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Abstract

Plant biomass offers a sustainable source for energy and materials and an alternative to fossil fuels.

However, the industrial scale production or biorefining of fermentable sugars from plant biomass

is currently limited by the lack of cost effective and efficient biocatalysts. Microbes, the earth’s

master chemists – employing biocatalytic solutions to harvest energy, and transform this energy

into useful molecules – offer a potential solution to this problem. However, a majority of microbes

remain uncultured, limiting our access to the genetic potential encoded within their genomes. This

has spurred the development of culture independent methods, termed metagenomics.

In this thesis I harnessed high-throughput functional metagenomic screening to discover biomass

deconstructing biocatalysts from uncultured microbial communities. Towards this goal, twenty-two

clone libraries containing DNA sourced from diverse microbial communities inhabiting terrestrial

and aquatic ecosystems were screened with 4-methylumbelliferyl cellobioside to detect glycoside

hydrolase activity. This revealed 178 active clones containing glycoside hydrolases, often in gene

clusters. This set of active clones was consolidated and further characterized through sequencing

and rapid, plate-based, biochemical assays. Additionally, libraries sourced from beaver fecal and gut

microbiomes were screened with four fluorogenic probes (6-chloro-4-methylumbelliferyl derivatives

of cellobiose, xylobiose, xylose and mannose) for glycoside hydrolase activity. This revealed a total

of 247 active fosmid-harbouring clones, that encoded many polysaccharide-degrading genes and gene

cassettes. Specific candidate genes from the fecal library were sub-cloned, and the resulting purified

enzymes were shown to be involved in synergistic degradation of arabinoxylan oligomers. The

clone libraries that were generated through functional metagenomic screening were then employed

to reveal the promiscuity of glycoside hydrolases towards unnatural azido- and aminoglycosides.

Promiscuous enzymes identified from metagenomic and synthetic clone libraries were then used as a

starting point for the generation of new glycosynthases capable of incorporating modified glucosides
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Abstract

and galactosides. The resulting set of eight new glycosynthases are capable of synthesizing di- and

trisaccharides, glycolipids and inhibitors such as 2,4-dinitrophenyl 4’-amino-2,4’-dideoxy-2-fluoro-

cellobioside. Taken together this work has exploited the power of functional metagenomics to reveal

new modes of biocatalysis and develop new synthetic tools.
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Lay Summary

Microbes are ubiquitous; they are in soil, air, water and inside our bodies. They also make enzymes

to promote chemical transformations in our environment, including plant matter degradation. Some

microbes are difficult to study as they can’t be grown in the laboratory. For these microbes we use

a collection of growth free methods, termed metagenomics. This thesis investigates plant-degrading

genes – the DNA that codes for enzymes – present in soil, ocean water, bioreactors, coal beds, and

beaver digestive tracts using metagenomics. Many of the uncovered genes had not been seen before.

I also investigated how some of these enzymes work together to degrade specific sugars present in

plants. Additionally, I made some of these enzymes capable of creating unnatural molecules that

would be difficult to create otherwise. This work used metagenomics to discover catalysts, including

those that break down plants, and create catalysts to synthesize unnatural molecules.
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Chapter 1

Introduction

Nature is replete with a diversity of biocatalysts possessing the potential to solve current industrial

and medical challenges. To convert this potential into tangible solutions new biocatalysts must be

discovered, characterized and adapted to the particular application. Discovery of new biocatalysts

has historically relied on the screening of cultured organisms for the activity of interest. This,

however, neglects the majority of microbes which belong to phyla lacking a cultured representative

[133, 256]. To pass beyond the limitations of culture dependence, metagenomic techniques have

been developed which allow us to investigate the genomic information of an environmental sample

without prior culturing of the present microorganisms [112, 255, 256]. Furthermore, functional

metagenomic screening allows us to tap into the catalytic power of these microbes without prior

sequence annotation, enabling the discovery of catalysts which may have little or no sequence

similarity to previously known catalysts.

Ready access to sustainable energy and materials is one challenge which may be solved through

biocatalytic means. Plant biomass is a renewable resource that can be converted into energy and

materials as an alternative to fossil fuel [47, 100]. The structure of plant biomass, has however,

evolved to be highly recalcitrant, thus complicating the realization of its potential value [122].

To harvest the fermentable sugars and aromatics provided in plant biomass, mechanical, chemical

and biological processes have been developed [199, 232]. However, a major limitation for the

industrial deconstruction of plant biomass polymers continues to be a lack of cost-effective and

efficient biocatalysts. For over 3.5 billion years, cooperative microbial communities have been

driving energy and material transformations that create and sustain planetary living conditions.

As a result, although the vast majority of microbes in nature remain uncultured, they represent

an almost unbounded reservoir of genetic information and metabolic potential [256, 293]. High-
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1.1. Plant Biomass

throughput functional metagenomic screening offers a method to tap into this reservoir and identify

new catalysts for the deconstruction of plant biomass.

Within this introductory chapter I review existing literature and motivate the creation of active

clone libraries through functional metagenomic screening and the development of biocatalysts from

these libraries. Firstly, the molecular structure of plant biomass (with particular emphasis on the

polysaccharide component), and its variation within primary and secondary cell walls is reviewed.

Next, carbohydrate active enzymes are reviewed, with particular emphasis placed on classes of

enzymes and enzyme systems that degrade plant biomass. This chapter then reviews a class of en-

gineered enzymes (glycosynthases) which can be generated from plant biomass-degrading enzymes

and used for synthesis. Functional metagenomic methods for the discovery of biomass-degrading

enzymes are then reviewed. Finally, the structure of this dissertation is detailed.

Plant Cells

Layered mesh of microfibrils 
in plant cell wall

Microfibril structure

Hemicellulose

Cellulose
Lignin

Plasma Membrane
Secondary Cell Wall

Primary Cell Wall 
Cytosol

Middle Lamella

Figure 1.1: Polymer Constituents of Lignocellulose. Cellulose, hemicellulose and lignin form struc-
tures which are organized into macrofibrils that mediate the structural stability of plant cell walls.
Pectic fraction is not shown. Adapted from Rubin [259].
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1.1. Plant Biomass

1.1 Plant Biomass

One of the hallmarks of plant cells is the presence of a cell wall composed of the polysaccharides

cellulose, hemicelluloses and pectin and the polyaromatic lignin. This cell wall can be divided into

three layers: the primary, and secondary cell walls and the middle lamella, Figure 1.1. Primary

cell walls are synthesized during growth and typically are relatively thin, flexible, highly hydrated

structures [66]. Secondary cell walls provide strength and rigidity in plant tissues that have ceased

growing [66]. The middle lamella is a thin pectin-rich region between adjacent primary cell walls

[334]. The concentrations and structures of cell wall polysaccharides vary between the primary and

secondary cell walls and with the plant taxa.

Marine algae have similar cell walls to land plants, containing crystalline cellulose, hemicellulose

and matrix polysaccharides. However, algae contain several hemicelluloses and matrix polysaccha-

rides that are not found within the land plants, including the sulfated glucan and glucuronan

hemicelluloses found in red and brown algae [? ]. Futhermore algae do not contain pectins but

instead the green algae contain ulvans, red algae contain fucans and brown algae contain agars,

carageenans and prophyrans [? ]. Although algal polysaccharide structures are undoubtedly im-

portant to understanding biomass degradation, the following description of plant polysaccharides

will be confined to those found within terrestrial plants.

