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The degradation of carbohydrates is essential to many biological processes such as cell
wall remodelling, host-pathogen defense, and energy synthesis in the form of ATP. Several of
these processes utilize carbohydrate-active enzymes to accomplish these goals. Studying the
degradation of polysaccharides by carbohydrate-active enzymes synthesized by microbes has
allowed us to further understand biomass conversion. A portion of these polysaccharides consists
of B-1,3-linked glucose (i.e. B-1,3-glucan), which is found in plants, fungi, and brown
macroalgae. The hydrolysis of $-1,3-glycosidic linkages is catalyzed by (3-1,3-glucanases, which
are present in six different glycoside hydrolase (GH) families: 16, 17, 55, 64, 81, and 128. These
enzymes play important biological roles including carbon utilization, cell wall modeling, and
pathogen defense. This study focuses on a gene from Bacillus halodurans encoding for a multi-
modular protein (BhLam81) consisting of a glycoside hydrolase from family 81 (BAGHS81), a
carbohydrate-binding module (CBM) from family 6 (BACBM6), and a CBM from family 56
(BhCBM56). Previously, thorough structural and substrate-specific characterization has been
carried out on BACBM6. This CBM binds the non-reducing end of 3-1,3-glucan. A member of
CBM family 56 has been shown to recognize and bind the insoluble $-1,3-glucan, pachyman,
however it is structurally uncharacterized. A glycoside hydrolase belonging to family 81 from
Saccharomyces cerevisiae has been previously shown to degrade the (3-1,3-glucans, laminarin

and pachyman, however the structure of this enzyme was not determined. Recently, a member of
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GH family 81 has been structurally characterized; however, substrate-specificity was not
determined in that study. Therefore, this study concentrated on two goals: Determining the
substrate-specificity of BAGH81 and BACBM56, and solving the structure of BAGH81 and
BhCBM56 in order to gain insight into the molecular details of how they recognize and act on
their substrate(s). The deoxyribonucleic acid (DNA) encoding for these modules were dissected
by restriction digest from B. halodurans genomic DNA and recombinantly expressed in
Escherichia coli (E. coli) as separate constructs. Both BAGH81 and BACBMS56 were purified and
their crystal structures obtained. BAGH81 and BACBM56 were solved to 2.5 A resolution by
single-wavelength anomalous dispersion (SAD) and to 1.7 A resolution by multi-wavelength
anomalous dispersion (MAD), respectively. In order to determine the substrate-specificity of
BhGHS81 and BA.CBMS56 and speculate on the molecular details of how they recognize and act on
their substrate(s), substrate-specificity tests were combined with structural analysis for both of
these modules. By using qualitative depletion assays, quantitative depletion assays, and affinity
electrophoresis, it was revealed that BACBMS56 binds both insoluble and soluble (3-1,3-glucan.
The crystal structure of BACBMS56 revealed that it is a f-sandwich composed of two antiparallel
B-sheets consisting of five B-strands each. By comparing BACBMS56 to a -1,3-glucan binding
protein from Plodia interpunctella (BGRP) a putative substrate-binding cleft on the concave side
of the B-sandwich created by a platform of hydrophobic residues surrounded by several polar and
charged residues was revealed. This comparison also allowed for speculation of the amino acids
(W1015, H965, and D963) that are potentially essential for recognition of -1,3-glucan
substrates by BACBMS56. Activity of BAGHS81 on 3-1,3-glucans was confirmed by both thin-
layer chromatography and product analysis using high performance anion exchange

chromatography. The high performance anion exchange chromatography of B2#GHS81 hydrolysis



suggested it has both exo and endo modes of action. The crystal structure of BAGHS81 revealed
that it consists of domains A, B, and C: A B-sandwich domain (A), a linker domain (B), and an
(o/a)e-barrel domain (C). This structure revealed a putative substrate-binding cleft on one side of
the (o/a)s-barrel with a blind canyon active site topology. It also revealed two putative catalytic
residues, E542 and E546. All GHs from family 81 characterized so far, hydrolyze 3-1,3-glucan
in an endo acting manner. By comparing the structure of B2#GHS81 acquired in this study to a
cellulase from Thermobifida fusca, which has an endo-processive mode of action, we can
speculate that BAGHS81 also has an endo-processive mode of action. The structural and
biochemical analysis of BAGH81 and BACBMS56 in this study has aided in further understanding
the molecular details both GH family 81 and CBM family 56 proteins, as well as the degradation
of B-1,3-glucan by multimodular enzymes. Understanding these molecular details could be
important for industrial applications such as, engineering a microbial platform for more efficient

biofuel production.
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Chapter 1
Introduction
1.1 Carbohydrates in Nature

Carbohydrates are the most abundant macromolecular structures found in nature. They are
found in a surplus of places, such as bacterial cell surfaces and biofilms, plant cell walls, insect
exoskeletons, and mammalian cell surfaces. Additionally, carbohydrates are the most complex
macromolecular structure on the planet (Wang et al., 2007) and are organized into four chemical
groups that differ in length: monosaccharides, disaccharides, oligosaccharides, and
polysaccharides. These saccharides are linked together by glycosidic bonds synthesized by
connecting the anomeric hydroxyl (bonded to the anomeric carbon) of the glycosyl donor to the
alcoholic hydroxyl of the glycosyl acceptor. In a carbohydrate molecule, the anomeric carbon is
the carbonyl carbon.

These saccharides can have various properties that result in a great diversity of
polysaccharide structures. Monosaccharides can either be five membered rings (furanose) or six
membered rings (pyranose). There are a number of monosaccharides that exist is nature such as
glucose, fructose, thamnose, xylose, arabinose, galactose, ribose, deoxyribose, mannose, and
uronic acid. In addition to these monosaccharides having several hydroxyl groups that can form
bonds with anomeric hydroxyls of other saccharides, the anomeric stereochemistry can be either
a or . In D sugars, the stereochemistry of the anomeric centre can be in the axial or equatorial
position, resulting in an a and  bond, respectively. In L sugars, the stereochemistry for a and 3
bonds is reversed. Carbohydrates become increasingly complex as all of these different bonds
and monosaccharides are combined to create a polysaccharide chain. Some polysaccharide

chains consist of many different bonds and monosaccharide types. These chains can also have



branch points, adding further complexity to these chains. All of these properties contribute to the

formation of complex and diverse structures and roles of carbohydrates.

1.1.2 Carbohydrates in plants and fungi

The prevalent contributors of terrestrial biomass are the carbohydrates found in the plant
cell wall (Duchesne, & Larson, 1989). The plant cell wall consists mainly of cellulose, a linear a
polymer of B-1,4 linked glucose. Cellulose exists in two forms in nature: amorphous and
crystalline. Crystalline cellulose polymers associate with themselves through inter- and
intramolecular hydrogen bonds and van der Waals forces to create cellulose fibrils and
microfibrils. It is these hydrogen bonds that make crystalline cellulose recalcitrant to degradation
by enzymes secreted from various organisms (Tomme et al., 1995). Additionally, the robust
crystalline form of cellulose is particularly insoluble and responsible for the majority of the
tensile strength of the cell wall. Amorphous forms of cellulose lack these hydrogen bonds and
forces and are therefore, more readily degraded by secreted enzymes. The plant cell wall
contains a number of other carbohydrates called hemicellulose, which includes xylan (B-1,4-
linked xylose), mannan (-1,4-linked mannose), mixed B-1,3-1,4-linked glucan, and B-1,3-linked
glucan (Tomme et al., 1995). The plant cell wall also contains pectins, which consist of
heteropolysaccharides composed of an a-1,4-D-galacturonic acid backbone with arabinose,
galactose, and rhamnose substituents (Tomme et al., 1995). The plant cell wall is a major
contributor to biomass and consists of a complex web formed by cellulose with regions attached
to hemicellulose and pectin (Tomme et al., 1995). This complexity makes the cell wall

recalcitrant to environmental stress and biological attack.



Another glucose polysaccharide that is a major contributor to terrestrial and aquatic
biomass is B-1,3-glucan. This polymer has several sources, mainly from the plant and fungi
kingdoms. B-1,3-Glucans have a variety of biological roles which are dependent on their
structure, solubility in water, degree of polymerization, degree of branching, and conformation.
For example, evidence has suggested that pachyman from Poria cocos is an insoluble -1,3-
glucan with a degree of polymerization of approximately 255 with a few 3-1,6-linkages and three
to six B-1,2-linked branch points (Hoffman, 1971). B-1,3-Glucan in fungi plays a structural role
in the fungal cell wall along with -1,6-glucans, mannoproteins, and chitin (Cheng, Hong, Liu, &
Meng, 2009). In species of higher plants, a B-1,3-glucan called callose precedes the deposition
of cellulose (Samuels, Giddings, & Staehelin, 1995) and plays an important role in the
development and response to many biotic and abiotic stresses (Chen & Kim, 2009). The structure
of callose consists of a linear glucose polymer constructed mostly with -1,3-linkages and some
B-1,6-linkages (Aspinall & Kessler, 1957). B-1,3-Glucan also exists in kingdoms other than
plants and fungi (Stachelin & Hepler, 1996). For example laminarin plays a role as a storage
polysaccharide in brown macroalgae, which belongs to the kingdom chromista (Beattie et al.,
1961). Electrospray-ionisation-mass spectrometry analysis of laminarin has revealed that it is
soluble, has a mean degree of polymerization of 25, can contain up to four -1,6-linked branches
per molecule, and has an average of 1.3 branches per molecule (Read, Currie, & Bacic, 1996).
All B-1,3-glucans analyzed so far have been shown to be triple-helical structures via several
methods, such as solid state *C nuclear magnetic resonance spectroscopy and x-ray fiber

diffraction (Kanagawa et al., 2011).



1.2 Carbohydrate-active enzymes

The complexity and abundance of carbohydrates allows for a variety of biological roles. Thus,
organisms from all biological kingdoms synthesize enzymes that function to degrade
carbohydrates. These enzymes contribute to a number of biological functions, such as
metabolism of glycoconjugates, oligosaccharides and polysaccharides, degradation of the host
cell wall and storage polysaccharides in plant pathogens (Zerillo et al., 2013), and remodeling of
the cell wall (Adams, 2004). Due to the variety of biological roles they are involved in, these
enzymes are of particular interest to scientific researchers and are called carbohydrate-active
enzymes. There are four types of carbohydrate-active enzymes: glycoside hydrolases (GHs),
polysaccharide lyases, carbohydrate esterases, and glycosyl transferases. Since hydrolysis is the
most common reaction involved in the degradation of carbohydrates, GHs are the most abundant
and best characterized (Davies, Gloster, & Henrissat, 2005) type of catabolic carbohydrate-active
enzyme (Henrissat & Davies, 1997).

Glycoside hydrolases are extremely important in biomass turnover through degradation
of the plant, fungal, and algal cell wall carbohydrates; therefore, they are essential in numerous
biological and industrial processes. These GHs are often secreted by microbes. However, these
cell walls can be recalcitrant to enzymatic attack because they can contain complex
polysaccharide structures such as that of cellulose, pectin, and hemicellulose in the plant cell
wall. Microbes overcome this recalcitrance by secreting enzymes with different modes of action.
Two main modes of action exist among carbohydrate active enzymes: Endo (endoglycanases)
modes of action and exo modes of action (exoglycanases). An endoglycanase cleaves internal
glycosidic bonds of a polysaccharide chain, whereas an exoglycanase cleaves terminal glycosidic

bonds of a polysaccharide chain. Enzymes can sometimes possess combinations of these two



modes of action such as, endo-processive enzymes. These enzymes have an initial endo mode of
action followed by a processive exo mode of action. Processive hydrolysis is the ability of an
enzyme to release the product while remaining strongly bound to the remaining polysaccharide
chain.

