-Glucosidase had less
affinity for pNPGlc then did the wild type enzyme. Changes in V,, and K, indicate that
Trp-139 may have some type of interaction with the substrates at the +] subsite.
However, since the results are only preliminary, the role of Trp-139 cannot be predicted
with any accuracy. The equivalent residue (Tyr-160) in barley B-D-glucan exo-hydrolase
was close to the active site and thus, there would be some interactions with the glucose

subsites.



374

7.6 Tryptophan 262

Trp 262 is strictly conserved in all of the sequences of family 3 glycosyl
hydrolases. The results reported here verify that the residue is important and show that
substitution converts the enzyme into one having mainly transglucosidic activity

The fluorescence spectra were very similar to the spectra of wild type with the
exception of those obtained with W262C B-glucosidase. The emission and excitation
spectra of that enzyme were red-shifted. It is probable that the enzyme structure is
different. There are 21 Trp and unless a structural change is quite large, there would not
be a noticeable shift. Despite this difference the overall results with W262C 8-
glucosidase were quite similar to those of the other B-glucosidases with substitutions for
Trp 262. SDS-PAGE und size exclusion chromatography indicated that all of the
enzymes with substitutions for Trp-262 were the same size as the wild type enzyme and
were dimers.

Very large K| values were obtained for the inhibition of the enzymes that had
substitutions for Trp-262 (Table 6.10). Thus substrate affinity is very poor. Analysis of
the values on the table show that the greatest increase of K, vatues over wild type
occurred with glucose and gluconolactone. Increases of the K, values of up 1o 200 fold
were noted. The K, values of the epimers were not increased very much except for
mannose that had increases in the K, values of up to 30 fold. The K, values of xylose and
maltose were also not increased very much. The inhibition by disaccharides having -
glucosyl bonds (cellobiose and gentiobiose) was affected less by the substitutions (20 to

80 fold) than was inhibition by glucose. Inhibition by cellotriose was affected even less
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(8-17 fold). These data indicate that substitutions for Trp-262 cause decreases of binding
at the -1 site. In other words the substitutions cause the non-reducing glucose to bind
poorly. This places Trp-262 at the non-reducing glucose subsite (-1). This is the same
position that the equivalent Trp is present in the barley B-D-glucan exo-hydrolase (Figure
7.4).

The K,,, data (Tables 6.8 and 6.9) confirm this positioning. Large K,, values were
obtained for each nitrophenyl substrate, for cellobiose, and for gentiobiose relative to the
K., values of the wild type enzyme. The refative affects on the K, were much smaller for
cellotriose and larger celloofigosaccharides. The K, values with these substrates were
still larger than they were for wild type but by a much smaller factor.

The major result of the poor binding (and probably also poor interaction with
nucleophile) with these substituted enzymes was that transglucosidation was the major
reaction pathway. Only W262F B-glucosidase had any significant hydrolytic activity. In
general the V., values for these enzymes were quite small.

Despite the very high K,, values and low V,,, values, the pH trends in most cases
were similar to wild type, except that the V,,, values were much smaller. Since these
enzymes have mainly transglucosidic activity it could be expected that the reactions
would be pH independent just as the transglucosidic activity of the wild type enzyme is
pH independent. However since the transglucosidation rate (k,) of these enzymes is fast,
the rate of the glycosidic cleavage step (k) is slow in comparison. Therefore, k. is rate-
determining and the V,,, pH profiles are similar to those of wild type enzyme because in

that case k, was ulso rate-determining. The k, values of these substituted enzymes are
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Figure 7.4 Barley B-D-glucan exohydrolase structure illustrating the positioning
Trp-262 (W286-barley) (red). The catalytic nucleophile (D285-
Hovulgare, D261-A. niger) and putative catalytic acid/base (E491-
H.vulgare, no equivalent in A, niger) are shown in cyan, The
structure was obtained from the RCSB protein data bank
(htip://www.resb.org/pdb/) using the code 1EX1. The structure was
reported by Varghese er al., (1999).
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probably smail and rate determining because of the effects of the substitutions on the
adjacent catalytic nucleophile, Asp-261.