1.1.1 Structure of Polysaccharides

The majority of plant cell wall polymers are polysaccharides. The functional role of these polysac-

charides is dictated by the monosaccharides present (see Figure 1.3) and their linkages, which may

be highly repetitive or extremely diverse. In order to determine the structure of a polysaccharide

the following must be determined:

• Which monosaccharides are present. The most common monosaccharides contain either

five or six carbons and are known as pentoses and hexoses respectively. These monosaccharides

contain either an aldehyde or ketone at one end and typically hydroxyls at each of the other

carbons. For a hexose this means that in the linear form there are four stereocentres (carbons

2-5 in Figure 1.2). Instead of referring to monosaccharides by their absolute R- and S-
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1.1. Plant Biomass

configuration, as this would be cumbersome, each of the possible monosaccharides has a

trivial name.

• Whether the sugar present is the D- or L- isomer. These isomers are mirror images

of each other and can be determined by the configuration of the carbon furthest from the

aldehyde or ketone functionality. This is carbon 5 for glucose, shown in Figure 1.2. This

naming is based on the analogy to D- and L-glyceraldehyde.

• Whether the sugar is in the pyranose or furanose form. Free sugars often exist as a

mixture of the linear, 5-membered ring (furanose) and 6-membered ring (pyranose) structures.

When present as acetals or ketals in polysaccharides the monomers are no longer able to

interconvert between these isomers, unless they are at the reducing end of a polysaccharide.

See Figure 1.2 for cyclic forms of glucose.

1

OH
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OH

HO

HO
OH

2
3

4 5

6

α-D-glucofuranose

α-D-glucopyranose

OH
O

OH

HO

HO
OH

12
3

4 5

6

β-D-glucofuranose

β-D-glucopyranose

D-glucose

C

OH
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C
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OHH
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H OH

CH2OH
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2
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4
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4

5
6 OH

OH

HO
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12

3
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Figure 1.2: Forms of D-Glucose. D-Glucose is shown in its open chain form as a Fischer projection
The cyclic forms of glucose are shown as Haworth projections for the furanose forms and in the
chair conformation for the pyranose forms. Carbons are numbered.

• Whether the anomeric position (C1 in the ring form, in most cases) is in the α- or

β- configuration. The anomeric configuration of a sugar is determined by reference to the

carbon that determines the D- or L- configuration. In a Fischer projection, if the substituent

4
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off the anomeric centre is on the same side as the oxygen of the configurational (D- or L-)

carbon, then it is the α-anomer. If it is directed in the opposite direction it is the β-anomer.

See Figure 1.2 for anomeric configurations of glucose.

• Which hydroxyls form the linkage between two monosaccharides. Typically, gly-

cosidic linkages are formed between the anomeric center of one monosaccharide and a non-

anomeric hydroxyl in another monosaccharide. For two β-D-glucopyranose residues this would

mean four separate linkages could be formed (1,2-, 1,3- 1,4- or 1,6-linkages).

• The position and presence of any non-carbohydrate modifications. Common mod-

ifications include acetylations and methylations of hydroxyls.

1.1.2 Cellulose

Approximately 35 to 50 % of dry plant matter is composed of cellulose [184], a polymer of re-

peating 1,4-linked β-D-glucopyranose subunits, making it the most abundant terrestrial polymer.

Within plants, macromolecular complexes synthesize several cellulose strands simultaneously [65].

Hydrogen bonding and hydrophobic interactions between these strands cause them to form an in-

soluble crystalline cellulose microfibril [279]. These microfibrils may be 3-5 nm in diameter, several

micrometers in length, and contain several hundred glucose molecules [65]. The insoluble nature

of cellulose confers structural stability and causes practical problems for microbial degradation

[121]. Many taxa, other than the land plants, also synthesize cellulose, including: green algae

(Chlorophyta and Charophyta)[79], red algae (Rhodophyta) [297], brown algae (Phaeophyceae)

[185], Oomycetes [118], animals (Urochordates which are marine invertebrates) [212], Amoebozoa

[85] and Cyanobacteria [221].

1.1.3 Hemicellulose

Hemicellulose is an overarching term used to describe the non-ionic polysaccharides, other than

cellulose, which are present in the plant cell wall. This includes mixed-linkage glucans, xylans,

xyloglucans, glucomannan and mannans. Hemicelluloses are thought to play roles as signalling

molecules [335] and in strengthening cell walls through interactions with cellulose and lignin [264].
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Figure 1.3: Monosaccharides Present in Plant Biomass. Cellulose, hemicelluloses and pectin are
composed of the variety of monosaccharides shown.

The composition and abundance of each of these polysaccharides is variable between species, and

often differs between primary and secondary cell walls within the same species [264].

Mixed linkage glucans

Like cellulose, mixed linkage glucans (MLGs) consist entirely of β-glucose residues, however unlike

cellulose MLGs contain 1,3-linkages in addition to the 1,4-linkages seen in cellulose. Typically,

the 1,3-linkages are located every 3 to 4 residues, linking cellotriosyl and cellotetraosyl subunits

[141]. MLGs are considered to be limited to grasses (Poales) and one isolated land plant genus
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(Equisetum) [96] and are thought to be more abundant in the primary cell wall than in the lignified

secondary cell wall [305]. MLGs are also present in many food sources including oats and barley

[195]

Xylans

Xylans are characterized by a backbone chain of β-1,4-linked D-xylose residues. This backbone

is the site for several decorations, the most common of these being: acetylation at the 2 or 3

position, attachment of α-D-glucuronic acid or 4-O-methyl-α-glucuronic acid at the 2-position and

attachment of α-L-arabinofuranose at the 2- or 3-position [264]. Additionally, a majority of xylans

have a characteristic reducing end sequence consisting of (xylose-(1,3)-α-L-rhamnopyranose-(1,2)-

α-D-galacturonate-(1,4)-D-xylopyranose) [142]. Further decorations on the α-1,2-linked glucuronic

acid residues are present in the monocot orders Alismatales, Asparagales and the dicot Eucalyptis

grandis [234]. Within these taxa α-L-arabinopyranose is attached via 1,2-linkage to glucuronic acid,

which may or may not be methylated [234]. The xylans of Eucalyptis also contain β-galactose units

1,2-linked to glucuronic acid [234, 298]. Xylans present in grasses (family Poaceae) may also have

ferulic acid esters attached to the C-5 hydroxyl [75] and further decorations on C-2 hydroxyl of

the α-1,3-linked arabinofuranose substituents [234]. Corn bran xylan is one such polymer, having

multiple separate tetrasaccharides containing D-galactose, L-galactose and ferulic acid and D-xylose

branching from an arabinofuranose sidechain [6, 11].

The decorations observed on the xylan backbone change with taxonomy [42, 234]. Dicots, in-

cluding hardwood trees, contain primarily glucuronoxylan and lack arabinofuranose decorations.

On the other hand, monocots of the order Poales, which includes grasses, contain higher concen-

trations 2- and 3-linked arabinofuranose decorations in addition to α-glucuronyl sidechains [234].

Xylans from softwood (Gymnosperms) such as Douglas fir [Pseudotsuga menziesii ], or Spruce [Picea

abies] are also decorated with both glucuronic acid and 1,3-linked arabinofuranose, but lack 1,2-

linked arabinofuranose [42, 86]. Grasses (Poaceae) have higher concentrations of xylans than do

either dicots or gymnosperms.
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1.1. Plant Biomass

Xyloglucan

Xyloglucans are mainly present in the primary cell walls of plants, and form strong interactions

with cellulose microfibrils through hydrogen bonding [233]. The backbone of this polysaccharide

is a chain of β-1,4-linked glucose residues. The most common decorations of this polymer are

xylosyl residues attached via α-linkages at the 6-hydroxyl position of the glucose backbone. Both

the backbone glucosyl and the xylosyl residues can be further substituted with D- and L-galactosyl,

L-fucosyl, D-galacturonosyl, L-arabinopyranosyl, L-arabinofuranosyl and acetyl moieties at specific

locations in specific linkages, resulting in the 24 unique structures identified to date [233].