Microbes have also evolved enzymatic schemes in which enzymes with different modes
of action cooperate in order to degrade the complex carbohydrates in the cell wall. An example
of this is seen with cellobiohydrolase II and endoglucanase I and II from Trichoderma reesei,
where these enzymes were shown to work together exhibiting a synergistic effect on the
degradation of cellulose (Henrissat, Driguez, & Schulein, 1985). A cellobiohydrolase is an
exoglycanase that hydrolyzes cellulose and releases two glucose residues linked by -1,4-
linkages (cellobiose) as a product. Crystalline cellulose has very few reducing and non-reducing
ends available to exoglycanases. Endoglycanases can cleave the internal B-1,4-linked glycosidic
bonds, resulting in more free non-reducing and reducing ends. The shorter polysaccharide chains
created by the endoglycanases can then be degraded by exoglycanases from the newly exposed
ends. This would then allow the endoglycanases more access to longer polysaccharide chains. In
this way, endoglycanases and exoglycanases can cooperate to allow for a synergistic degradation
of complex polysaccharides contained in cell walls. This result indicates one of the several
examples of how enzymes with different modes of action can cooperate to degrade

polysaccharides that are resistant to enzymatic attack.

1.2.1 Glycoside hydrolases
There are currently 133 glycoside hydrolase families that are classified based on amino

acid sequence similarities; these are publicly accessible from the carbohydrate-active enzymes



(CaZY) database (www.cazy.org) (Cantarel et al., 2009a). These families are grouped into 14
clans, GH-A to GH-N based on the specific three-dimensional (3D) fold of the enzyme and the
mechanism with which the enzyme degrades it substrate (Figure 1) (Henrissat & Davies, 1997).
The 3D folds currently known are: (a/a)s, 6-fold-f- propeller, (B/a)s, f-helix, p-jelly roll, a + {3,
5-fold-B-propeller. The most common clan among all 133 families is GH-A, in which the core of
the enzyme exhibits an (/at)s fold. This consists of eight B-strands connected by a-helices
forming an o/B-barrel (Yu, et al, 2013). Some families possess the same 3D fold, yet they are
grouped into different clans because GH families that have similar fold can have a significantly

different catalytic mechanism.

1.2.2 Mechanism of glycoside hydrolases

The mechanism of glycosidic bond hydrolysis by enzymes has been studied thoroughly. Most
glycoside hydrolases share a common mechanism where two amino acids are responsible for
catalyzing the hydrolysis of the glycosidic bond. The amino acids involved in catalysis are
commonly glutamate or aspartate (MacCarter & Withers, 1994). This catalysis can occur via two
mechanisms: the inverting mechanism or the retaining mechanism (Rye & Withers, 2000). The
inverting mechanism is a one-step process, whereas the retaining mechanism is a two step
process. Additionally, the distance between the two catalytic residues is longer in the inverting
mechanism compared to the retaining mechanism. In the inverting mechanism, there is sufficient
distance between the two catalytic residues (~10 A) to accommodate the carbohydrate substrate
and a water molecule. In this mechanism, one residue acts as an acid to protonate the glycosidic
bond being cleaved, thereby facilitating the departure of the aglycone leaving group, while the
other acts as a base to deprotonate a water molecule and facilitate its attack on the

anomeric centre (Figure 2A). This mechanism results in direct displacement of the aglycone



Figure 1: Folds observed among glycoside hydrolase families. (A) (o/a)¢ motif from E. coli
trehelase (GH37) (PDB code 2JJB) (Cardona et al., 2009). (B) 6-fold-B-propeller from avian
influenza N8 neuraminidase (GH34) (PDB code 2HTS) (Russell et al., 2006). (C) (B/a)s motif from
Acidilobus saccharovorans B-glycosidase (GH1) (PDB code 4HA3) (Trofimov et al., 2013). (D) B-
helix motif from Erwinia carotovora ssp. carotovora polygalacturonase (GH28) (PDB code, 1BHE)
(Pickersgill, Smith, Worboys, & Jenkins, 1998). (E) B-jellyroll motif from Bacillus agaradhaerens
xylanase (GH11) (PDB code 1H4G) (Sabini et al., 1999). (F) a + B motif from Bacillus circulans
chitosanase (GH46) (PDB code 1QGI) (Saito, Kita, Higuchi, & Chem, 1999). (G) 5-fold- B-propeller
from Podospora anserine o-L-arabinofuranosidase (GH62) (PDB code 4N2Z7) (Siguier et al., 2014).
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leaving group by water and inversion of the anomeric stereochemistry in one step (Figure 2A). In
contrast, in the retaining mechanism, there is only enough space between the two catalytic
residues (~5. A) to accommodate the substrate. In the first step, one residue acts as an acid to
protonate the glycosidic bond being cleaved, which again, facilitates the departure of the
aglycone leaving group, while the other catalytic residue acts as a nucleophile to attack the
anomeric centre (Figure 2B). This forms a covalent glycosyl enzyme intermediate (Figure 2B).
The catalytic acid from the first step acts as a base in the second step to deprotonate a water
molecule and facilitate its attack on the anomeric centre (Figure 2B). The catalytic residue
forming the enzyme sequestered intermediate acts as the leaving group, releasing a hemiacetal

product with retained anomeric stereochemistry (Figure 2B).

1.2.3 Active site topologies of glycoside hydrolases

The three dimensional space limitations of GHs allows them to accommodate
appropriately shaped sugars and make carbohydrate degradation more efficient by restricting
cleavage to either terminal (exoglycanase) or internal glycosidic bonds (endoglycanase).The
active site topology dictates whether a GH is an exoglycanase or an endoglycanase There are
three types of active site topologies: pocket or crater, cleft or groove, and tunnel (Davies &
Henrissat, 1995). In the pocket or crater topology, one end of the polysaccharide chain (usually
the non-reducing end) interacts with residues in the active site. For example, a glucoamylase
from Aspergillus awamori has an overall doughnut shape where the hole of the doughnut
contains hydrophobic residues that create a screen approximately halfway through, which forms

two pockets on opposing sides of the screen. One of these pockets is an active site with residues
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that interact with one end of a polysaccharide chain. More specifically, the residues Arg54 and
Asp55, along with the two catalytic residues Glu179 and Glu180, interact with the non-

reducing end of its substrate, starch (Figure 3A) (Aleshin et al., 1994). These active sites are
large enough to accommodate a maximum of two sugar residues at one end of the polysaccharide
chain. Because of this, these types of active site topologies are optimal for exo-glycanases that
hydrolyze carbohydrates with many non-reducing ends such as a starch granule. However, they
would not be efficient at hydrolyzing carbohydrates with very few or no non-reducing ends such
as, cellulose.

In contrast, cleft or groove active sites are commonly trench-like allowing for a long
polysaccharide chain to fit into them and interact with a number of residues along the trench. The
catalytic residues then catalyze the hydrolysis of an internal glycosidic bond of the
polysaccharide chain. For example, a GH from family 44 has a trench-like active site topology
containing eight key residues that interact with cellohexaose, including the catalytic residues
(E186 and E359) positioned between the third and fourth pyranose rings (Figure 3B) (Kitago et
al., 2007). These types of topologies are optimal for endoglycanases that hydrolyze long
polysaccharides to create shorter polysaccharides or oligosaccharides.

It is believed that the cleft or groove active site topology has evolved to create the tunnel
active site topology by an amino acid loop folding over the trench-like active site. Tunnel active
site topologies are optimal for processive hydrolysis of polysaccharide chains. The
polysaccharide chain will fit somewhere inside this tunnel where a number of residues will
interact with it to facilitate binding. The catalytic residues located somewhere inside the tunnel

will catalyze the hydrolysis of a glycosidic bond, releasing the product. The polysaccharide chain



Figure 3: The three types of active site topologies in glycoside hydrolases: (A)
Glucoamylase from Asperigillus awamori complexed with acarbose showing a typical pocket
or crater active site topology of exo-glycanases and the residues interacting with the non-
reducing end of the polysaccharide chain (E180 is mutated to Q180 in this structure) (GH15)
(PDB code 1AGM) (Aleshin, Firsovs, & Honzatkoll, 1994). (B) Glycoside hydrolase from
Clostridium thermocellum showing a typical trench-like active site topology of endo-
glycanases and the catalytic residues which hydrolyze the internal glycosidic bonds of,
cellooctaose (GH44) (PDB code 2EQD) (Kitago et al., 2007). (C) Cellobiohydrolase from
Trichoderma reesei showing a typical tunnel shaped active site topology of processive
glycoside hydrolases (GH7) (PDB code 1CEL) (Divne et al., 2014). The substrates are shown
in green and the active site residues are shown in blue.

11
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can then be moved in proximity to the catalytic residues and hydrolyzed again releasing a
product identical to the first product. This process is repeated until the polysaccharide chain is
broken down into simpler carbohydrates of uniform length. This type of topology is commonly
found in cellobiohydrolases. For example, a cellobiohydrolase from 7richoderma reesei exhibits
a tunnel shaped active site, which makes it more likely for a cellulose chain to remain attached
after it is hydrolyzed and allow the enzyme to further hydrolyze the polysaccharide chain into

cellobiose units (Figure 3C) (Divne et al., 2014).

1.2.4 p-1,3-Glucanases

A complex carbohydrate that plays an important role in storage, development, and
maintenance of structure in several organisms is -1,3-glucan. There are six known families of
GHs that degrade B-1,3-glucans: glycoside hydrolase families 16, 55, 17, 64, 128 and 81. The
fully characterized families of B-1,3-glucanases (16, 55, 17, and 64) exhibit a variety of modes of
hydrolysis, mechanism, and structural folds (Figure 4A, B, D, and E). Even though there are
members of the GH family 16 that hydrolyze B-1,3-glucan, there is a wide variety of substrate
specificity within members of this family (Ilari et al., 2009). For example, a glycoside hydrolase
belonging to family 16 from Pseudoalteromonas carrageenovora exhibits activity on k-
carrageenan both in solution and in solid state with an endoprocessive mechanism (Michel et al.,
2001). All known members of this family that are active on B-1,3-glucan have an endo mode of
action, retain the anomeric carbon configuration, exhibit a B-jelly roll fold (Fibriansah, Masuda,
Koizumi, Nakamura, & Kumasaka, 2007), and belong to GH clan B. All members of family 55
GHs hydrolyze B-1,3-glucan, exhibit a B-helix type fold, and invert the anomeric configuration
(Ishida et al., 2009). This family contains members that hydrolyze -1,3-glucan with exo and

endo-acting modes and has not yet been organized into a clan (Gajera, 2013; Ishida et al.,