The pH profiles of the effects on the K,, vatues of W262C and W262L §3-
glucosidases were unusual (Figure 7.5). They did not change much as a function of pH.
‘The substitution must affect the structure so that the affinity for the substrate is not
affected by pH changes. The substitutions could move an ionizable group that normally
affects binding out of position so that the binding becomes pH independent.

Since Phe has an aromatic side-chain, one might think that substitution by a Phe
would result in an enzyme with similar properties as wild type. However. when Trp-262
was substituted by a Phe the same binding effects as those observed with the other
substitutions were found. On the other hand, the effects on the V., on the transglucosidic
and reactions did indicate that the enzyme substituted with a Phe had some characteristics
of the wild type enzyme. The hydrogen bonds with Trp-262 may be more important for
binding the non-reducing glucose than are the stacking interactions. It is also possible that
Phe is not oriented into the same position as Trp is in the wild type enzyme and thus does
not allow for good stacking.

The enzyme with the Phe substitution had the highest V,, values of the
substituted enzymes and the proportion of the transglucosidic reaction was the largest
with that substitution. It is possible that Trp is only required to maintain a hydrophobic
environment in the active site (Kurik e7 al., 1996). However, it would be expected that
Leu could also fulfill this role and the data do not support that it does. It is interesting that

transglucosidation was not affected as much by the substitution with Phe as was binding.
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Km 3 \ 3

(mM)

Figure 7.5. pH profiles (K,,) of the W262 substituted enzymes with pNPGlc
(25°C). The data for the substituted enzymes is shown in part (A)
and the corresponding wild type plots is shown in (B). The
enzymes are represented by (4p) W262A, (O) W262C, (A)
W262F. () W262L and (O ) for wild type. All kinetic values
were obtained from Eadie-Hofstee plots. All of the reactions were

done using E.4 pg/mL enzyme at 25°C.
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Most likely. the k, is also not affected as much as is k, but stopped flow evidence would
be needed to confirm this.

The evidence obtained suggests that the following occur with the enzymes having
substitutions for Trp-262. Upon substitution for Trp-262, the non-reducing glucose of the
substrate no longer binds well and in addition Asp-261 (the catalytic nucleophile adjacent
to Trp 262) is not orientated normally. Thus. very high concentrations of substrate
(because of the large K, values) are needed to bind the substrates for the glycosidic bond
cleavage step. The rate is also very slow (prabably because Asp-261 is mis-orientated).
However, cleavage does occur slowly (a small k,). Since the subsites to which the
substrates bind as acceptors (subsites +1 and +2) seem to have been unaffected by
substitutions for Trp-262 they become essentially suturated with acceptor at the high
concentrations of substrate needed for binding as substrates. Thus, only the
ransglucosidic reaction takes place. It is possible that the k, value is ulso decreased by
the substitutions and thus, that the hydrolytic reaction is further suppressed. The evidence
for this is that the enzyme substituted by a Phe stil} has some hydrolytic activity. When
Phe is substituted it still may be able to line the residues up more favorably for the
hydrolysis reaction (k,) since Phe is also aromatic.

The predominant transglycosidic activity of the enzymes with substitutions for
Trp-262 has valuable biotechnological potential. If an acceptor is added, one should be
able to readily synthesize a glucopyranoside with the acceptor added in the §
configuration. Karthaus ez al. (1994) produced unique molecules by varying the acceptor

added 1o an unsubstituted glycosidase from another organism. The transgiycosidic ability



380

of some other enzymes has also been utilized for synthesis of larger sugars (Hansson er
al., 2001, Shoda er al., 1993). Sugars larger than disaccharides are quite expensive to
synthesize because they are difficult to make and purify. Chemical synthesis of
oligosuccharides takes many steps since it is necessary to add protective groups. When
transglycosidic enzymes are used. the specificity of the particular enzyme can be used to
setect for the desired reactions and products (Shoda et al., 1993) without protection. The
use of enzymes for oligosaccharide synthesis allows much milder conditions to be
utilized (Hansson er al., 2001). For most of the enzymes where the transglycosidic
activity has been investigated for use in oligosaccharide synthesis. the yield of products
was fairly low (20-40%) (Nikolova er al., 1996, Onishi and Tanaka, 1995.). Recently,
Hansson ez al. (2001) were able to engineer a B-glucosidase from Pyrococcus furiosus
that produced 45% transglycolytic products. The yield from three of the -glucosidases
with substitutions for Trp-262 was 100%. No hydrolysis occurred. Thus. the potential is
obvious.
7.7 Leucine 426