As for xylans, the diversity of xyloglucan substitutions varies with taxonomy. The most common

form of xyloglucan contains a repeating structural unit consisting of three xylose-decorated glucoses

followed by one undecorated glucose. This sequence is often galactosylated and fucosylated, result-

ing in fucogalactoxyloglucan which is observed to be present in most tissues of most dicots [233].

The majority of xyloglucans in the primary cell walls of gymnosperms are also fucogalactoxyloglu-

cans with similar structures to those of the xyloglucans in the primary walls of most dicots [130].

Monocots have diverse xyloglucan structures, with non-grass monocots having structures similar

to dicots, whereas grasses have fewer decorations and reduced xyloglucan concentrations [129].

Mannan and Glucomannan

Mannans and glucomannans contain β-1,4-linked D-mannose residues in their structural backbone

with glucomannans also containing backbone β-1,4-linked D-glucose residues. This backbone can

be decorated with acetyl groups at the 2- and 3-positions or with α-linked galactosyl groups at

the 6-positions, forming galactoglucomannans [207]. Acetylated galactoglucomannans are present

in gymnosperms, such as conifers, as the main hemicellulose, although xylans are also present [44].

Dicots and grasses also contain glucomannans, though in smaller amounts [264]. Mannans are also

highly abundant in seeds as a storage polymer [37].
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1.1. Plant Biomass

1.1.4 Pectins

Pectins, used as the gelling agent used in the preparation of jams and jellies, form gel like struc-

tures in cell walls which help hold the layers of the cell wall together [139]. Pectins contain a

wider variety of monomers and linkages than those seen in either cellulose or hemicellulose. The

identifying feature of pectins is a backbone containing the charged sugar galacturonic acid. This

monomer is the sole backbone sugar in homogalacturonan (HG), rhamnogalacturonan II (RG-II)

and xylogalacturonan, where it is linked via α-1,4-bonds. Rhamnogalacturonan I (RG-I), on the

other hand, contains alternating α-L-rhamnose and α-D-galacturonic acid monomers with galactose

attached to the 2-position and rhamnose attached to the 4-position of galacturonic acid.

The type of branches and decorations linked to the backbone polymer vary with the type of

pectin. In HG, decorations of the backbone consist of methylesterifications of the C-6 carboxylate

and acetylations at the O-2 and O-3 positions [43]. Xylogalacturonan also contains β-linked xylose

at the 3-hydroxyl and occasionally the 4-hydroxyl of the galacturonan backbone [205]. In RG-I,

branching polysaccharides occur at the 4-position of the rhamnose backbone residues. Arabinans,

galactans and arabinogalactans have all been observed as branches from RG-I. The arabinans

branching from RG-I contain a polymer of α-L-arabinose residues with a 1,5-linkage, which may be

further decorated at the 3-position with additional α-L-arabinose residues. The galactans branching

from RG-I consist of β-1,4-linked D-galactose residues, which may contain β-D-galactose decorations

at the 6-position The branching arabinogalactans contain a backbone of either β-1,4-linked D-

galactose (type I), or β-1,3-linked D-galactose (Type II). These arabinogalactan backbones serve as

further branching points that can contain a variety of decorations [43].

RG-II, is the most complex of the pectin polymers as it contains 12 different sugar monomers

with 20 different linkages (see Figure 1.7 for structure). These include the following rare sugars: D-

apiose, L-aceric acid, 2-O-methyl L-fucose, 2-O-methyl D-xylose, L-galactose, 2-keto-3-deoxy-D-lyxo-

heptulosaric acid (DHA) and 2-keto-3-deoxy-D-manno-octulosonic acid (Kdo) [228]. Additionally,

RG-II is bound to borate through D-apiose residues, causing cross-linkages between RG-II strands.

In terms of abundance, HG is the major component of pectins, constituting approximately 65

% of pectin [205]. The next most abundant pectin polymer, RG-I, represents 20-35 % while RG-II

9



1.1. Plant Biomass

represents approximately 10 % of the pectin present in primary cell walls [205]. Xylogalacturonan

concentrations are typically low as these polymers are mainly found in reproductive cells [205].

Pectins are abundant in the growing primary cell walls and middle lamella, but are present at

much lower levels in secondary cell walls. RG-II is also present in the primary cell wall, but not

detected in the middle lamella [228]. RG-II presence also varies with taxonomy, making up between

1-4 % of primary cell walls of dicots and gymnosperms but less than 0.1 % in grasses [228].

1.1.5 Lignin

Lignin, which after cellulose is the most abundant terrestrial biopolymer, [31] can constitute up

to 30 % of secondary cell walls [264]. It is an aromatic polymer created through radical oxidative

coupling of monolignols. The three most common lignin monomers are: p-coumaryl alcohol, sinapyl

alcohol and coniferyl alcohol and their relative abundance in lignin varies with species. Dicots

contain lignin derived from sinapyl and coniferyl alcohol, while grasses incorporate higher amounts

p-coumaryl alcohol and gymnosperms (such as conifers) lack sinapyl alcohol [31].

The radical, oxidative mechanism of lignin formation causes highly diverse structural linkages

to be formed between monomers and between monomers and carbohydrates present in the cell

wall. In fact, the linkages are so diverse it has been hypothesized that no two lignin molecules are

identical [3]. Lignin stiffens the cell wall by cross-linking with the polysaccharide fraction and it

provides a barrier between potential pathogens and the energy-rich polysaccharides [304].

Table 1.1: Plant Cell Wall Composition, Amount of Polysaccharide (% w/w)
Dicot Walls Grass Walls Conifer Walls

Polymer 1o 2o 1o 2o 1o 2o Reference
Cellulose 15-30 45-50 20-30 35-45 20-30 40-50 [39, 78, 252, 309]
Hemicelluloses
β-Glucans - - 2-15 Minor - - [264]
Xyloglucan 20-25 Minor 2-5 Minor 10 - [264]
Glucuronoxylan - 20-30 - - - - [264]
Glucuronoarabinoxlyan 5 - 20-40 40-50 2 5-15 [264]
Glucomannan 3-5 2-5 2 0-5 - - [264]
Galactoglucomannan - 0-3 - - Present 10-30 [264]

Pectins 20-35 Minor 5 Minor 20-35 Minor [309, 334]
*Values vary between different species and tissue types.
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1.2. Carbohydrate Active Enzymes

Figure 1.4: Polymer Constituents of Lignocellulose.Cellulose (A) solely contains glucose subunits
linked through β-1,4 bonds. Polygalacturonan (B) is the main constituent of pectin and forms the
backbone of rhamnogalacturonan II and homogalacturonan. Hemicellulose contains, among others,
the polymers xyloglucan (C) and glucuronoarabinoxylan (D). Lignin (E) is a polyaromatic, with
extremely heterogeneous structure.

1.2 Carbohydrate Active Enzymes

The enzymes that synthesize, modify and degrade carbohydrates are termed carbohydrate active en-

zymes. The Carbohydrate Active enZymes (CAZy) database (http://www.cazy.org/) has emerged

as an integral clearing-house for functional annotation [181]. CAZy categorizes polysaccharide

degradation genes, such as glycoside hydrolases (GHs), polysaccharide lyases (PLs), carbohydrate

esterases (CEs), carbohydrate-binding modules (CBMs) and more recently lytic polysaccharide

mono-oxygenases (LPMOs) [172], into sequence-defined families.
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1.2. Carbohydrate Active Enzymes

1.2.1 Glycoside Hydrolases

Glycoside hydrolases (EC 3.2.1.x) are enzymes that catalyse the hydrolytic cleavage of either gly-

cosidic bonds between saccharides or between a saccharide and a non-sugar molecule (aglycone).