13

Figure 4: Crystal structures of p-1,3-glucanases from five different glycoside hydrolase families:
(A) Endo-B-1,3-glucanase from Pyrococcus furiosus exhibiting a B-jelly roll fold (GH16) (PDB code
2VY0) (Fibriansah et al., 2007). (B) Exo-p -1,3-glucanase from Phanerochaete chyrosporium
exhibiting a B-helix fold (GH5S5) (PDB code 3EQN) (Ishida et al., 2009). (C) B-1,3-glucanase from
from Rhizomucor miehei exhibiting a core (0/a)g fold (GH81) (PDB code 4K35) (Zhou et al., 2013).
(D) Endo-B-1,3-glucanase from Hordeum vulgare exhibiting an (B/a)g fold (PDB code: 1GHS)
(Varghese, et al., 1994). (E) Exo-p-1,3-glucanase from Phanerochaete chyrosporium exhibiting a -
barrel and mixed o/f domain (GH64) (PDB code 3DGO0) (Wu et al., 2009b).
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2009). GH family 55 members are common among species of filamentous fungi and it has been
suggested that B-1,3-glucanases play a role in mobilization of cell wall B-glucans, particularly in
yeast B-1,3-glucanases (Ishida et al., 2009). Thus, GHs from family 55 may be involved in
morphogenetic changes such as, aggregation and mycelial strand formation in falimentous fungi
(Stone, et al., 1992). Many members of family 17 GHs hydrolyze B-1,3-glucan and have an
endo-B-1,3-glucanase mode of action. All members of this family exhibit a (/a)s core enzyme
fold (Varghese et al., 1994), belong to GH clan A, and use a retaining catalytic mechanism
(Receveur-Bréchot et al., 2006; Rodriguez-Romero et al., 2014). GHs from family 17 are
common among plant species where they have been implied in the protection of plants against
potential pathogenic microbes by hydrolyzing the B-1,3-glucan commonly found in the fungal
cell walls (Hrmova & Fincher, 1993). This family of endo--1,3-glucanases contain members
that have been identified as allergens in pollen grain (Huecas, Villalba, & Rodriguez, 2001),
natural rubber latex (Sunderasan et al., 1995), and fresh fruits (Wagner et al., 2004). Many
members of family 64 GHs hydrolyze B-1,3-glucan, have an endo-B-1,3-glucanase mode of
action, and invert the anomeric carbon configuration. This family has a unique fold consisting of
two domains: a B-barrel and a mixed o/} domain (Wu et al., 2009). This family does not
currently belong to a particular clan.

The least characterized GH families are families 128 and 81. GH family 128 consists
only of B-1,3-glucanases and is almost completely uncharacterized. A member of glycoside
hydrolase from family 81, which are all B-1,3-glucanases, has been structurally characterized and
revealed to have a core (a/a)s fold (Figure 4C). Researchers have revealed that this family

exhibits an endo mode of action; however, there are no structural studies to support this.
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Structural characterization of these two families could elucidate certain characteristics needed for
a complete understanding of their molecular details such as the mode of action, mechanism, and
structural fold. Glycoside hydrolase family 81 has been shown to invert the anomeric
configuration (McGrath & Wilson, 2006). A study of a member of GH family 81

from Saccharomyces cerevasiae showed activity on laminarin and pachyman, which are soluble
and insoluble B-1,3-glucan, respectively (Martin-Cuadrado et al., 2008). Interestingly, a family
81 glycoside hydrolase from Glycine max is a B-glucan elicitor receptor with no activity;
however, it does bind the B-1,3-glucan, laminarin (Fliegmann, Mithofer, Wanner, & Ebel, 2004).
These findings are crucial in characterizing GH81s because they provide information on the
mode of action, mechanism, and structural fold. However, a more complete understanding would
be elucidated if mode of action and structural characterization were done in a single study, on a
single member. This would not only consolidate the previous findings for GH81s mode of action
and structure, but also could explain the molecular details of GH81s mode of action through
structural insight. Thus, further structural and biochemical analysis of a member from this family
will shed light on B-1,3-glucan degradation. A superb candidate for further characterization of
this family of GHs is a multimodular polypeptide consisting of 1020 amino acids encoded by an

open reading frame in B. halodurans, which has a GH from family 81 as a catalytic module.

1.3 Multimodularity of glycoside hydrolases

Even though GHs are capable of degrading polysaccharides on their own, many GHs have non-
catalytic modules attached via linker peptides. This is known as a multimodular GH, which
consists of a catalytic module and one or more non-catalytic modules. A module is an amino acid

sequence contained within a larger sequence that folds separately and has an independent
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function. These modules can often retain stability, fold, and function despite being expressed
independently. The limited papain digestion of cellobiohydrolase I and II from Trichoderma
reesei was the first piece of evidence indicating GHs harbour modules with independent
functions (Tilbeurgh, Tomme, & Claeyssens, 1986; Tomme et al., 1988). This experiment
showed a cleavage of a polypeptide by papain digestion resulting in two polypeptides
corresponding to N and C terminal domains. The specific activity of the N-terminal domain on
cellulose was 50 % less compared to the non-truncated polypeptide (Tilbeurgh et al., 1986). The
C-terminal domain displayed binding to crystalline cellulose; however no activity was observed
indicating that the C-terminal domain had a function separate from the catalytic module. These
results showed that these cellobiohydrolases have an N-terminal catalytic domain and a C-
terminal carbohydrate binding domain that improves the overall efficiency of the enzyme.
Bioinformatics has identified other modules that have sequence and secondary structure
similarities to other protein motifs such as, dockerins, cohesins, and FN3 motifs. The most
prominent are those that bind carbohydrates called carbohydrate-binding modules (CBMs). GHs
can have multiple non-catalytic modules appended to them with each having their own function.
For example, SpuA, a GH from family 13, consists of a catalytic module, two CBMs from family
41, a linker region, and two Ig-like domain modules (Figure 5) (Lammerts van Bueren, et al.,
2011). Studying these multimodular enzymes can be difficult because they are not easy to
recombinantly express. Therefore, scientists commonly dissect the modules and study them

separately in order to piece together the overall function of the protein.



17

Figure S: Multimodularity of a glycoside hydrolase shown by the virulence factor SpuA from
Streptococcus pneumoniae (PDB code 2YA1) (Lammerts van Bueren, 2011). Two CBMs from
family 41 shown in marine blue and yellow, a linker region shown in red, an Ig-like domain shown in
purple, the catalytic module shown in green, and another Ig-like domain shown in cyan.
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1.3.1 Carbohydrate binding modules

The most common type of non-catalytic modules found in GHs are CBMs (Boraston, Bolam,
Gilbert, & Davies, 2004). CBMs increase the specific activity of the enzyme by binding

the carbohydrate substrate. Biochemical analysis of CBMs resulted in a number of
biotechnological applications and has added an immense amount of knowledge to protein-
carbohydrate interactions. For example, CBMs from multimodular GHs belonging to families 2a,
6, and 29 have been used for analysis and detection of polysaccharides in plant cell walls, and
this has ultimately helped with understanding the developmental and functional features of plant
cell walls (McCartney, Gilbert, Bolam, Boraston, & Knox, 2004). Another biotechnological
concern is the effect of glycosylation on the behavior of bacterial polypeptides that are not
glycosylated in their native organism. This is of particular concern when utilizing cellulose
binding CBMs as affinity tags for purification of a fused polypeptide companion expressed in a
host that N-glycosylates. This is because N-glycosylation can interfere with binding of the CBM
alone or when fused to a partner as demonstrated with Xyn10ACBM2a of Cellulomonas fimi
(Boraston, McLean, Guarna, Amandaron-Akow, & Kilburn, 2001). Fortunately, one study

has demonstrated that CBMs which lack the N-glycosylation sites such as, CelSACBM2a from
Cellulomas fimi, can be used as effective affinity tags for purification of fused polypeptide
companions after being expressed in a host that N-glycosylates (Boraston et al., 2001). Also, a
variety of properties render biodegradable starch- and cellulose-based polymers appropriate for
utilization in a diverse array of biomedical applications. Fusing of a cellulose-binding protein to
a starch-binding domain has demonstrated that biotechnology can be used to create novel

proteins with cross-bridging ability in model systems composed of insoluble or soluble starch
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and cellulose (Levy, Paldi, & Shoseyov, 2004). These novel proteins could be used to increase
the variety of physical and biological activities of starch- and cellulose-based polymers by
designing chimeric polysaccharide-based biomaterials. Thus, characterization of CBMs is
important in order to exploit these binding properties.

There are three roles of CBMs known in the degradation of carbohydrates: concentrating
the catalytic module of the enzyme in close vicinity to the substrate surfaces, targeting the
enzyme to its substrate, and anchoring the enzyme onto the surface of bacterial cells. By
concentrating enzymes in proximity to their target substrates, CBMs allow for more efficient
degradation of complex carbohydrates that exist in nature. The targeting role of CBMs allows for
recognition of specific polysaccharides substructures such as, the insoluble (crystalline) and
soluble (amorphous) regions in cellulose (Liu et al., 2011). The anchoring role of CBMs is used
to keep a secreted glycoside hydrolase attached to bacterial cell wall. For example, evidence has
suggested that a CBM35 appended to the exo-p-D-glucosaminidase CsxA in Amycolatopsis
orientalis, binds either GIcA or or uronic acid on the bacterial cell wall, thereby tethering the
enzyme to the surface of A. orientalis (Montanier et al., 2009).

Multimodular GHs can contain multiple CBMs from the same or different families
appended to a single catalytic module. These may be present in tandem or separated by other
modules. CBMs attached to each other have been shown to have an increased affinity for the
substrate compared to single CBMs (Boraston et al., 2002, 2006) The first example of this was
shown with two recombinantly fused CBMs, which had an increased affinity for cellulose
compared to the single domain (Linder et al., 1996). In contrast to GHs having multiple CBMs

that target one substrate, GHs may also have one CBM that targets multiple substrates. These
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CBMs are capable of specifically binding a substrate with high affinity and bind to other sugars
with a lower affinity (Charnock et al., 2002).

The first CBMs discovered were classified as cellulose binding domains because they
bound cellulose, but some researchers began to discover that the ligands for these modules
extended beyond cellulose and these domains were later called CBMs. These modules are now
classified into 69 different families based on amino acid sequence similarity and are found on

CaZyY (www.cazy.org) (Cantarel et al., 2009). A new family of CBM is created when the

carbohydrate binding activity of a putative CBM with no amino acid sequence similarity to other
CBM families is demonstrated, and subsequent members are added to this family based on
amino acid sequence similarity. This classification system of CBMs allows for organization of
CBMs according to primary structure; however, it does not necessarily organize them based on
carbohydrate-binding specificity. The binding specificity is determined by the differences within
loops and side chains and thus, particular members of a specific family may or may not have the

same binding specificity.