Leu 426 is highly conserved. Of 17 aligned sequences in branch 4 of the family 3
glycosidases only one did not have a Leu and it had a Ile. Due to this high conservation it
was expected that substitution of this residue would provide some interesting results.
Furthermore, the equivalent of this residue in the barley B-D-glucan exo-hydrolase is a
Trp that is thought to interact with a glucose (Varghese ef al.. 1999). It was, therefore,

hoped that studies with this substituted residue would reflect these interactions.
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The fluorescence studics showed that the emission and excitation spectra were all
very similar to the spectra of wild type. Thus there were no major structurat differences
as a result of the substitutions for the Leu. SDS-PAGE and size exclusion
chromatography showed that the substituted 8-glucosidases were the same size as the
wild type enzyme and were dimers.

Surprisingly, the kinetic results did not show large differences from the wild type
enzyme. The inhibitor studies showed that the B-glucosidases with substitutions for Trp-
426 were still specific for glucosyl residues and the pH profiles did not show any major
differences from the wild type enzyme. Overall the V,, and K, changes were not oo
different. Reactions with the cellooligosuccharides also showed the same general trends
as wild type. The only real difference noted was that the glucose production plateaued at
higher concentrations than for wild type (Figure 6.-4+4). Studies to see if this is significant
would have to be checked out at even higher cellobiose concentrations than were used in
the experiment of Figure 6.4,

The results suggest that this residue is not directly involved in binding the glucose
subsites in the B-glucosidase from A, niger. It is possible that the effect of these
substitutions may be masked by the Trp-430 residue. These amino acids may have to
function together. They are quite close together in barley 3-D-glucan exo-hydrolase
(Figure 7.6) and if they were only required to maintain a hydrophobic environment, the

substitutions chosen would not greatly affect that role.



Figure 7.6 Barley B-D-glucan exohydrolase structure illustrating the positioning
Leu-426 (W430-barley) (yellow), Tip-430 (W434-barley) (magenta)
and Trp-262 (W286-barley) (red). The catalytic nucleophile (D285-
Hovulgare, D261-A. niger) and putative catalytic acid/base (E491-
H.vudgare, no cquivalent in A. niger) are shown in cyan. The
structure was obtained from the RCSB protein data bank
(http//www.resb.org/pdb/) using the code 1EX1. The structure was
reported by Varghesc et al., (1999).
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7.8 Tryptophan 430

Trp-430 was also expected to show interesting results. This site is fess conserved
than Leu 426, but 12 of the 17 sequences have a Trp at this position. One of the others
has a Tyr and the remaining <4 have a Gly. Again, comparisons to the structure of barley
B-D-glucan exo-hydrolase suggest that this is an important residue (Figure 7.6).

The fluorescence spectra of the B-glucosidases with substitutions for Trp 430
indicated that none of the substituted enzymes had major structural differences from the
wild type B-glucosidase. Size exclusion chromatography and SDS-PAGE indicated that
the enzymes were the same size as wild type and were dimers.

The inhibition studies indicated that there were no changes of the glucosyl
preference of the wild type enzyme and the pH profiles were generally similar. The
largest effects were on the V,, values and only small changes of the K values were
observed.

W430L B-Glucosidase was somewhat different from the other substituted f3-
glucosidases. Its transglucosidic reaction was relatively slow. It is hard to explain why
this substitution affected the transglucosidic rate but that the others did not.

It is possible that the role of this Trp is to maintain a hydrophobic environment in
conjunction with Leu-426. The substitutions chosen would not greatly change the
environment since no polar or charged residues were investigated. It is also possible that

Trp-430 is not near the active site of the enzyme.
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7.9 Tryptophan 551

The branch #4 sequence alignment showed that 10 of the 17 sequences have a Trp
at a site equivalent to that of Trp-551. The other residues were 2 Leu, 3 Ala, 1 Phe and 1
Tyr.

The fluorescence spectra obtained for the W551 substituted enzymes showed that
the substituted enzymes did not have any major structural difference from the wild type
enzyme. SDS-PAGE und size exclusion chromatography indicated that the enzymes had
the same molecular weight as the wild type enzyme and that they were dimers.