Classification within the EC framework fails to take into account enzyme mechanism and many

enzymes with the same EC number have unrelated sequences. Sequence-based classification by the

CAZy database has delineated over 150 glycoside hydrolase (GH) families [181]. Categorization

into sequence-based families gives insight into the conserved mechanisms and active-site residues

within families. Several families with multiple activities, including both GH43 and GH5, have also

been further classified into subfamilies which provide finer details of the evolution and substrate

specificity of specific families [15, 202].
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Glycoside hydrolysis can occur with either retention or inversion of stereochemistry at the
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1.2. Carbohydrate Active Enzymes

anomeric centre (see Figure 1.5). Retaining glycosidases progress through a double displacement

mechanism involving a covalent intermediate. In the first step the nucleophilic active site residue

(generally an aspartate or glutamate) attacks the anomeric center concomitant with protonation of

the aglycone by the active site acid residue (often an aspartate or glutamate as well). This results

in cleavage of the glycosidic bond and formation of the covalent glycosyl-enzyme intermediate.

The anomeric center of this intermediate is subsequently attacked by a water molecule, with base

catalytic assistance from the same active site acid/base residue. Retaining enzymes that hydrolyse

2-acetamido sugars can alternatively employ a substrate-assisted mechanism in which the active

site nucleophile is absent [186]. In this case the acetamide oxygen attacks the anomeric centre

producing an oxazolinium ion intermediate, which is in turn attacked by water to release the

hydrolysis product with net retention of the anomeric stereochemistry (Figure 1.5 B). Inverting

enzymes utilise an acid and a base residue to catalyse the direct attack of water at the anomeric

centre, facilitating release of the aglycone with inversion of anomeric stereochemistry (Figure 1.5

C).

GHs can be further categorized as either exo- or endo-acting. Exo-acting enzymes cleave

monosaccharides from either the reducing (the terminal anomeric center is not involved in bonding)

or non-reducing (terminal anomeric center is involved in bonding) termini of a polysaccharide, re-

leasing monosaccharides. Endo-acting enzymes, on the other hand, cleave glycosidic bonds within

a polysaccharide releasing two polysaccharide fragments, and creating new termini which can be

targeted by exo-cleaving enzymes. Within the context of plant biomass degradation both endo- and

exo-acting enzymes are required for efficient degradation of plant polysaccharides. Furthermore,

the complex nature of polysaccharides such as xyloglucan and rhamnogalacturonan II dictates re-

quirement of many different GH families to catalyse the complete degradation of these polymers

(see Figures 1.6 and 1.7).
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Figure 1.6: Enzymatic Degradation of Plant Cellulose and Hemicelluloses. Glycoside hydrolase and polysaccharide lysase families
with the required activities to cleave plant polysaccharides. Monosaccharides are abbreviated as symbols and the linkages between
them are labeled. Methylations and acetylations are abbreviated as Me and Ac respectively. GH and PL families with the required
activity are given within the dashed boxes, and corresponding EC numbers are also indicated. CE families are excluded for simplicity.
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1.2.2 Polysaccharide Utilization Loci

The study of carbohydrate metabolism has resulted in foundational achievements in molecular

biology. Study of the lac operon and the L-arabinose operon have revealed mechanisms of gene

expression and provided powerful molecular tools [107, 137]. More recently, research has focused

on co-localized gene clusters in Bacteroidetes genomes that target plant biomass. These carbo-

hydrate targeting gene clusters have been termed Polysacccharide Utilization Loci (PULs) [28].

As Bacteroidetes are found in many diverse environments, including gut microbiomes [14, 208],

both marine [89] and fresh water, [290] and soils [166], PULs play a significant role in planetary

carbohydrate degradation.

The first PUL to be identified by Salyers et al. [289] was the starch utilization system (SUS),

see Figure 1.8. This archetypical PUL contains the outer-membrane binding proteins which bind

starch, and a surface-bound hydrolase that produces starch oligomers. These oligomers are then

transported via a TonB-dependent transporter into the periplasmic space where they are further

degraded by two additional hydrolases. The products of this saccharification can then enter the

cell and central metabolism [90]. Not only are all these genes co-expressed, but they are also

co-localized within the genome [90].

The hallmark of all PULs is the presence of a sequential pair of SusC-like and SusD-like proteins,

encoding a TonB-dependent transporter and a surface binding protein. Otherwise, the variety of

enzymes encoded within PULs varies in complexity with the polysaccharide being acted on. PULs

have been shown to contain catalytic PLs, CEs, sulfatases and phosphorylases in addition to both

endo- and exo-acting GHs [48, 187, 215]. Furthermore, the discovery of PULs that target the

components of the plant cell wall (including mixed-linkage glucans [287], xyloglucan [165], xylan

[257], galactomannan [16], RG-I [183] and RG-II [215]) has lead to the identification of several new

GH families and the identification of new activities within previously known families
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Figure 1.8: Starch Utilization System (SUS) Operon in B. thetaiotaomicron. A: Extracellular
starch is bound by the outermembrane lipoproteins SusDEF and hydrolysed by SusG (GH13).
These starch oligomers are then transported to the periplasm via the TonB-dependent transporter
SusC. The starch oligos are further degraded to dimers and monomers by the hydrolases SusA
(GH13) and SusB (GH97), which then enter the cell. SusR senses maltose and drives expression of
susABCDEFG. B: Genomic organization of the SUS operon, genes are not shown to scale. Figure
adapted from Koropatkin et al.[156]

1.2.3 Glycosynthases

Glycoside hydrolases are reversible, and therefore have the capability to be used in the synthesis

of glycans. Reversal by altering the equilibrium position, however, is challenging and requires the

use of very high sugar concentrations to counteract the presence of 55 M water [116]. Attempts

to perform transglycosylations in non-aqueous solutions are not generally useful since the sugars

themselves typically become insoluble, though in certain cases worthwhile products can be obtained
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[164]. More fruitful has been the formation of products under kinetic control via transglycosylation.

This necessarily uses a retaining glycosidase, typically with an activated donor sugar to form a high

steady state concentration of glycosyl enzyme, allowing efficient transglycosylation [98]. However,

the products formed from activated glycosides can subsequently be hydrolysed by the glycosidase,

limiting yields.

Mutation of the active site nucleophile drastically decreases the hydrolytic activity of a retaining

glycoside hydrolase [313]. This also prevents transglycosylation as the necessary covalent glycosyl-

enzyme intermediate is no longer formed. If however, a donor substrate possessing an activated

leaving group at the anomeric center with the opposite anomeric stereochemistry relative to the

hydrolysis product (a mimic of the glycosyl-enzyme intermediate) is employed, transfer to a suitable

acceptor can be catalysed without subsequent hydrolysis (Figure 1.9 A). Enzymes of this class have

been termed glycosynthases. This method for glycan synthesis was first demonstrated 20 years

ago with the E358A nucleophile variant of Agrobacterium sp. β-glucosidase (Abg) [188]. This

enzyme was chosen to create a glycosynthase as the wild-type enzyme normally catalyses efficient

transglycosylation [245] and the substitution of alanine for the glutamate nucleophile resulted in a

stable enzyme with severely decreased hydrolysis rates [312]. The use of either α-galactosyl fluoride

or α-glucosyl fluoride as donors and para-nitrophenyl glycoside acceptors with this enzyme enabled

the production of several different glycans with yields of up to 92 % [188].

A similar method has also been developed for retaining glycoside hydrolases employing substrate

assisted catalysis [303]. By utilising an activated oxazoline glycan as a donor, transglycosylation

of 2-acetamido-glycans can be catalysed by a wild-type glycosidase [98]. However, the product

may still be hydrolysed. Yamamoto and colleagues were able to circumvent this problem by intro-

ducing active site mutations which reduced hydrolysis rates without substantially compromising

transglycosylation rates, thereby improving yields [303] (Figure 1.9 B).