1.3.2 Structural classification of Carbohydrate-binding modules

CBMs have been grouped into fold families based on their 3D fold. There are seven fold
families: B-sandwich, cysteine Knot, B-trefoil, OB fold, hevein fold, unique, and unique, contains
hevein-like fold (Boraston et al., 2004). The B-sandwich is the most common and consists of two
sandwiched B-sheets, each consisting of 3-6 antiparallel B-strands. The binding site in this fold is
most often found on the concave surface of one of the -sheets; however, some CBMs with this
fold have binding sites on the convex side or at the tip of the -sandwich on the loops that

connect the two B-sheets. Most CBMs with -sandwich type folds contain a metal ion that helps
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maintain the structure of the protein and there are also CBMs from this fold family that contain
metal ions that promote binding to their ligands. For example, CBM35 from a rhamnogalauronan
acetyl esterase in Clostridium thermocellum requires a calcium ion to bind its ligand, 4,5-
GalAal,4Gal (Figure 6) (Montanier et al., 2009). This fold is very adaptable to carbohydrate-
binding, which makes it a superb platform for protein-carbohydrate interactions with a variety of
polysaccharides. CBMs are also classified based on their binding site topology, which reflects
the macromolecular structure of their substrates. There are three binding types of

CBMs: Type A, B, and C (Figure 7). Type A CBMs exhibit a planar hydrophobic ligand-binding
surface that interacts with insoluble, highly crystalline polysaccharides such as, cellulose or
chitin (Gilbert, Knox, & Boraston, 2013). The planar architectures of these binding sites are
thought to be complementary to the flat surfaces presented by cellulose or chitin crystals (Figure
7A). Type A CBMs generally have residues with aromatic side chains that are oriented to form a
platform that facilitates hydrophobic interactions with cellulose by stacking onto the pyranose
rings of glucose and have little or no affinity for soluble carbohydrates (Tormo et al., 1996).
Hydrogen bonding is thought to be unimportant for Type A CBM ligand binding since, mutation
of residues involved in hydrogen bonding does not affect the affinity of the CBM for its substrate
(McLean et al., 2000). Type B CBMs are most common due to their presence in plant enzymes
that degrade the cell wall. Type B CBMs are classified as those that bind internally on glycan
chains (endo-type) (Figure 7B) and Type C CBMs are classified as those that bind the ends of
glycan chains (exo-type) (Figure 7C) (Gilbert, Knox, & Boraston, 2013). This classification of
CBM binding types has allowed for unambiguous organization of all three types of CBMs based

on their modes of binding.



Figure 6: CBM3S from Clostridium thermocellum showing the use
of a calcium ion in binding 4,5-Gal-A¢-1,4Gal (PDB code: 2WZS8)
(Correia et al., 2010). The ligand, 4,5-GalAal.,4Gal, is shown in green
and the calcium ion is represented as a grey sphere.
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Figure 7: Three types of CBM binding site topologies. (A) Type A CBMs use residues in a
planar architechture for binding to crystalline ligands: CBM3 from Clostridium thermocellum
(PDB code INBC) (Tormo et al., 1996). (B) Type B CBMs have long binding site grooves for
binding internally on long polysaccharide chains (endo-type): CBM17 from Clostridium
cellulovorans (PDB code 1J84) (Notenboom et al., 2001). (C) Type C CBMs have shallow
binding pockets for interaction with the ends of polysaccharide chains (exo-type): CBM6 from
B. halodurans (PDB code 1EN2) (van Bueren, Morland, Gilbert, & Boraston, 2005).
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1.4 Hypothesis, objectives, and significance

The details of how multimodular enzymes function is more complex compared to enzymes
consisting of one module and the molecular details of how each module functions has become of
interest to researchers. Only one multimodular -1,3-glucanase has been characterized so far.
This polypeptide is from Schizosaccharomyces pombe and consists of a putative endo-p-1,3-
glucanase appended to two CBMs from family 52, which bind B-1,3-glucan and assist in cell
separation (Martin-Cuadardo, 2003). Therefore, how CBMs contribute to the degradation of B-
1,3-glucan by multimodular enzymes is not well understood in bacteria, which degrade -1,3-
glucan for carbon utilization rather than cell separation. In order to understand degradation of f3-
1,3-glucan by multimodular enzymes in bacteria, we have chosen to study an open reading frame
(BH0236) in the genome of the alkalophilic bacterium, B. halodurans. BH0236 encodes for a
1020 amino acid enzyme, called BhZLam81, which contains structurally uncharacterized modules.
According to www.cazy.org (Cantarel et al., 2009), the encoded protein consists of a catalytic
module and two CBMs (Figure 8). At the N-terminus lies the catalytic module (a GH from
family 81) consisting of ~750 amino acids. Studies have shown that GHs from family 81 in S.
cerevisiae (ScEng2) hydrolyze B-1,3-glucan in an endo acting manner (Martin-Cuadrado et al.,
2008). The C-terminus of this polypeptide contains a module consisting of ~100 amino acids that
has sequence similarity to CBM family 56 (BACBMS56). Prior to this work, a member of CBM
family 56 has been shown to bind the insoluble -1,3-glucan, pachyman, in B. circulans
(BcCBM56) (Yamamoto, Ezure, Watanabe, Tanaka, & Aono, 1998). Between the C-terminus
and N-terminus modules, lies a module consisting of ~140 amino acids that belongs to CBM
family 6 (BACBM6). BACBM6 has been shown to bind the non-reducing end of soluble B-1,3-

glucooligosaccharides via ultraviolet difference spectra, isothermal titration calorimetry, and x-
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GH81 Catalytic module

CBM from family 56 CBMS6

Figure 8: Multimodular schematic of the 1020 amino acid open reading frame from B.
halodurans (BH0236). Above the schematic are amino acid numbers depicting the module
boundaries and the leader peptide (LP). The constructs of the separate modules used in this
study are also shown.
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ray crystallography (Lammerts van Bueren, Morland, Gilbert, & Boraston, 2005). The binding of
BhCBM6 was tested against the insoluble -1,3-glucan, pachyman, using standard depletion

binding analysis; however, no binding was found (Lammerts van Bueren et al., 2005).

Based on the fact that a member of CBM family 56 and members of GH family 81 have
been found to bind insoluble f-1,3-glucan and hydrolyze p-1,3-glucan, respectively; we
hypothesize that B.CBM356 is an insoluble p-1,3-glucan binding module and BhGHS1 is an
enzyme that hydrolyzes p-1,3-glucan. The overall objective for studying this multimodular
polypeptide was to characterize the molecular details of BACBM56’s, BACBM6's, and
BhGHS81’s function and present a model of how these modular components allow BhzLam§81 to
more efficiently recognize and degrade its substrate in the environment. For this particular study,

there were two objectives:

1. To determine the substrate specificity of BAGHS81 and use x-ray crystallography

to provide insight into the molecular details of hydrolysis of BAGHS81.

2. To determine the substrate-specificity of BACBMS56 and use x-ray crystallography

to provide insight into the molecular details of binding by BACBMS56.

The wide variety of molecular mechanisms and modes of action exhibited by all the GH
families contributes to a significant portion of the complex carbohydrate biomass conversion.
The majority of previous studies of multimodular proteins concentrate on characterizing catalytic

modules; however, dissecting multimodular proteins and studying the modules separately will



27

allow for a more refined understanding of how multimodular GHs recognize and hydrolyze their
substrates. Thus, by studying multimodular GHs, we gain insight into the degradation of p-1,3-
glucan in the environment. Furthermore, a greater understanding gained by studying the
degradation of B-1,3-glucan by these multimodular enzymes has potential applications such as,

improving industrial processes for biofuel production or developing antifungal agents.
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Chapter 2
2.0 Materials and Methods
2.1 Carbohydrates and polysaccharides
Laminarin, B-1,3-glucooligosaccharides, and curdlan were obtained from Megazyme

Ireland Ltd. (Bray Co., Wicklow, Ireland). Pachyman was obtained from Calbiochem Co.

2.2 Cloning, expression, and purification of BAGH81 and BACBM6

The DNA fragment (nucleotides encoding for BAGH81 and BACBM56) were amplified
by polymerase chain reaction from the genomic DNA of B. halodurans strain C-125. The 5’
oligonucleotide and 3’ oligonucleotide primers used for BAGH81 were
5’GGCGGATCTAGACATGCGGTGAGCGTCGGG3’ (Xbal cut site is underlined) and 5°
TCCGCCCTCGAGTTACGGCTCTGAAGGATCTGG 3’ (Xhol cut site is underlined and the
stop codon is in bold), respectively. These allowed for the amplification of the nucleotide
sequence encoding amino acids 28—789 of BhLam81. The 5’ oligonucleotide and 3’
oligonucleotide primers used for BACBMS56 were 5’
GGCGGAGCTAGCCAAGGGAATGGCGAT 3’ (Nhel cut site is underlined) and 5’
TCCGCCCTCGAGTTAACGCGAATACGTAAA 3’ (Xhol cut site is underlined and the stop
codon shown in bold). These allowed for the amplification of the nucleotide sequence encoding
amino acids 926 — 1020 of BALam81. The BAGH81 and BACBMS56 amplification products were
cut with the restriction enzymes Xbal/Xhol and Nhel/Xhol, respectively. Digested BAGH81 and
BhCBMS56 were ligated into pET28a(+) that was previously digested with the restriction
enzymes Nhel and Xhol to give pET28-BAGHS81 and pET28-BACBMS56 constructs. Bidirectional

DNA sequencing confirmed the fidelity of all cloned inserts. Inserts were transformed into E.coli
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BL21 (DE3) for protein expression. All expressed polypeptides contained a Hise tag attached to
the N-terminus by a thrombin cleavage site.

For each construct, four litres of Luria Bertani (LB) medium supplemented with 50 pg/ml
of kanamycin were inoculated with E. coli BL21 bacterial cells containing the appropriate
expression plasmid and were grown at 37 °C with shaking until they reached an optical density
of 0.8 — 0.9 at 600 nm. Protein expression was induced by addition of isopropyl p-D-1-
thiogalactopyranoside to a final concentration of 0.5 mM and incubation was carried out
overnight at 16 °C with shaking. Cells were collected by centrifugation and subjected to
chemical lysis. Both proteins were purified from cell-free extracts by using Ni*" immobilized
metal ion affinity chromatography (IMAC). For both polypeptides, the Hiss tag was removed by
thrombin cleavage, which consisted of an incubation overnight at 18 °C. A secondary
purification was done for both polypeptides using size exclusion chromatography (SEC). A 2 mL
sample of BAGHS81 or BACBM56 was injected into a HiPrep 16/60 Sephacryl S-200 HR column
(GE Healthcare) and a HiPrep 16/60 Sephacryl S-100 HR column, respectively. Both
polypeptides were eluted with 20 mM Tris-HCl, pH 8.0. Purified BAGH81 and BACBM56
polypeptides were concentrated and exchanged into 20 mM Tris-HCI, pH 8.0, in a stirred
ultrafiltration unit (Amicon, Beverly, MA) on 10 and 5 kilodaltons (KDa) molecular weight cut-
off membranes, respectively. Purity assessed by sodium dodecylsulfate polyacrylamide gel
electrophoresis (SDS-PAGE) was > 95%.

Selenomethionine-labeled BA#GH81 was produced using E. coli BL21 (DE3). Four litres
of SelenoMet Medium Base (Molecular Dimensions Ltd.) supplemented with SelenoMet
Nutrient Mix (Molecular Dimensions Ltd.) and L-selenomethionine (40 mg/L) were inoculated

with E. coli BL21 colonies containing the pET28-B2ZGHS81 construct taken from an LB agar



30

plate. These cultures were grown, induced, harvested; and the protein was purified and

concentrated using the same method described previously.

2.3 B-1,3-glucooligosaccharide product analysis

Activity of BAGHS81 on laminarin was first demonstrated utilizing thin-layer
chromatography (TLC). Digests were set up with enzyme and substrate concentrations of 250
nM and 1.0 mM, respectively. All digests were done in Tris-HCI, pH 8.0, and incubated at 37 °C
overnight. Aliquots of all digests were removed and analyzed for the production of B-1,3-
glucooligosaccharide products by loading them onto a TLC silica gel plate and subjected to 1-
proponol/ethanol/water (2:1:1, v/v/v) as a solvent for two hours. Plates were dried and developed
using orcinol sulfuric acid reagent (sulfuric acid/ethanol, 3:70 [v/v], orcinol 1%). In order to
visualize the sugars, the silica plates were incubated at 90 °C for fifteen minutes.