The enzymes were Kinetically similar to wild type except that the pH optimum for
the V,,,, of W551F §-glucosidase was slightly higher than for wild type and that W551A
B-glucosidase reacted abnormally with cellobiose. If Trp-551 is located in a similar
position as in the barley enzyme, it is not close to the binding or catalytic sites. The small
effects of the substitutions probably result from small conformation changes that are
transmitted from some distance away. There again was an effect where the glucose
production plateaued at higher levels than with wild type.

7.10 Future work

Stopped flow kinetics studies would be useful to show more precisely how the
enzymes are acting. This technique was not available at this institution when this work
was done.

It would be very helpful to have a structure of this enzyme in order to understand
the effects of the substitutions better. The B-D-glucan exo-hydrolase structure was

somewhat helpful but the two enzymes only have 37% identical sequence and the A.
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niger B-glucosidase is almost 200 amino acids larger. Some of the residues that seem to
be located at the active site of that enzyme do not seem to play a role in the B-glucosidase
studied here.

Studies with substitutions at other positions could be carried out. The catalytic
nucleophile has been identified (Dan er al., 2000) but the catalytic acid/base base is still
unknown. Additionally there is the possibility that a third carboxylic acid could be
involved in the transglucosylation reaction (Kim er al., 2000). Additionally, there are
several residues that are positioned in the barley 8-D-glucan cxo-hydrolase active site
(Varghese et al., 1999) and that are conserved in the A. niger enzyme that could be
studied. The hydrophobic patch may be involved in glucose binding. Met-250 and Met-
316 (H. vulgare numbering) of this patch are strictly conserved. The basic patch might
also be of interest as these residues could also be involved in hydrogen bonding to the
glucose in the -1 subsite. In addition Tyr-253 and Asp-95 are strictly conserved in branch
#4 of the family 3 glycosidases. Tyr-253 may interact with the glucose in the -1 site while
Asp-95 may interact at the +1 binding site. Tyr-229 (A, niger) which is the equivalent of
Tyr-253 from the barley enzyme, may have a role similar to that of Tyr-503 in -
galactosidase (E. coli), which is highly conserved and found in the catalytic site
(Jacobson er al.. 1994).

The two substitutions that were the most interesting could be investigated further.
The B-glucosidases with substitutions for Trp-262 could be reacted with a variety of
acceptors to try to form unique products. Further studies with the enzymes with

substitutions for Trp-49 would give more information on how they function. Also, it
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might be beneficial 10 look at the affects of substituting both Leu-426 and Trp-430 at the
same time. These residues may mask the actual roles when substituted separately. The
effects of some of the substitutions on the levels at which glucose platcaus might be
worth following up.

One reason that Pichia pastoris was chosen for expression of the recombinant
enzymes is that it is known to glycosylate proteins that are secreted (Fu er al., 2001).
Since the glycosylation pattern of the Sigma B-glucosidase has been determined, the

recombinant enzyme's glycosylation patterns should also be explored.
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Appendix 1

Dynamic Light Scattering Parameters



Table I-1 Parameters used for Dynamic Light Scattering
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PARAMETER SETTING
Hardware Configuration:
Laser wavelength (A) 8276
Scattering angle (degrees) 90
Clean water count 6500
APD Bias Voltage:
Normal (100%) 1401
Reduced (10%) 1261
Sensitivity Setting 100%
Count Rates:
Threshold 6500
Medium 19500
High 100000
Photon Counts:
Low 58500
Medium 175500
High 900000
Solvent:
Name aqueous buffer

Refractive Index

1.333
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Viscosity

1.019

Viscosity Temperature coefficicnt

2024

Molecular weight model selected

standard curve

Standard Curve:

Name Globular
Rh factor 1.549
Power 2426

Volume Shape Hydration:

Name bovine pancreas trypsin inhibitor (BPTI)
Specific Volume 0.718
Frictional Ratio 1.18
Correlator 20 CHorig)
Maximum Acquisition Time (s) 10
S/N Threshold 1
pH 4.5
Concentration 2.61 (recombinant) / 5.05 (Sigma) mg/mL
Buffer Sodium Acctate 0.15 M