Though most glycosynthases are derived from retaining glycoside hydrolases, inverting glycosi-

dases have also been converted into glycosynthases by mutating the catalytic base and using an

activated glycan with the same anomeric stereochemistry as the normal hydrolysis product. Effi-

cient transglycosylation can be achieved without subsequent hydrolysis by reversal of the normal

reaction since fluoride requires no acid activation for departure, yet the normal hydrolytic process
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Figure 1.9: Glycosynthase Mechanisms. The mechanism of a glycosynthase developed from a
retaining glycosidase (A), a glycosynthase utilising an oxazoline donor sugar (B), and an inverting
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is substantially slowed (Figure 1.9 C). An example of this type of glycosynthase is an inverting

glycosynthase from GH19 [227]. In that case, the S102A variant of the Bryum coronatum chitinase

can catalyse the synthesis of chitooligosaccharides from α-chitobiosyl fluoride, which acts as both

donor and acceptor molecule.

One could envisage using glycosynthases to synthesize almost any polysaccharide with defined

regiospecificity and without need for chemical protection. However, for this vision to become a

reality, the range of available glycosynthases must be expanded. Glycosynthases have thus far been

developed from 17 GH families [60, 227], but this represents only a small fraction of the over 140

active glycoside hydrolase families currently known. Expansion of the range of GH families that

have been converted to glycosynthases will enable the production of new glycan linkages. Also, the

exploration of hydrolases within a family that may act on similar glycans but with different protein
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or lipid specificity is a worthwhile goal. The creation of functional gene libraries should enable

the rapid screening for enzymes with specific hydrolytic activities (including non-natural activites)

which can then be converted into glycosynthases with a cognate synthase activity.

1.3 Metagenomics

A vast majority of the estimated 1030 prokaryotic cells [317] belong to species which have never

been cultured in isolation. This confounds the central questions of microbial ecology, namely “who

is there?” and “what are they doing?” [314]. To address these questions a number or techniques

have been employed to analyse all the genetic material within an environment as a whole. To

access the metagenome, a term first coined in 1998 [113], DNA is often isolated directly from the

environment, thus bypassing the need for culturing.

Metagenomic research has taken advantage of massively paralleled, high-throughput DNA se-

quencing techniques to provide insight into environmental DNA. To analyse the functional role of

these sequences and their corresponding genes within an environment, a functional prediction must

be made. However, this is limited by the number of genes that have been functionally characterized

and the reliability of prediction. Furthermore, these predictions are unable to assign new function-

alities to novel genes; sequence annotation can only operate within the current paradigm of gene

functions. For example, it has been estimated that only 6% of CAZy enzymes have been charac-

terized and it has been estimated that the function of only 20% of the proteins in the sequence

database can be predicted with confidence [105].

There is a clear need for the functional characterization of metagenomic DNA. This can be

accomplished by functional metagenomic activity screens, coupled with high-throughput enzyme

characterization. Functional screens have the ability to provide a direct link between metagenomes

and their functional activities. They can also provide the ability to discover enzymes with activities

that exist outside the current paradigms of gene annotation, which in turn, can better inform in

silico approaches.
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1.3.1 Functional Metagenomic Screens

Functional metagenomic screens involve the construction and screening of environmental DNA

expression libraries. These libraries require a suitable vector for heterologous expression in a com-

patible host system such as E. coli (Figure 1.10). Identifying a suitable source of environmental

DNA is a critical consideration when designing a screening strategy. Potential DNA sources in-

clude soil [73], water [135], feces [148] and bioreactors [201], all of which present different challenges

in their processing. Soil and feces typically contain contaminants that interfere with downstream

enzymatic processes, necessitating additional DNA purification steps. Water samples, on the other

hand, may be too dilute, in terms of the number of cells per liter, and require the filtration of a

large volume to obtain enough cells. Additionally, the choice of environment will likely dictate the

viability and method of functional screening. If the targeted activity is known to be abundant in

the environmental sample a small insert library is potentially sufficient. Conversely, if the suspected

activities are likely to be rare, a small insert library will not be sufficient and a large insert, or

fosmid, library will potentially be the better choice [293].

The choice of host strain is another factor that must be considered when designing a screen.

Engineered E. coli strains are the most commonly used screening hosts for functional metagenomics,

as they grow rapidly and are easy to transform with exogenous DNA. However, there are limitations

when dealing with exogenous promoters, initiation factors, codon usage or protein folding. Gabor

et al. [99] estimated that from a diverse subset of genomes the expression potential for an E. coli

host system ranges widely, from only 7% to up to 73% of the genes. Additionally, it is important

to select a host strain that lacks endogenous activity against the screening substrate.

Resulting libraries are screened for activity on agar [88] or in microtiter plates [200, 201], using

a reporter e.g. substrate or transgene, or other form of phenotypic selection e.g. growth. Screen-

ing libraries sourced from a range of environmental conditions (e.g. pH, temperature, metal ion

concentrations) enables recovery of active clones with alternative substrate specificities and toler-

ances [19, 24, 27, 147, 193, 223, 306, 318, 328, 332]. Similarly, libraries sourced from xylotrophic

or wood-feeding organisms can provide insight into biomass deconstruction. Recently, Ruegg and

colleagues screened an isolate fosmid library sourced from the lignocellulolytic bacterium Enter-
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obacter lignolyticus to identify genes conferring IL tolerance under biorefining conditions in an

E. coli host [260]. They recovered an active clone encoding a membrane transporter and tran-

scriptional regulator enabling a 20% increase in biofuel production in the presence of 68 mM

1-ethyl-3-methylimidazolium chloride. Similarly, Bastien and colleagues screened fosmid libraries

sourced from the termite Pseudacanthotermes militaris gut and fecal combs [19]. This species cul-

tivates a termite-specific Basidiomycete fungus, Termitomyces sp., which thrives upon combs made

of termite feces. Functional screening recovered 101 clones acting on a range of model substrates

containing arabinoxylan and xylan moieties and identified differences in biomass deconstruction

potential between microbial communities inhabiting the gut and comb milieus. Functional metage-

nomic screening has allowed the discovery from a number of environments, however, many remain

to be explored.

1.3.2 16S Ribosomal RNA Profiling

To address the question of which species are present within an environment, molecular methods

have been developed. This is necessary as it is difficult to determine the taxonomy of prokaryotic

cells based on morphology alone. By examining the sequence of marker genes, encoded within the

genome, a systematic framework for bacterial taxonomy has been developed. The specific marker

gene that is typically used is the small sub-unit ribosomal RNA, also known as 16S rRNA. This

is an ideal choice as this gene is ubiquitous, functionally conserved and different regions change at

different rates [321]. The 16S rRNA contains nine (9) variable regions [331] which can be targeted

with primers, facilitating the amplification of these regions from the genetic background. Amplified

DNA can then be sequenced, with short read sequencing technology, producing many thousands of

reads. The resulting sequences are then processed with the use of a bioinformatic pipeline, such as

QIIME [46]. This pipeline removes low quality sequences, and clusters the sequences (typically at

97% sequence similarity ). The resulting bins, refered to as Operational Taxonomic Units (OTUs),

can then be assigned a taxonomy based on identity with known 16S sequences.
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Figure 1.10: Functional Metagenomic Screening Workflow. Microbial communities can be inter-
rogated for biological activities through functional metagenomic screening. Environmental DNA
can be extracted directly from natural and engineered ecosystems and used to construct screening
libraries. A workflow for constructing large insert fosmid libraries and small insert libraries is de-
picted. Fosmid library production involves high molecular weight environmental DNA preparation,
ligation into a vector backbone and head-full packaging of ligated DNA into a phage delivery sys-
tem. Small insert libraries can similarily be ligated with a variety of vector backbones which can
be used to transformed via electroporation. Host cells are then transfected, plated and arrayed in
384-well plate libraries and can be interrogated with a variety of functional screens.