Additionally, activity of BAGH81 on B-1,3-glucooligosaccharides was demonstrated
using high performance anion exchange chromatography. High performance anion exchange
chromatography runs were performed using a DIONEX ICS3000 instrument equipped with a
CarboPac PA-200 column and pulsed amperometric detection. Samples with a volume of twenty
microlitre were loaded onto the column and eluted with a linear gradient of 0 — 300 mM sodium
acetate in 100 mM NaOH over 40 min at flow rate of 0.5 ml/min. Carbohydrates incubated in
parallel with the samples were used as control standards. The digest samples were p-1,3-
glucooligosaccharides incubated with 250 nM of BAGHS81 at 37 °C for two hours. The reactions
were stopped by the addition of one reaction volume of 0.2 M NaOH and centrifuged at 13000

rpm for 10 minutes at 4 °C prior to high performance anion exchange chromatography analysis.
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Comparison of the unique peak elution positions with those of the standards identified the

products released upon incubation of -1,3-glucooligosaccharides with BAGHS]1.

2.4 SDS-PAGE depletion assay

One-hundred micrograms of BACBMS56 or the HaKdgf negative control was mixed with
0.5 - 10 mg of curdlan or pachyman in 20 mM Tris-HCI ,pH 8.0, to a final volume of 0.4 mL and
incubated at 4 °C overnight. Samples were rotated end-over-end for 16 hours to allow the
adsorption reaction to equilibrate and were centrifuged at 4 °C at 13000 rpm for 10 min to
separate the pachyman from the unbound BACBM56. After removal of the supernatant, the
pachyman pellets were washed three times by resuspension in 1 ml of 20 mM Tris-HCI, pH 8.0,
and centrifugation at 13000 rpm for 10 min at 4 °C. SDS-PAGE loading buffer was added to
each sample and incubated for 5 minutes at 90 "C. The adsorption of BACBM56 was then

analyzed by loading 10 uL of each sample into an 15% SDS-PAGE gel.

2.5 Affinity electrophoresis

Qualitative binding of BACBM56 to soluble B-1,3-glucan (laminarin) was examined by affinity
electrophoresis in 9% (w/v) polyacrylamide native gels. One gel had a laminarin incorporated
into the polyacrylamide gel matrix at a concentration of 0.25%, while another gel did not contain
laminarin. Electrophoresis was carried out for 4 hours at 4 °C, pH 8.8, at a constant voltage of
150 V. After electrophoresis the gels were stained with Coomassie Brilliant Blue R-250 for
protein detection. The adsorption of BACBMS56 to laminarin compared to the negative control
(HaKdgf) was determined by measuring the migration distances of BACBM56 run with

laminarin compared to BACBMS56 run without laminarin relative to the bromophenol blue front:
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1/Ro. Where 1 is the relative migration distance of BACBM56 in the presence of the
polysaccharide in the gel matrix and Ry is the relative migration distance of BACBM56 in the

absence of the polysaccharide.

2.6 Binding isotherms

All pachyman used for binding isotherms was washed with 1 L of distilled water in a
vacuum filter, dried, and lyophilized overnight prior to incubation with BACBM56. The amount
of BACBMS56 bound to pachyman was determined as follows: Thirteen BACBMS56 samples were
incubated with or without 1.5 mg of pachyman in a 1.5mL centrifuge tube with a range of
concentrations of BACBM56 (2.4 uM - 34 uM) in 20 mM Tris-HCI, pH 8.0, to a total volume of
0.6 mL. Thirteen negative control samples were conducted at the same concentrations of
BhCBMS56 without pachyman in parallel. Samples were incubated with end-over-end mixing at 4
°C for 2 hours. The pachyman was pelleted by centrifugation at 13000 rpm for 10 min at 4 °C.
The concentration of bound BACBMS56 was calculated from the difference between total and free
BhCBMS56 concentrations, which were determined spectrophotometrically (A2go nm) from the
supernatants of tubes without and with pachyman, respectively. Binding parameters (K4 and
Bmax) were determined from the depletion isotherms (Plot of bound [B] versus free [F]) after

fitting the raw data to a one-site binding model using non-linear regression.

2.7 Crystallization of BAGH81 and BhCBMS56
Crystals of selenomethionine-labeled BAGH81 (72 mg/mL) were obtained in 1.4 M
NaH;P04/0.35 M K,;HPO,4 and 0.0750 M Na,HPOy: citric acid, pH 3.2, at 18 °C using the vapor-

phase diffusion technique from hanging drops. Crystals of BACBMS56 (20 mg/mL) were obtained
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in 21 % polyethylene glycol 3350 and 0.1 M Bis-tris/HCI, pH 5.5, at 18 °C using the vapor-phase

diffusion technique from hanging drops

2.8 Data collection, structure solution, and refinement

CCP4, an integrated suite of programs that allows researchers to determine
macromolecular structures, (Bailey, 1994) was used to perform all computing unless stated
otherwise. Crystals of selenomethionine BAGH81 were snap cooled in liquid nitrogen in the
crystallization condition supplemented with 25% ethylene glycol as a cryo-protectant. Single-
wavelength anomalous dispersion (SAD) data of BAGHS81 was collected on the beam line 08ID-1
at the Canadian Light Source (CLS, Saskatoon, Canada). The SAD dataset was processed using
CLS data analysis software and SCALA (Leslie, 2006).

Crystals of BiaCBMS56 were soaked in the crystallization condition supplemented with 25
% ethylene glycol as a cryo-protectant and 1 M KBr prior to being snap cooled in liquid
nitrogen. A multi-wavelength (peak, 0.91962 A, inflection, 0.92002 A, remote, 0.90496 A)
anomalous dispersion (MAD) dataset of BACBM56 was collected on beam line BL11-1 at the
Stanford Synchrotron Radiation Lightsource (SSRL). BACBMS56 was processed using
MOSFILM (Isorna et al., 2007) and AIMLESS (Evans, 2011).
Heavy atom substructure determination, phasing, and density modification was performed with
autoSHARP (Vonrhein, Blanc, Roversi, Bricogne, & 2007) for both BAGH81 and BACBM56.
Sixteen selenium positions found corresponding to sixteen methionine residues present in one
BhGHS81 molecule were used for phasing with the full 2.50 A resolution data set. A total of five
bromine positions present in the two BACBMS56 molecules in the asymmetric unit were used for

phasing with the full 1.70 A resolution dataset. The phases resulted in density improvement,
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which were of sufficient quality for ARP-WARP to build a virtually complete model of both
BhCBMS56 and BAGH81. The remainder of the model building of both structures was done using
COOT (Emsley & Cowtan, 2004), and refinement of atomic coordinates was done using
REFMAC (Murshudov et al., 1997). Water molecules were added using COOT and checked
manually after refinement. Data collection, processing statistics, and final model statistics are
given in Table 1 and 2 for BAGH81 and BACBMS56, respectively. Stereochemical analysis of
both the refined structures were performed with PROCHECK and SFCHECK in CCP4
(Vaguine, Richelle, & Wodak, 1999; Laskowski, MacArthur, Moss, & Thornton, 1993). The
Ramachandran plot showed adequate stereochemistry with 100 % and 99.4 % of the residues in
the favoured conformations and no residues modeled in disallowed orientations for BACBMS56

and BhGHS1, respectively.
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Chapter 3
3.0 Results
3.1 Cloning and purification of BACBMS56 and BAGHS81
The BACBM56 and BAGH81 modules from BhLam81 were amplified from Bacillus halodurans
genomic DNA and cloned separately into a pET28a vector containing an N-terminal His¢-tag.
Both these constructs, which were transformed into E. coli and recombinantly produced, required
two purification steps to obtain adequate purity for crystallization. The first purification step,
immobilized metal affinity chromatography (IMAC), revealed polypeptides of approximately 11
and 81 kDa for BA.CBMS56 and BAGH&81, respectively (Figure 9A). The second purification step,
size exclusion chromatography (SEC), showed that BACBMS56 and BAGHS81 eluted after ~87 mL

and 55 mL, Tris-HCI, pH 8.0, respectively (Figure 9B).

3.2 Hydrolytic specificity of BAGHS81

Since GHs from family 81 have been previously determined to be enzymes that hydrolyzes -
1,3-glucan, the hydrolysis of laminarin and B-1,3-glucooligosaccharides (laminaribiose and
laminarihexaose) by BA#GHS81 was visualized via thin layer chromatography. The insoluble -
1,3-glucan, pachyman, was also tested because a member of CBM family 56 had been shown to
bind insoluble B-1,3-glucan (Yamamoto, et al., 1998).The results of this experiment revealed that
BhGHS1 hydrolyzes laminarin, laminarihexaose, and pachyman into a single product of either
glucose or laminaribiose (Figure 10A). BAGHS81 activity with laminaribiose was undiscernible
since it migrated the same distance as glucose on the TLC (Figure 10A). In order to obtain a
more detailed profile of the products released upon hydrolysis of B-1,3-glucooligosaccharides by

BhGHS1, high performance anion exchange chromatography with pulsed amperometric
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ure 9: Purification of BACBM56 and BhGH81. (A) SDS-PAGE gel images, which
demonstrate sizes, imidazole fractions, and overall purity of both BAGHS81 (81 KDa) and
BhCBMS56 (11 KDa). (B) Size Exclusion Chromatography profile of BACBMS56 and BAGHS1.
BhCBM56 eluted at 87 mL whereas BAGHS81 eluted at 55 mL.
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Figure 10: Product analysis of B2#GHS81 hydrolysis of p-1,3-
glucooligosaccharide. (A) TLC gel of BAGHS81 digestion. Lanes are loaded as
follows: enzyme only control (/ane 1), glucose standard (/ane 2), BAGH81 and
pachyman (/ane 3), pachyman (/ane 4), BA\GHS81 and laminaribiose (/ane 5),
laminaribiose (/ane 6), BhGHS81 and laminarihexaose (/ane 7), laminarihexaose
(Iane 8), BhGH81 and laminarin (/ane 9), laminarin (lane 10) (B) High
performace anion exchange chromatography with pulsed amperometric detection
(PAD) analysis of glucose (G1), laminaribiose (G2), laminaritriose (G3),
laminaripentaose (G5), and laminarihexaose (G6). PAD response corresponds to
the pulsed amperometric detector signal in nanocoulombs (nC). An analysis of
individual sugar standards with unique elution positions: G1, G2, G3, G5, and
G6. Product profiles of complete reactions between each -1,3-
glucooligosaccharide (G1, G2, G3, G5, and G6) and B2GHS81 are shown directly
above each standard.
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detection was used with defined B-1,3-glucooligosaccharides: glucose (G1), laminaribiose (G2),
laminaritriose (G3), laminaripentaose (GS5), and laminarihexaose (G6) (Figure 10B). High
performance anion exchange chromatography of these five -1,3-glucooligosaccharides (G1, G2,
G3, G5, and G6) resulted five different retention times. BAGH81 incubated with G1 resulted in
one product with a retention time equivalent to the G1 standard. BAGHS81 incubated with G2
resulted in one product with a retention time equivalent to the G2 standard. BA#GHS81 incubated
with G3 resulted in three products with retention times equivalent to the G1, G2, and G3
standards. BAGHS81 incubated with G5 resulted in three products with retention times equivalent
to the G1, G2, and G3 standards. BAGHS81 incubated with G6 resulted in three products with
retention times equivalent to the G1, G2, and G3 standards. These results also indicated that
BhGHS1 hydrolyzes G3, G5, and G6, and released G1 as a major product and G2 and G3 as

minor products (Figure 10C).