Detergent

none
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Appendix [



Appendix 11: Carbohydrate Structures

All carbohydrate structures were drawn using Chem3D Pro™!.
The same color scheme was used for all of the carbohydrates. Carbons
are black, oxygens are red, nitrogens are blue, and hydrogens (shown
only for monosaccharides) are pale blue. The common name (or name
used in the text) is shown first followed by the scientific nomenclature in
brackets. Cellobiose is shown for comparative purposes on cach page.
The carbohydrate structures are grouped as substrates, products, and
inhibitors.
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Aryl B-Glucosidase Substrates
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Sugar Name

Structure

Cellobiose
(B-D-glucopyranose-(1-4)-
B-D-glucopyranose)

DNPC
(3.4-dinitrophenyl-
cellobiose)

pNPGle
(p-nitrophenyl-
B-D-glucose)

oNPGl¢
(o-nitrophenyl-
B-D-glucose)




Disaccharide B-Glucosidase Substrates

Sugar Name

Structure

Ccllobiose
(B-D-glucopyranosc-(1-3)-
B-D-glucopyranose)

iso-trehalose
(B-D-glucopyranose-(1-1)-
$-D-glucopyranosc)

sophorose
(8-D-glucopyranose-(1-2)-
B-D-glucopyranose)

laminaribiose
(B-D-glucopyranose-(1-3)-
B-D-glucopyranose)

gentiobiose
(B-D-glucopyranose-(1-6)-
-D-glucopyranose)
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Cellooligosaccharide B-Glucosidase Substrates

Sugar Name Structure

Cellobiose
(B-D-glucopyranose-(1-4)-
B-D-glucopyranose)

o ]
cellotriose
(B-D-glucopyranose-(1-4)-
B-D-glucopyrnose-(1-4)-
B-D-glucopyranose) °
Q@ |
o
ccllotetraose o 2

{ B-D-glucopyranose-(1-4)-

B-D-glucopyranose-(1-4)-

B-D-glucopyranose-(1-4)-
B-D-glucopyranose)

cellopentaose
(B-D-glucopyranose-(1-4)-
B-D-glucopyranose-(1-4)-
B-D-glucopyranose-(1-4)-
B-D-glucopyranose-(1-4)-
B-D-glucopyranosc)
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Carbohydraies Produced by the B-Glucosidasc Transglycosylation Reaction
with Cellobiose, pNPGle, and Gentiobiose (in vertical order).

Sugar Name Structure

Ccllobiose
(B-D-glucopyranose-(1-4)-
B-D-glucopyranosc)

4-O-gentiobiosyl-glucose

(B-D-glucopyranose-(1-6)- d

B-D-glucopyranose-(1-4)-
$-D-glucopyranosc)

o
®
pNPGe
(p-nitrophenyl-
B-D-glucopyranose-(1-6)-
B-D-glucopyranose)
©

6-O-gentiobiosyl-glucose

{B-D-glucopyranose-(1-6)-

B-D-glucopyranose-(1-6)-
B-D-glucopyranose))




Monosaccharides used as Inhibitors of the B-Glucosidase 4l

0

Sugar Name

Structure

cellobiose
(B-D-glucopyranose-(1-4)-
B-D-glucopyranosc)

glucose
(B-D-glucopyranose)

mannosc
(B-D-mannopyranose)

allose
(B-D-allopyranose)

galactose
(B-D-galactopyranose)
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Other B-Glucosidase Inhibitors

Sugar Name

Structure

cellobiose
(B-D-glucopyranose-(1 -3)-
B-D-glucopyranosc)

&-gluconolactone

maltose
a-D-glucopyranose-(1-4)-
a-D-glucopyranose




Appendix II1
NMR
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Appendix I1I: NMR Values

The NMR chemical shift values for the various sugars were determined from either
HMQC or TOCSY. The chemical shift values are reported in terms of ppm, according to
convention. The sugars (that are larger than monosaccharides) are listed from the non-
reducing end to the reducing end. Since the reducing end can be either o or B due to
mutarotation there are to possibilities for each sugar. Both are shown. Each sugar of the
carbohydrates is shown on a new line. Thus a trisaccharide will have chemical shift
values on three lines (from non-reducing to reducing end). The linkage between
monosaccharide units is indicated in brackets with and arrow. therefore (1—4) indicates
that two monosaccharides are joined from the anomeric carbon (carbon #1) of the non-
reducing end sugar to the carbon #4 of the second sugar. Gle indicates that the sugar is

glucose. NP represents nitrophenol.