1.4 Dissertation Overview

The aim of this thesis is to analyze the functional aspects of microbial communities that degrade

plant polysaccharides and to investigate unexamined environments with high-throughput functional

screens. This will lead to the creation of a library of functional clones which can be rapidly inter-

rogated under a variety of conditions with a variety of substrates. Additionally, mutation of these

catalysts can produce enzymes that are capable of synthesizing defined glycans containing chemi-
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1.4. Dissertation Overview

cally modified sugars. This thesis contributes a better understanding of the enzymatic conversion

of plant polysaccharides, and to new catalysts for both the deconstruction of plant biomass and

synthesis of chemically modified polysaccharides.

Chapter 2 details the use of high-throughput functional metagenomics to screen 22 different

environments for cellobioside-degrading activities. This enabled the creation of a panel of active

fosmid-harbouring clones, which were further characterized by rapid, plate-based, assessment of

the biochemical parameters, and sequencing. This has revealed hundreds of glycoside hydrolases,

many of which show low identity to any previously discovered gene.

Chapter 3 describes the application of functional metagenomic screening to the Castor canaden-

sis fecal and gut microbiomes. Four fosmid libraries were created from different sites within the

digestive tract and fecal matter. These were subjected to functional screening with new and highly-

activated substrates specific for cellulose- and hemicellulose-cleaving enzymes. This resulted in the

identification of many previously unknown PULs and characterization of enzymes that synergisti-

cally degrade arabinoxylans.

Chapter 4 uses the clone libraries generated in Chapters 2 and 3 and a synthetic gene library

to detail the promiscuity of glycoside hydrolases. Genes identified with activity towards modified

glycosides were then mutated in the hopes of creating glycosynthases that could use modified

acceptor sugars. The efficiency and products produced by the created glycosythases are described.

This has led to the generation of eight new synthetically useful glycosynthases.

Chapter 5 gives an overall analysis and integration of the research and conclusions of the thesis

in light of current research in the field. This chapter also comments on strengths and limitations

of the thesis research and presents possible future research directions in the field drawing on the

work of this thesis.

Finally, Chapter 6 details the materials and methods used to conduct the research contained

within this thesis.
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Chapter 2

Large-Scale Functional Metagenomic

Screening for Glycoside Hydrolases

2.1 Summary

This chapter presents the high-throughput functional screening of 22 large insert metagenomic

libraries and the characterization of active clones. Screening was performed in 384-well plate format

with a model substrate (4-methylumbelliferyl cellobioside) that releases a fluorescent molecule when

cleaved by β-glucosidases or cellulases, and resulted in 178 verifiably active clones. The substrate

specificity, thermal stability and optimal pH of the glycosidase(s) expressed on these clones was

investigated in a high-throughput, plate-based format. The insert DNA, harboured within each

of these clones, was sequenced and functional annotation revealed a cornucopia of carbohydrate-

degrading enzymes. The discovered genes were compared to those of previously characterized

glycoside hydrolases, which revealed several genes belonging to clades that have not previously

been characterized. The large insert sequences were investigated for the presence of operons and

gene clusters, which revealed synteny between fosmids. This well characterized collection of clones

serves as a future resource for the development of optimized biocatalysts, whether it be for the

degradation of biomass or for other specialized functions.

2.2 Background

Plant biomass offers a sustainable source for energy and materials and an alternative to fossil

fuels. However, the industrial scale production or biorefining of fermentable sugars from plant

biomass is currently limited by the lack of cost effective and efficient biocatalysts [57]. Microbes,
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2.2. Background

the earth’s master chemists – employing biocatalytic solutions to harvest energy, and transform

this energy into useful molecules – offer a potential solution to this problem. Microbial degradation

of carbohydrates involves the use of glycoside hydrolases (GH), which offer some of the greatest

catalytic rate enhancements among enzymes [336]. GHs catalyse the degradation of a profuse variety

of polysaccharides, including cellulose, the most abundant terrestrial biopolymer [31], pectins and

hemicelluloses. They are also important industrial catalysts [76, 239, 267], and therapeutic targets

[151]. Clearly, the identification of new GH genes has the potential to improve upon both the

efficacy of current biocatalysts and the generation of new catalysts for new chemistries.

The Carbohydrate-Active Enzymes database (CAZy) is an expertly curated resource which

classifies GH genes into over 140 families based on sequence similarity [181]. The genes within

a family often display catalytic specificity towards the same broad category of substrate, which

enables the predictive annotation of genes that have not been functionally analyzed [315]. However,

this predictive ability often breaks down when a diverse range of substrates are cleaved by enzymes

within a family. It has been estimated that the function of only 20 % of the proteins in the sequence

database can be predicted with confidence [105]. Additionally, only a small subset of the GH genes

within the CAZy database have been functionally characterized; as of 2013 only 6 % of GH genes

have had any form of functional characterization [181] and this percentage is surely decreasing with

the influx of new genomes that are deposited into the database.

Metagenomic research has taken advantage of massively paralleled, high-throughput DNA se-

quencing techniques to provide insight into the function of environmental DNA [300]. Several

studies have focused on the discovery of GH genes from environmental DNA [120, 176, 315]. This

approach serves as a promising avenue for the discovery of new catalysis, however, typically only

very few enzymes from a metagenome are functionally characterized. This lack of functional char-

acterization further expands the gap between the total number of genes sequenced and those gene

products that have been functionally characterized.

Most efforts to increase the diversity of functionally characterized GH genes have focused on

studying one or a few enzymes at a time. More recently efforts utilizing large-scale gene synthesis

have enabled the exploration of phylogenetic branches within a family that have not been well

characterized [117]. This is a worthwhile method that one could envision being applied to many
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enzyme families. However, until the cost of gene synthesis comes down this type of study remains

out of reach for a majority of research groups.

Function-based metagenomic activity screens, coupled with high-throughput enzyme character-

ization, can enable the functional annotation of genes without the bias introduced when annotation

is done by sequence comparison and without the need for costly gene synthesis. Functional screens

have the ability to provide a direct link between metagenomes and their functional activities.

They can also provide the ability to discover enzymes with activities that exist outside the current

paradigms of gene annotation, which in turn can better inform in silico approaches.

The aim of this study was to produce a library of fosmid clones containing environmental DNA

encoding cellobiohydrolase activity, as this function is key to the degradation of plant polysaccha-

rides [105]. Furthermore, we hoped to profile how presence of cellobiohydrolase genes varied across

environments expected to either be enriched or depleted in plant biomass. To this end 309,504

clones containing DNA extracted from 22 diverse sites were interrogated with a fluorogenic activity

probe. The resulting resource, a panel of 178 clones, enabled us to rapidly investigate the substrate

specificity, acid tolerance and thermal tolerance of enzymes expressed by these clones and revealed

a diverse set of genes and activities.