3.3 Structure of BAGHS81

In order to understand the mechanism of hydrolysis of B-1,3-glucan by BAGHS81, the three-
dimensional structure was solved by x-ray crystallography using SAD on a crystallized
selenomethionine derivative (See Materials and Methods). BAGHS81 was solved in the space
group P2,2,2; with a Matthews coefficient of 2.86 and a solvent content of approximately 57%
(Figure 11A). The final model of BAGHS81 consisted of 718 amino acids and 332 water
molecules (refinement statistics are given in Table 1). The structure of BAGHS81 is broken up into
domains A, B, and C. Domain A contains a core of eight antiparallel B-strands forming a 3-
sandwich (Figure 11B). Domain C of BAGHS81 contains a core (o/a)s fold consisting of a double

barrel of 14 a-helices
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Figure 11: The three-dimensional crystal structure of BAGHS81 solved at 2.4 A
resolution using SAD and its comparison to the crystal structure of RmGHS81. (A)
Selenomethionine derivative of BZGHS81 crystals required 1.4 M NaH,P0O,/0.35 M K,HPO,
and 0.0750 M Na,HPOj,: citric acid, pH 3.2, for nucleation and growth. (B) Domain A, B,
and C of BAGH81 are shown: B-sandwich domain (blue), a linker domain (yellow), and an
(a/a) domain (grey). (C) Surface representation of BAGHS81 and RmGHS81 putative catalytic
cleft showing the blind end canyon topology of B2GHS81 created by an extended loop (cyan)
and trench-like topology of RmGHS1 created by a shorter loop (cyan). (D) Surface exposed
residues in the putative substrate-binding cleft of B4#GHS1 that are potentially involved in
interacting with the substrate or stabilizing the catalytic residues. (E) Structural alignment of
BhGHS81 (magenta) and another GH81 crystal structure from R. miehei (yellow) with a close
up of the putative key residues for catalysis in the active site on one side of the domain C.



Table 1: Data collection and model statistics for BAGHS81

BhGHSI1
Selenomethionine
Data collection
Wavelength 0.97944 A
Beamline ID 08ID-1
Space group P2,2,2,
Cell dimensions
a,b,c(A) 65.54, 94.29, 159.17
Resolution (A) 81.1243 - 2.50
(2.60-2.50)*
R erge 0.17 (0.48)
I/cl 14.5 (7.3)
Completeness (%) 99.8 (99.9)
Redundancy 5.9 (6.0)
Refinement
Resolution (A) 2.50
No. reflections 33036
Ror/Riee 0.14/0.18
No. residues
Protein 718
Waters 332
B-factors
Protein 13.193
Water 16.686
R.m.s deviations
Bond lengths (A) 0.019
Bond angles (°) 2.079

* Values for highest resolution shell are shown in parentheses
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(a8 - 021) with the C-terminus of the outer helix connected to the N-terminus of the inner helix
(Figure 11B). Domain B acts as a linker region between Domain A and C and consists of two
twisted B-sheets and three a-helices (Figure 11B). The crystal structure of BAGH81 was
compared to another GH of family 81 from Rhizomucor miehei, which also consists of domains
A, B, and C, and cellulase E4 from 7. fusca. A 3D alignment of RmGH81 with BAGHS81 revealed
an root mean square deviation (RMSD) value of 2.1 A over 584 Ca indicating significant
similarity between the two crystal structures. Similar to BAGH81, RmGHS81 domains A, B, and C
contain a core of two eight-stranded antiparallel B-sheets stacked on top of one another, two
twisted anti-parallel B-strands, and a core (a/a)s-barrel fold, respectively (Zhou et al., 2013).
BhGHS1 has a cleft located on one side of the (a/a)¢-barrel that may contain the catalytic
centre. The putative active site of RmGHS8]1 is also located on one side of the (a/a)s-barrel and
exhibits a trench-like topology The putative active site of BAGHS81 contains two acidic residues
(E542 and E546) that are conserved among several organisms with GHs from family 81. The
surface representation of BAGHS81 reveals this putative substrate-binding cleft is open on one end
and closed off at the other creating a blind canyon topology (Figure 11C). The putative catalytic
residues (E542 and E546) are located near the blind end of the canyon. In contrast, the putative
catalytic residues of RmGHS]1 are located in the centre of a trench-like catalytic cleft that is open
at both ends. A direct comparison of the putative active sites from BA#GH81 and RmGHS1
revealed that the amino acid loop, which connects helices 020 - 021 is 12 residues longer in
BhGHS81 compared to the corresponding loop in RmGHS81. These 12 extra residues result in a
blockage at one end of the active site, creating BAGH81s blind canyon active site topology
(Figure 11C). The amino acid sequence alignment of B4#GHS81 with five other characterized GHs

from family 81 reveals 45 conserved amino acids (Figure 12). Of these, 11 residues (Y387,
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Figure 12: Structural sequence alignments of six GH family 81 proteins. Residues forming
secondary structure are indicated above the sequence of B2ZGHS81. The identical residues are
shown in white with a red background and the conservative changes are shown in black with a
yellow background. The catalytic residues are marked by empty (proton donor) and filled (basic
catalyst) stars. The sequences of BAGH81, 4. fumigatus EngA (4fEngA; AAF13033), S.
cerevisiae Eng2 (ScEng2; AAB82378), S. cerevisiae Engl (ScEngl; CAA96349), S. pombe
Engl (SpEngl; CAB57443), S. pombe Eng2 (SpEng2; CAA91245), T fusca XY Lam81A
(IfLam81A; AAZ56163), and Glycine max Gbp are aligned (GmGbp; BAA11407).
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K391, Y473, D466, H470, A529, E543, S543, E546, 1626, and W664) are located in the putative
substrate-binding cleft and are surface exposed (Figure 11D). There are three conserved aromatic
surface exposed residues (Y387, Y473, and W664) and three aromatic surface exposed residues
that can be replaced by other aromatic residues (F469, W615, W616) in the putative substrate-
binding cleft of BAGHS81 (Figure 11E). A 3D alignment of BAGH81 and RmGHS1 reveals that
Y387, Y473, E542, E546, and S543 align well with Y386, Y483, E553, E557, and S554,
respectively (Figure 11E). In addition to similarity with RmGH81, BAGHS81 also has structural
similarities with an Cellulase E4 from T. fusca, which has been shown to have an initial endo
mode of action followed by an exo processive mode of action (i.e. endo-processive). Not only
are the overall structures similar, but E4 from 7. fusca has a blind canyon topology, similar to
BhGHS1 (Figure 13A, B, and C). The overall structure of Cellulase E4 consists of an (a/a)s-

barrel and two four-stranded antiparallel B-sheets stacked on top of one another.

3.4 BhCBMS56 binding specificity

A CBM from family 56 had exhibited binding to insoluble -1,3-glucan (Yamamoto, et al.,
1998). Therefore, in order to determine if BACBMS56 binds insoluble and/or soluble $-1,3-
glucans, multiple methods were used to test the binding specificity of BACBMS56. The binding of
BhCBM56 to the insoluble B-1,3-glucans, pachyman or curdlan, was tested using SDS-PAGE as
described in the materials and methods (Figure 14). The supernatant of the samples consisting of
BhCBM56 incubated with insoluble B-1,3-glucan was separated from the insoluble pellet.
BhCBMS56 was present in both the supernatant and the insoluble pellet of all samples incubated

with curdlan and pachyman at all amounts (10 mg — 0.5 mg). The insoluble fraction showed a
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Figure 13: The comparison of E4 and BiiGH81 crystal structures. (A) The putative
catalytic cleft of BAGHS81 (red dashes) showing a blind canyon topology with the catalytic
residues shown in blue. (B) The catalytic cleft of E4 (red dashes) showing the blind canyon
topology similar to BAGH81’s putative catalytic cleft with the catalytic residues shown in
blue (Sakon et al., 1997). The active site of E4 is complexed with cellopentaose shown in
green (PDB code:4TF4). (C) The overall structure of E4 showing the (a/a)¢-barrel in grey and
the CBM from family 3 having an antiparallel B-sandwich fold in blue.
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Figure 14: An SDS-PAGE gel showing binding to the insoluble -1,3-glucans,
pachyman and curdlan. Lanes are loaded as follows: Ladder (lane 1), BACBM56
with decreasing concentration of sugar (10 mg - 0.5 mg) (lanes 2-6), BXCBMS56
only negative control (lane 7), HaKdgf with decreasing concentration of sugar
(10mg — 0.5mg) (lanes 8-12). Samples were run on 15 % polyacerylamide gels at
210 volts for 40 minutes. (A) Insoluble sugar pellet of pachyman treated samples
(left) and supernatant of pachyman treated samples (right). (B) Insoluble sugar
pellet of curdlan treated samples (left) and supernatant of curdlan treated samples

(right).
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clear decrease in protein concentration as the sugar concentration decreased from 10 mg — 0.5
mg with both curdlan and pachyman. Kdgf from Halomonas was used as a negative control since
it was known that it would not bind B-1,3-glucan. The negative control experiments set up with
Kdgf from Halomonas did not show bands in the insoluble pellet with curdlan nor pachyman,
whereas the bands in the supernatant were uniform in concentration for Kdgf incubated with
pachyman and curdlan. The presence of BACBMS56 in the insoluble pellets when incubated with
pachyman or curdlan indicated that this protein bound to both these insoluble -1,3-glucans. The
binding BACBMS56 when incubated with curdlan and pachyman was also quantitatively tested
(refer to methods) a using a standard depletion binding isotherm and plotted as bound CBM
versus free CBM (Figure 15). BBCBMS56 bound with a dissociation constant of (K4) of 4.06 uM™!
+0.46 pM™" and a binding capacity (N,) of 0.95 pmol of CBM/gram of pachyman + 0.30
pumol/g.

The binding of BACBMS56 to the soluble B-1,3-glucan, laminarin, was tested using native
gel affinity electrophoresis (Figure 16). The /Ry values for the migration of BACBMS56 and
HaKdgf through the native gels were 0.52 and 0.98, respectively. These results determined that
BhCBMS56 binds laminarin because the migration of BACBMS56 through a native gel with
laminarin incorporated was retarded. Together, not only do these results confirm that BACBMS56
binds insoluble B-1,3-glucans, but they also suggest that BACBMS56 may play a role in binding

soluble B-1,3-glucans.