Table 111-1. *C values for unknown sugars.

414

Compound C-1 C-2 C-3 C-4 C-5 C-6
B-Gle-(1=»6)- 103.5 74.2 76.8 70.8 77 62
B-Gle 97 75 77 70.5 75.8 69.9
B-Glc-(1-+0)- 103.5 73.2 76.8 70.8 77 62
a-Gle 93 72.8 73.8 70.5 715 69.8
B-Gle-(1—=4)- 104 74.5 77 70.8 715 62
B-Gic 97 75 75.5 79.8 76 G61.5
B-Gle-(1—=4)- 104 745 77 70.8 77.5 62
a-Gle 93 725 725 80 713 6l1.1
B-Gle-(1—6)- 102.2 73 75.7 69.8 76 60.8
B-Glc-(1—4)- 102.7 73 75.7 69.8 76 69
B-Glc 95.8 74 74.1 79 74.8 60
B-Glc-(1=+6)- 102.2 73 75.7 69.8 76 60.8
B-Gle-(1=+4)- 102.7 73 75.7 69.8 76 69
a-Gle 95.9 71.2 71.5 785 70.4 60
B-Glc-(1=»6)- 104 74.5 76.9 71 77 62
B-Glc -NP 100.8 74 70.5 76.8 76.8 69.8
B-Gle-(1—+4)- 103.8 4.5 76.8 70.7 772 Gl.8
B-Gle -NP 100.5 739 69 772 76.8 6l




Table 111-2. 'H NMR values for unknown sugars.
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Compound H-1 H-2 H-3 H-4 H-5 H-6
B-Gle-(1-6)- 4.49 33 3.49 3.38 3.45 372 391
B-Gle 4.64 3.24 34 3.42 3.62 4.14 3.84
B-Gle-(1=6)- 4.49 3.3 3.49 3.38 345 372 3.9
«-Glc 5.22 3.52 3.7 3.46 3.96 4.19 3.88
B-Gle-(1=24)- 4.5 3.34 352 344 348 374 39
B-Glc 4.65 3.28 3.63 3.63 3.6 3.82 3.85
B-Gle-(1-+4)- 4.5 3.34 3.52 3.44 348 374 39
«-Gle 5.22 3.57 3.82 3.64 3.95 3.79 3.94
B-Gle-(1=+6)- 4.55 3.33 3.53 342 3.5 3.55 3.92
B-Gle-(1-+4)- 4.52 3.38 3.55 3.52 347 3.87 4.23
B-Gle +4.68 3.28 3.67 3.65 3.62 3.75 3.98
B-Glc-(1=6)- 4.55 3.33 353 342 35 3.55 3.92
B-Gle-(1=4)- 4.52 3.38 3.55 3.52 347 3.87 4.23
a-Glc 5.24 3.59 3.84 3.7 3.96 3.86 40
B-Gle-(1=6)- 448 3.32 3.47 3.4 3.39 3.39 39
B-Glc -NP 5.28 3.68 3.62 3.67 392 3.94 4.23
B-Gle-(1=+4)- 4.58 3.38 3.58 3.48 3.53 3.8 395
B-Glc -NP 5.32 3.72 3.68 3.75 3.92 3.88 4.03
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Table IV-1. GenBank accession numbers for sequences used in sequence alignments.

Organism GenBank Accession Number
Ajellomyees capsulatus U20346
Aspergillus aculeatus DGH088
Aspergillus kawachi AB003470
Aspergillus niger AJ132386
Aspergillus wentii P29090
Botrvotinia fuckeliana AJ130890
Coccidioides immitis (a) U87805
Coccidiodes immitis (b) AF022893
Cochliobolus heterostrophus AF027687
Gaeumannomyvees gaminis (2) 135463
Guaeumannomvees gaminis (b) U17568
Hordeum vulgare U46003
Phanerochaete avenaria AJ276675
Phanerochaete chrysosporium AF036872
Pichia anomola X02903
Saccharomyees fibuligera (a) M22474
Saccharomyces fibuligera (b M?22476
Septoria Ivcopersici U24701

Trichoderma reesei

U09580

417