2.3 Results and Discussion

A set of twenty-two (22) fosmid libraries were chosen for functional metagenomic screening. These

libraries were sourced from a variety of natural and engineered ecosystems, as described in Table

2.1. Ocean water samples were sourced from the North-Eastern sub-Arctic Pacific Ocean at depths

ranging from surface to 2000 m [326]. Soil samples were collected from four different depths from

disturbed and undisturbed test plots in Skulow Lake, British Columbia [114]. Coal bed samples

were produced from coal bed core cuttings or water withdrawn from the coal beds [8]. Bioreactor

samples were sourced from an anaerobic mining bioreactor [201], a methanogenic naptha-degrading

culture or a methanogenic toluene-degrading culture [288]. As these DNA sources varied drastically

in their physiochemical properties (Table 2.1) and microbial community composition, we hoped that

this diversity would potentiate the discovery of new catalysts.
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Table 2.1: Fosmid Libraries
Name Project Sample Type Ref. Depth (m) Temp. (◦C) pH Clones

12010 Ocean Water from Station P12 [326] 10 8.4 7.8 7,680
12200 Ocean Water from Station P12 [326] 500 4.5 7.3 7,680
12500 Ocean Water from Station P12 [326] 2000 1.9 7.4 7,680
40010 Ocean Water from Station P4 [326] 10 9.9 7.8 7,680
40500 Ocean Water from Station P4 [326] 500 5.6 7.4 7,680
41000 Ocean Water from Station P4 [326] 1000 3.6 7.3 7,680
41300 Ocean Water from Station P4 [326] 1300 2.9 7.3 7,680

NO Soil Natural; Organic horizon [114] 0 4.1 5.0 10,752
NA Soil Natural; Mineral (eluviation) [114] 0.1 4.1 5.7 13,440
NB Soil Natural; Mineral (transition) [114] 0.3 4.1 6.0 9,984
NR Soil Natural; Mineral (accumulation) [114] 0.55 4.1 6.7 23,040
CO Soil Clearcut; Organic horizon [114] 0 4.1 6.0 16,512
CA23 Soil Clearcut; Mineral (eluviation) [114] 0.1 4.1 5.7 9,216
CB Soil Clearcut; Mineral (transition) [114] 0.3 4.1 6.2 21,888
SCR Soil Clearcut; Mineral (accumulation) [114] 0.55 4.1 6.7 10,752

FOS62 Bioreactor Bioreactor core sample [201] 0 18.0 6.9 18,432
TolDC Bioreactor Toluene degrading culture [288] 1.5 25.0 7.5 23,040
NapDC Bioreactor Naptha degrading culture [288] 31 28.0 7.5 20,736

CG23A Coal Bed Coal bed produced water [8] 300-500 32.1 7.9 9,600
CO182 Coal Bed Coal bed cutting [8] 686 22.0 N.D. 23,040
CO183 Coal Bed Coal bed cutting [8] 730 22.0 N.D. 23,040
PWCG7 Coal Bed Coal bed produced water [8] 300-500 32.4 7.7 22,272

Total 309,504
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2.3.1 In-Silico Screening

All 22 of the chosen libraries have had a portion of the clones end-sequenced, meaning that the ends

of the insert DNA were sequenced using Sanger-sequencing technology, Table 2.2. To preliminarily

assess the potential of these libraries to catalyse the degradation of cellulosic biomass we turned

to these end-sequences, as being representative of genes within the library. A total of 176,472

clones were end-sequenced, 57 % of all clones, producing 235 Mbp of sequence data. Open reading

frames (ORFs) were predicted from these end-sequences using Prodigal [134] implemented within

the MetaPathways bioinformatic pipeline [155] resulting in a total of 400,561 predicted ORFs.

These predicted ORFs were then annotated using LAST [150] implemented in the MetaPathways

pipeline based on queries of the CAZy database [181], revealing a total of 3,953 predicted Glycoside

Hydrolases(GHs).

Table 2.2: End Sequences Interrogated From Each Library
Library Project End Sequences Predicted ORFs GH Genes

12010 Ocean 12,477 12,769 50
12200 Ocean 14,740 17,472 106
12500 Ocean 14,886 17,495 96
40010 Ocean 14,275 15,771 90
40500 Ocean 14,705 16,715 107
41000 Ocean 14,701 16,935 116
41300 Ocean 14,488 16,601 111

CO Soil 15,360 17,086 235
CA Soil 15,360 16,903 166
CB Soil 15,360 17,441 185
SCR Soil 15,360 16,303 188
NO Soil 15,360 17,577 164
NA Soil 15,360 17,288 198
NB Soil 15,360 17,413 212
NR Soil 15,360 17,259 174

FOS62 Bioreactor 37,632 40,255 837
TolDC Bioreactor 15,360 16,618 131
NapDC Bioreactor 15,360 17,126 143

CG23A Coal Bed 15,360 16,779 195
CO182 Coal Bed 15,360 17,329 225
CO183 Coal Bed 15,360 17,678 209
PWCG7 Coal Bed 15,360 23,748 15

Total 352,944 400,561 3,953

Of the predicted GHs, 320 (0.080 % of all predicted ORFs) were found to belong to families
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that have β-glucosidase activity, but not cellulase activity (GH1, GH3, GH30, GH116) with GH3

being the most abundant (246 ORFs, 0.061 % of predicted ORFs). With respect to cellulases, 256

(0.064 % of predicted ORFs) were found to belong to families that contain members with cellulase

activity (GH5, GH6, GH7, GH8, GH9, GH10, GH12, GH26, GH44, GH45, GH48, GH51, GH74 and

GH124) with GH5 being the most abundant (105, 0.026 % of predicted ORFs). The distribution

of cellulases and β-glucosidases varied greatly between libraries, Figure 2.1. The library derived

from an anaerobic mining bioreactor (FOS62) had the highest abundance of predicted cellulases

and β-glucosidases (n = 169, 0.42 % of predicted ORFs), likely a reflection of the feed stock for the

bioreactor (bacterial biomass and partially degraded and composted cellulose). The soil libraries

had the next highest abundance of cellulases and β-glucosidases (24.6 ± 6.5 ORFs, 0.14 % ± 0.04

% of predicted ORFs), which one would expect due to the presence of cellulose in the form of

decaying plant matter. The ocean and coal bed samples were relatively depleted in cellulases and

β-glucosidases (0.08 % ± 0.03 % and 0.08 % ± 0.05 % of predicted ORFs respectively) which in turn

may be attributed to the paucity of cellulose in these environments. Additionally, coal bed samples

show a lack of diversity in the number of cellulase families found; they contain almost exclusively

GH5 enzymes. This dearth is also reflected by the counts of cellulases and β-glucosidases predicted

for the naptha- and toluene-degrading enrichment cultures (0.08 % and 0.06 %, respectively),

furthermore, the end-sequences of these libraries contain almost no enzymes predicted to belong to

cellulase families (TolDC = 1, NapDC = 2).

Table 2.3: Highly Repetitive Short ORFs from PWCG7
ORF Length Counts Blast Hit Identity

1 124 5838 holin [Pseudomonas stutzeri ] 98%
2 174 5096 phage terminase [Pseudomonas stutzeri ] 99%
3 112 3459 pyocin R2, holin [Pseudomonas stutzeri ] 100%

Of the sequences investigated, the PWCG7 library had the fewest predicted cellulases and β-

glucosidases (n = 1, 0.004 % of all ORFs). An additional peculiarity is that this library has a

substantially higher number of predicted ORFs when compared to other libraries of a similar size,

Table 2.2. Further investigation revealed a redundancy among the predicted ORFs; there were only

3,807 unique ORFs within the 23,748 predicted ORFs. Three ORFs in particular were found over
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Figure 2.1: In-Silico Screening of Fosmid End-sequences. Bubble plot of CAZymes which are
predicted to have activity on cellulose or cellooligosaccharides. Families GH7 and GH124 were
omitted as there were no predicted genes belonging to these families. Bubble area is proportional
to the percentage of all predicted ORFs within a specific familiy

3,000 times within the end-sequences (Table 2.3) and each of these is a small phage protein. This

is suggestive of either phage contamination within this portion of the PWCG7 library or that the

environment was sampled during a period of viral bloom.

The presence of lytic polysaccharide mono-oxygenases (LPMOs) was also investigated. These

enzymes are classified as Auxiliary Activities (AA) in the CAZy database [171] and AA9 and AA10

have been observed to oxidatively cleave cellulose chains and act synergistically with other cellulases

[94, 126]. However only 4 AA9 or AA10 proteins were predicted from the fosmid end-sequences

(2 AA9s in the NO library and 1 AA10 each in the CA and CO183 libraries). One can speculate

that this dearth of LPMOs may be caused by the anoxic or anaerobic nature of a majority of the

samples that were used to create libraries.