3.5 Structure of BhCBMS56
In order to gain insight into the mechanism of carbohydrate recognition by BACBMS56, the three

dimensional crystal structure of BAxCBMS56 was solved to 1.7 A resolution using MAD on a
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Figure 15: Depletion binding isotherm of B2ZCBMS6 to pachyman. Each data point is
represented by a black circle. The solid line is the best fit line to a one-site binding model.
Error bars are standard deviation values of three replicates.
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Figure 16: Affinity electrophoresis of BACBMS6 and HaKdgf on a native
polyacrylamide gel matrix with or without laminarin incorporated. Ten
micrograms of samples were run at 150 volts for 3 hours and 50 minutes on 9%
polyacrylamide gels. (A) Native gel without laminarin. (B) Electrophoresis in the
presence of 0.25% (w/v) laminarin.
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crystallized bromine derivative (see Materials and Methods). BACBM56 crystallized with two
molecules in space group C2 with a Matthews coefficient of 2.06 and a solvent content of
approximately 40.0% (Figure 17A). The final model consisted of two BACBMS56 molecules (94
amino acids each) and 296 water molecules in the asymmetric unit (refinement statistics are
given in Table 2). Like the majority of CBM families, BACBMS56 adopts a B-sandwich type fold
composed of two antiparallel B-sheets consisting of five B-strands each (Figure 17B). One (-
sheet (B-strands 1,2,3,6, and 7) exhibits a concave surface exposed face, while the opposing [3-
sheet (B-strands 4, 5, 8, 9, and 10) exhibits a convex surface exposed face.

The BACBMS56 structure was compared to a -1,3-glucan recognition protein from Plodia
interpunctella (BGRP) with similar properties (Kanagawa et al., 2011). Similar to BACBM56,
BGRP is a B-sandwich composed of two antiparallel B-sheets, each consisting of four B-strands.
Three-dimensional alignment of BACBMS56 and BGRP has revealed structural similarity with an
RMSD value of 2.1 A over 82 residues out of 99. This BGRP protein binds to long structured B-
1,3-glucan and functions to initiate an immune response (Kanagawa et al., 2011). Another
similarity these two proteins share is that B2CBMS56 has an arrangement of residues on the
convex side of the B-sandwich that is similar to those in the BGRP -1,3-glucan binding site,
which is created by a platform of hydrophobic residues surrounded by several polar and charged
residues (Figure 17C and D). From this comparison, it can be speculated that three residues
(W1015, H965, and D963) are potentially essential for carbohydrate recognition by BACBMS56

(Figure 17E).



BhCBMS56 Crystals

Figure 17: The Crystal structure of BACBMS56 solved at 1.7 A using MAD and its
comparison to B-GRP complexed with laminarihexaose. (A) Native crystals used for
bromide soaks required 21 % polyethylene glycol 3350 and 0.1 M Bis-tris/HCI, pH 5.5,
for nucleation and growth (B) Cartoon representation of BACBMS56 adopting the
common B-sandwich type fold. The putative binding residues located on the convex
side of the B-sandwich of (C) BACBMS56 and (D) BGRP from P. interpunctella. (E) A
3D alignment of the BGRP protein from P, interpunctella with its binding residues
(PDB code 3AQZ) and BACBMS56 with its putative binding residues.
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Table 2: Data collection and model statistics for BACBM56

BhCBM56 Bromide
Data
collection
Wavelengths 0.91962 A 0.92002 A 0.90496 A
Cell
dimensions
Beamline BLI11-1 BL11-1 BLI11-1
Space Group C2 C2 C2
76.33,54.31, 76.30,54.29, 76.34.54.34,
a, b, c(A) 58.20 58.18 57.96
90.00, 130.90, 90.00, 131.25, 90.00, 131.25,
a, B,y (©) 90.00 90.00 90.00
Resolution (A) 39.39-1.70 30.52-1.68 3940-1.75
R erge 0.05 (0.30) 0.04 (0.31) 0.041 (0.27)
1I/cl 61.1/10.9 37.0/5.8 37.6/7.3
Completeness
(%) 100.0 (100.0) 99.2 (98.5) 99.1 (99.6)
Redundancy 30.2 (29.6) 8.4(7.5) 8.4 (8.7)
Refinement
Resolution (A) 1.70
No. reflections 18736
R0/ Rizee 0.15/0.20
No. residues
Protein 180
Waters 293
B-factors
Protein 14.4 (A)
12.8 (B)
Water 25.6
R.m.s
deviations
Bond lengths (A) 0.021
Bond
angles (*) 1.945

*Values for highest resolution shell are shown in parentheses
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Chapter 4

4.0 Discussion
4.1 BhGH81 has a unique mode of action

Sequence similarity revealed that the catalytic module of a multimodular protein from B.
halodurans was a GH from family 81. This family of GHs has been previously determined to
hydrolyze B-1,3-glucan in S. cerevisiae (Martin-Cuadardo et al., 2008) and 4. fumigatus
(Fontaine et al., 1997). TLC analysis of BAGH81 hydrolytic specificity confirmed that it is active
on the B-1,3-glucans, laminarin and pachyman (Figure 10A). This confirmed our hypothesis that
BhGHS]1 hydrolyzes B-1,3-glucan; however, the molecular details of how BAGH81 hydrolyzed
B-1,3-glucan remained unknown.

Previous work on two members of glycoside hydrolase family 81 from S. cerevisiae and
A. fumigatus (ScEng2 and AfEngl, respectively) have provided insight into the molecular details
of hydrolysis by GHs from family 81. ScEng2 and 4fEngl have been shown to be endo-acting
enzymes (Fontaine et al., 1997; Martin-Cuadrado et al., 2008). ScEng2 incubated with reduced
laminaripentaose (G5 with the glucose at the reducing end in the hemiacetal ring form [G5r])
released mainly G2r and G3 with smaller amounts of G3r and G2, indicating that this enzyme
cleaves preferentially between the glucose residues at positions 2 and 3 from the reducing end.
Reduced substrates longer than G5r (Gé6r and G7r) were cleaved at several positions, but with a
minimum size of a trisaccharide from the non-reducing end. G4r was a poor substrate for
ScEng2; however, it was slowly degraded to G2r and G2. G2 and G3 were not substrates for
ScEng2. Similar results were obtained from AfEngl with the exception that small amounts of G2
was released from the non-reducing end upon incubation with substrates ranging from G5r and

G8r. These results suggested that glycoside hydrolases from family 81 are able to bind to several
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positions on B-1,3-glucooligosaccharides, but require a length of at least four glucose residues to
do so and hydrolyze them in an endo-acting manner.

Given that these two members hydrolyze laminari-oligosaccharides in an endo-acting
manner, it was expected that B#GHS81 is an endo-B-1,3-glucanase. In order to test this
expectation, product analysis of BAGHS81 hydrolysis on B-1,3-glucooligosaccharides using high
performance anion exchange chromatography was carried out (Figure 10B). These experiments
revealed that this enzyme recognizes -1,3-linked glucose polymers with a length greater than
G2 and hydrolyzes them into G1, G2, and G3 (Figure 10B). These results were different from
what had been determined previously for ScEng2 and AfEngl for two reasons (Figure 10B).
Firstly, neither of these enzymes released glucose as a major product, whereas BAGHS81 did
(Figure 10B). Secondly, G3 was not a viable substrate for ScEng2 or AfEngl; however, BAGHS1
was able to hydrolyze G3 releasing G1, G2, and G3 as products (Figure 10B). The multiple
products released by BAGHSI is typical of an endo-acting enzyme, but glucose as a major
product is indicative of an exo-acting enzyme. An explanation for these results could be that
BhGHS1 is hydrolyzing B-1,3-glucan with an endo-processive mode of action as seen with
Cellulase E4 from 7. fusca. Together, with these results it can be speculated that BAGHS81’s
mode of action is unique as compared to other characterized GHs from family 81 because it can
recognize oligosaccharides with a degree of polymerization greater than two and degrades them

with an endo-processive mode of action.

4.2 Structural insights into a B-1,3-Glucanase from family 81
The product analysis of BAGHS81 suggested that it has a unique mode of action compared

to other members of its family. This could also mean that the architecture of the catalytic site is
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unique compared to other GHs from family 81. In order to determine if BAGHS81 has an active
site that is unique, the enzyme was structurally characterized by x-ray crystallography. The
crystal structure of BAGHS81 was solved to 2.5 A resolution revealing that BAGH81 consists of
three domains: Domain A, B, and C.

An amino-acid sequence alignment with five other GHs from family 81 uncovered 45
conserved residues (Figure 12). Out of these, 11 (Y387, K391, Y473, D466, H470, A529, E542,
S543, E546, 1626, and W664) were located in the putative substrate binding cleft and surface
exposed. Along the catalytic cleft, there are three conserved aromatic residues (Y387, Y473, and
W664). There are also three residues in the substrate-binding cleft (F469, W615, W616) that can
replaced by other aromatic residues among these five GHs from family 81. Since aromatic
residues located in substrate-binding clefts have been known to make stacking interactions with
the pyranose rings of glucose, these residues may be involved in interacting the B-1,3-glucan
substrate.

Typically hydrolysis of glycosidic bonds occurs via a general acid catalysis mechanism
and requires two acidic residues. These catalytic residues are typically conserved across most
GH families. The only acidic conserved residues located in the catalytic cleft are E542, E546,
and D466. Previous studies on ScEng2 have shown a drastic reduction in activity on laminarin
when two acidic residues, E608 and E612 (E542 and E546 in BAGHS81), were mutated to
glutamine (Martin-Cuadrado et al., 2008). D526 in ScEng2 (D466 in BAGHS81) is not crucial in
catalytic activity (Martin-Cuadrado et al., 2008). This indicates that E542 and E546 are likely the
catalytic residues in BAGHS1.

A member of GH family 81 has been shown to adopt an inverting mechanism (McGrath

& Wilson, 2006) and the putative catalytic residues are 8.6 A apart in BAGH81. Thus, it is likely
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that its catalytic mechanism involves a proton donor and a basic catalyst. During this general
acid catalysis mechanism, carboxyl groups that function as basic catalysts are negatively
charged, whereas carboxyl groups that function as proton donors are initially protonated. In order
to achieve this, the structure of active sites have evolved to modulate the pKa of these amino
acids with carboxylate groups. The only two conserved aromatic residues in the substrate-
binding cleft of the only structurally characterized GH from family 81 (RmGHS81), Y386 and
Y482 (Y387 and Y473 in BhGHS81), have been found to hydrogen bond to the putative basic
catalyst, E557, (E546 in BAGHS81). Thus, Y386 and Y482 of RmGHS1 stabilize the basic catalyst
by modulating its pKa (Zhou et al., 2013). Similarly to RmGHS81, Y473 and Y387 of BAGHS81
are positioned similarly to E546 (Y386 and Y483 in RmGHS81) and also form hydrogen bonds to
this residue (E557 in RmGHS81), thereby modulating its pKa and suggesting that it is the basic
catalyst (Figure 11E). Additionally, S543 of BAGHS81 is conserved among all GH81 family
members (Figure 12). Structural characterization of RmGHS81 has suggested that this residue
(S554 in RmGHS]1) is involved in stabilizing the position of the putative basic catalyst by
hydrogen bonding to the backbone nitrogen atom of E557 in RmGHS81 (Zhou et al., 2013). S543
of BAGH&I is oriented in a similar way indicating that it may stabilize E546. These findings
suggest that E546 is the basic catalyst of BAGHS81. E542 (E554 in RmGHS81) does not form any
hydrogen bonds to other amino acids based on its position and is located in a hydrophobic
environment, indicating that it is the proton donor (Figure 11E).

The catalytic centres of all characterized enzymes with an (o/a)e-barrel fold is on one side
of the barrel as seen in the GH family 8 xylanase from Pseudoaltermonas haloplanktis (Bott et
al., 2008) and the GH family 15 glucoamylase from Trichoderma reesei (Van Petegem et al.,

2003). The x-ray crystallography results of BAGHS81 revealed that the location of the putative
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active site is on one side of the (a/a)s barrel and it has a blind canyon active site topology. The
putative catalytic residues (E542 and E546) are located near the blind end of this active site. The
distance between the blind end of the canyon and the catalytic residues is only large enough for a
mono/disaccharide. However, the whole cleft is large enough to accommodate a long
polysaccharide chain. The active site of BAGHS81 has a 23 amino acid loop located between
helices 020 - 021 and is oriented in a way that it blocks one end of the active site, creating the
blind canyon topology. Previous structural characterization of RmGHS1 also revealed that the
putative active site is located on one side of the (a/a)s barrel. In contrast, the loop connecting
helices 020 - 21 is 12 residues shorter in RmGHS81 resulting in a trench-like active site. Every
GH&81 enzyme characterized by product analysis has so far, hydrolyzed -1,3-glucan in an endo-
acting manner. We propose that B4GHS81 is unique and it is due to this extended loop that allows
it to degrade B-1,3-glucan in an exo-acting manner.

An issue that remains to be resolved is that the product analysis of BAGH81 incubated
with B-1,3-glucooligosaccharides released multiple products, which is typical of an endo-acting
enzyme. Unfortunately, further structural analysis and product analysis experiments are needed
to resolve this issue. However, speculations can be made based on a comparison with an enzyme
that has similar properties. A comparison of the crystal structures of BA#GHS81 to cellulase E4 (i.e.
E4; GH family 9) from T. fusca could explain why the product analysis results of BAGH81 with
B-1,3-glucooligosaccharides released products that are indicative of both an exo and an endo
acting enzyme. E4 has an endo-processive mode of action. The crystal structure of E4 has a
catalytic domain exhibiting an (o/a)s barrel fold and a CBM from family 3 having an antiparallel
B-sandwich fold (Sakon et al., 1997). These overall features are similar to those observed in the

crystal structure of BAGHS81 (Figure 13C). The substrate-binding cleft of the E4 enzyme runs
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from helices al - a8. The catalytic residues of this enzyme (D55, D58, and E424) are located in
the middle of this cleft (Figure 13A). The end of the substrate-binding cleft closest to helice a8 is
blocked by a loop created by residues 245 - 255, however the end of the cleft closest to helice al
connects smoothly with the surface of the CBM from family 3 (Figure 13B). This substrate-
binding cleft is similar to that observed in BAGHS81, suggesting it may also have an endo-
processive mode of action. For an initial endo mode of action to exist in BAGH81, the catalytic
residues must hydrolyze an internal glycosidic bond in a polysaccharide chain. However, the fact
that the catalytic residues of BAGHS81 are located near the blind end of the catalytic cleft poses a
problem for this theory. Therefore, in order for an initial endo mode of action to exist in
BhGHS1, the polysaccharide substrate would have to enter the cleft at the end opposite to the
catalytic residues and exit the cleft at the end with the catalytic residues. This would allow the
catalytic residues to interact with the internal glycosidic bonds of a polysaccharide chain.
Therefore, it is possible that BAGH81 may hydrolyze B-1,3-glucan with an endo-processive mode
of action as observed in E4. Further x-ray crystallography experiments involving an enzyme-
product complex complemented with a time course product analysis of B2#GHS81 hydrolysis on 3-

1,3-glucooligosaccharides using could elucidate this.

4.3 Ligand specificity of BACBMS56

Sequence similarity revealed that BAiLam81 from B. halodurans has a CBM from family
56 as one of its modules. The binding of a CBM from family 56 to insoluble -1,3-glucan has
already been shown (Yamamoto et al., 1998). In order to determine if BACBMS56 binds insoluble
B-1,3-glucan, an SDS-PAGE depletion assay was performed. The results from this experiment

revealed that BACBMS56 binds the insoluble B-1,3-glucans, curdlan and pachyman. In order to
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obtain more quantitative binding data, binding isotherms of BACBM56 and pachyman were
performed. This experiment revealed that BACBMS56 had a relatively high affinity for insoluble
B-1,3-glucan (Kg, 4.06 pM™" £ 0.46 and N,, 0.95 pmol of CBM/ gram of pachyman = 0.30 pM).
Additionally, binding of BACBMS56 to laminarin was also shown via native gel affinity
electrophoresis. These results not only confirmed our hypothesis that BACBMS56 binds insoluble

B-1,3-glucan, but revealed that it binds soluble B-1,3-glucan as well.

4.4 Structural insights into BhCBMS56

The binding isotherms and SDS-PAGE depletion assays for BACBMS56 indicated that it
binds both insoluble and soluble B-1,3-glucan. In order to gain insight into the binding
mechanism of BACBMS56, we solved its structure using x-ray crystallography. A structural
homologue search using the DALI server showed that this CBM shares highest structural
similarity to BGRP from P. interpunctella (PDB code, 3AQY-B; Z-score 9.8; Kanagawa et al.,
2011). This BGRP protein functions to initiate an immune response in Plodia interpunctella upon
binding fungal cell wall B-1,3-glucan. The crystal structure of BGRP revealed the presence of
hydrophobic and charged residues mostly on the convex side of the f-sheet forming a large
binding platform. Residues L41, L27, W76, Y78, and I80 contribute to binding laminarin by
creating a solvent exposed hydrophobic patch. Four polar and charged residues of BGRP (H31,
R48, D49, and R87) surround this hydrophobic patch and are involved in the interaction with O4
and O6 atoms of glucose residues in laminarin. The BACBMS56 structure also has a cluster of
hydrophobic residues that are mostly on its convex B-sheet (Y961, Y1004, Y1011, W1015,
F1016, and Y1018). Of these, W1015 and F1016 are conserved with W93 and F98 from BGRP,

respectively. However, neither W93 or F98 have been found to be involved in binding f -1,3-
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glucan in BGRP. Six polar and charged residues exist around the hydrophobic patch in
BhCBM56 (R960, D963, H965, K967, R976, and E999). It is possible that some of these
residues on the convex side of the B-sandwich make similar interactions with the -1,3-glucans
tested in this study.

B -1,3-Glucan has been proposed to be a triple-helical structure existing in many fungi,
bacteria, plants, and algae and is known variously as pachyman, laminarin, callose, paramylon,
laricinan, and curdlan. The x-ray crystallographic complex of BGRP and laminarin reveals that
D49 and W76 interact with more than one strand of the triple helix, thereby stabilizing it
(Kanagawa et al., 2011). D963 and W1015 of BACBM56 are not conserved with D49 and W76
of the BGRP protein, respectively. However, the alignment of these two proteins reveals that the
side chains of D963 and W1015 of BACBMS56 and D49 and W76 of BGRP are in close
proximity, respectively (Figure 17E). Therefore, D963 and W1015 may interact with the triple
helix of pachyman in a similar manner to D49 and W76 in the BGRP protein. Another essential
residue that binds the triple-helical structure of laminarin in BGRP was found to be H31. This
residue is not conserved with BACBMS56, but the alignment between BACBMS56 and GRP
shows that there is one histidine (H966) with its imidiazole side chain in a similar position to
H31 of BGRP. Thus, D963, W1015, and H965 may be the residues essential for binding the
triple-helical structure of pachyman. This comparison of BACBMS56 with BGRP has revealed that
the binding site for BACBM56 may be on the convex face of the B-sandwich created by a

platform of hydrophobic residues surrounded by several polar and charged residues.



60

4.5 Conclusions

The objectives of this study were to determine the substrate-specificity of BAGH81 and
BhCBM56 and speculate on the molecular details of how both of these modules recognize and
act on their substrates. The results in this study confirm our hypothesis that BAGHS81 is a -1,3-
glucan hydrolyzing enzyme and BACBM56 is a -1,3-glucan binding CBM. By identifying the
substrate-specificity and attempting to determine the amino acids involved in binding by
BhCBM56, the results presented in this study for BACBMS56 can be used to work towards
determining the molecular details of how it recognizes and acts on its substrate. The high
performance anion exchange chromatography results and the comparison of BAGHS81 to
Cellulase E4 from 7. fusca may indicate that BAGH81 has an endo-processive mode of action,
however all characterized glycoside hydrolases from family 81 are endo--1,3-glucanases. An
exo acting enzyme typically releases one reaction product whereas an endo acting enzyme
releases a variety of reaction products. The reaction products generated by the catalytic domain
are not typical of an exo-mode or an endo-mode of action. BAGHS&]1 releases a variety of reaction
products including G1, G2, and a small amount of G3, which is typical of an endo-mode of
action. On the other hand, G1 is the most abundant reaction product, which is a typical of an exo-
acting enzyme. The active site topologies of endo acting enzymes are typically long grooves that
will fit long polysaccharide chains with the catalytic residues located somewhere in the middle of
the groove. In contrast, the active sites of exo-acting enzymes have a pocket or crater active site
topology that fit only mono or disaccharides. The structure of BA#GHS81 reveals a blind canyon
active site topology with the catalytic residues at the blind end of this canyon. This canyon could
fit a long polysaccharide chain, yet there is a loop that creates a blockage near the catalytic

residues. This type of active site topology has been observed prior to this study in E4, an
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endo/exo cellulase from family 9. This enzyme initially hydrolyzed long chains of cellulose with
an endo-processive mode of action. Therefore, it can be speculated that BAGHS81 is using a
similar mode of action. This indicates the BAGHS&1 is a unique member of its family in that it
may be an endo-processive enzyme as opposed to its endo acting relatives from GH family 81.
The initial endo mode of action would explain production of the larger G2 and G3 products,
while G1 would be produced by the exo-mode of action. By identifying the products released
when various -1,3-glucooligosaccharides were subjected to hydrolysis by BA#GH81 and
obtaining structural insight, the results presented in this study can be used to work towards
characterizing the molecular details of how it recognizes and acts on its substrate(s). The
elucidation of the molecular details of how both these modules recognize and act on their
substrates can be used to work towards presenting a model of how the modular components of
BhLamS81 allow for more efficient recognition and degradation of its substrate(s) in the
environment.

Research on the degradation of polysaccharides by multimodular carbohydrate-active
enzymes has showed us that many of them have ancillary modules, which aid in increasing the
efficiency of polysaccharide degradation. These ancillary modules are known as CBMs, which
aid in degradation by binding carbohydrates. The majority of the forces allowing CBMs and their
catalytic modules to interact with their substrates are hydrophobic stacking interactions between
the sugar and aromatic amino acid side chains in the substrate-binding clefts. These amino acid
side chains determines whether the terminal or the internal units of the polysaccharide chain
interacts with the substrate-binding cleft of CBMs or their catalytic modules. The research on
GHs from family 81 and CBMs from family 56 may be useful in predicting how other

uncharacterized polypeptides from these families interact with their putative substrates based on
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amino acid sequence. Studying these interactions and the degradation of their substrates may
have applications in industry for engineering multimodular enzymes with enhanced ability to
hydrolyze their substrates. As the need for alternative fuel sources will likely increase, this
research may be important. There is current work being done to produce ethanol from alginate in
brown macroalgae. This system uses a 36 kilobase pair DNA from Vibrio splendidus encoding
enzymes for alginate transport and metabolism as well as an engineered system for extracellular
alginate depolymerisation (Wargacki et al., 2012). This study was done in hope that a system
could one day be engineered to generate a microbial platform that can degrade, uptake,
metabolize, and synthesize ethanol from alginate. By studying -1,3-glucanases and determining
the molecular details of how they recognize and degrade their substrates, we could one day

engineer a similar microbial platform for biofuel production from -1,3-glucan.
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