Taking this information together, the expectation for functional screening would be that the
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FOS62 library is likely to produce the greatest number of hits, followed by the soil libraries. Screen-

ing of the ocean, coal bed, TolDC and NapDC libraries, on the other hand, is likely to result in

a smaller number of functional hits and in the case of the coal bed libraries I would expect a low

diversity in the number of families that are functionally identified.

2.3.2 Functional Screening

All 22 libraries were screened by Sam Kheirandish with a fluorogenic substrate, 4-methylumbelliferyl

cellobioside (MU-C), designed to detect cellulase, cellobiohydrolase and β-glucosidase activity. This

substrate releases the fluorophore 4-methylumbelliferone (MU) which can be detected at concen-

trations in the nanomolar range, Figure 2.2. MU-C offers an increase in the sensitivity over the

previously employed 2,4-dinitrophenyl cellobioside (DNP-C), a chromogenic substrate which had

been used to screen a third (6,144 of 18,432) of the FOS62 clones [201], as fluorescent detection

is inherently more sensitive. The use of this substrate was adapted to the screening paradigm

employed by Mewis et. al. [201] which enabled the rapid screening of over 300,000 clones.
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Figure 2.2: Fluorogenic Reporter 4-Methylumbelliferyl Cellobioside. Cleavage of the reducing end
acetal linkage releases a fluorescent molecule, facilitating the detection of glycoside hydrolases.

Screening revealed 256 hits with a plate-based z-score (the number of standard deviations above

the mean) above 10, a hit rate of 1 in 1209 clones, although this varied drastically between libraries,

Figure 2.3. Of these hits, 178 were verified after re-streaking and triplicate validation, Table 2.4.

As expected from the annotation of fosmid ends the FOS62 library had the highest hit rate of any

of the libraries (1 in 222). The library with the next highest hit rate was the TolDC library (1

in 768), followed by the Soil libraries (average hit rate of 1 in 2,627). The coal bed libraries were

comparatively poor with an average hit rate less than half that seen for the soil libraries (average

hit rate of 1 in 5,996) while the ocean libraries only produced a combined total of 3 hits from the

over 50,000 clones screened (average hit rate of 1 in 17,920)
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Figure 2.3: Functional Screening of All Libraries with MU-C. Z-score values for fluorescence were
calculated for each plate. Clones above the a z-score of 10 were chosen for further validation.

The general trend observed for the number of hits fit well with the expectations from fosmid

end-annotation (FOS62 > soil > coal bed, ocean, methoanogenic bioreactors). However, there were

a few notable exceptions. Firstly it was unexpected that the TolDC library would have the second

highest hit rate from all the libraries screened. This enrichment culture was supplied with toluene

as its sole carbon source, so it is quite surprising that the library obtained from this source shows

such a capacity to degrade cellobiosides. Additionally, the absence of any hits from the CA23

soil library was unexpected, a result which may underline the inherent stochasticity of screening.

Another unexpected result was the presence of any hits from the PWCG7 library. As this library

had the worst frequency of annotated cellulases and β-glucosidases it was expected to have the

fewest number of hits. However, PWCG7 had more hits than all 7 Ocean libraries combined.

Access to both end-sequences and functional screening results also allowed us to empirically

estimate the recovery rates for each of the libraries screened. Using the most frequently seen β-
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Table 2.4: Functional Screening Hits
Library Source Verified Hits Clones per Hit

12010 Ocean 0 -
12200 Ocean 1 7,680
12500 Ocean 1 7,680
40010 Ocean 0 -
40500 Ocean 1 7,680
41000 Ocean 0 -
41300 Ocean 0 -
NO Soil 14 768
NA Soil 8 1,680
NB Soil 5 1,997
NR Soil 3 7,680
CO Soil 5 3,302
CA Soil 0 -
CB Soil 7 3,127
CR Soil 2 5,376
Fos62 Bioreactor 83 222
TolDC Bioreactor 31 743
NapDC Bioreactor 4 5,184
CG23A Coal Bed 3 3,200
CO182 Coal Bed 4 5,760
CO183 Coal Bed 2 11,520
PWCG7 Coal Bed 4 5,568

Total Ocean 3 17,920
Total Soil 45 2,569
Total Bioreactor 118 527
Total Coal Bed 13 5,996

Total All Libraries 178 1,738

glucosidase and cellulase families from the end-sequences (GH3 and GH5) we can estimate the

expected number of ORFs that belong to these families on all of the clones within each of the

libraries 2.5. Comparison of the number of GH3s and GH5s recovered from the fosmids gives us

some insight into the hydrolase recovery rates and how this changes across environments. The

average recovery rate was approximately 2.5 % for both GH3 and GH5 families, however it was

highly variable between libraries. The ocean library had the lowest recovery rates (GH3 = 0.17

%, GH5 = 0.98 %), while the TolDC library had the highest recovery rate seen (GH3 = 9.71

%, GH5 = 13.87) . The differences in recovery percentages seen is likely due to multiple factors,

including: regulation and expression of the genes, the ability of E. coli to properly translate the

genes, and whether the protein products are active under the screening conditions used. One caveat
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of interpreting this data is that not all GH3s and GH5s are active glucosides, with some family

members targeting other substrates, such as -N-acetylglucosaminides or xylosides in the case of

GH3s.

As the FOS62 library had been previously screened with a different, chromogenic, substrate

(DNP-C), the performance of MU-C could be compared to this benchmark. For all FOS62 clones

screened (n = 18,432) there were 90 colonies determined to be hits with DNP-C (z-score = 6), while

83 were uncovered with MU-C (z-score = 10), and 35 of these clones being found in both screens.

These two leaving groups appear to access somewhat different sets of enzymes as 103 of the total

138 fosmids recovered (75 %) were only identified with a single substrate. DNP-C is more reactive,

as the pKa of the 2,4-dinitrophenyl leaving group (pKa = 4.09) is substantially lower than that of

MU (pKa = 7.79), resulting in reduced activation energy for bond cleavage. The DNP-C probe

however lacks the sensitivity of fluorogenic MU-C. A chemical activity probe bearing a fluorescent

leaving group with low pKa may afford a larger number of clones, and offer an improved hit rate

over either DNP-C or MU-C.

Table 2.5: GH3 and GH5 Recovery Rates.
Expected Recovered (%)

Library GH3 GH5 GH3 GH5

Ocean 577 307 0.17 0.98
Soil 1,861 679 2.58 1.77
Coal Beds 912 510 0.77 0.98
Fos62 762 345 6.04 6.95
TolDC 216 36 9.71 13.87
NapDC 315 0 0.64 N/A
Total 4,942 2,109 2.53 2.42
N/A: Could not be calculated.
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2.3.3 High-throughput Characterization of Fosmids

To gain further insight into the discovered hits, high-throughput characterization of the fosmid

clones was performed by Dr. Feng Liu and Tanya Duo. This characterization exploited the use

of a Biomek FX workstation (Beckman Coulter) and plate-based assays to gain insight into the

substrate specificity, pH dependence and thermal stability of identified clones without the need for

enzyme sub-cloning and purification. Though it should be noted that as there may be more than

one gene expressed, this characterization may reflect the activity of more than one enzyme.

Substrate Preference

The 178 fosmid clones identified were assayed against a panel of eight different glycosides bear-

ing a MU leaving group. This panel of substrates consisted of the cellobioside, lactoside, β-D-

glucopyranoside, β-D-galactopyranoside, β-D-xyloside, α-L-arabinofuranoside, β-D-mannopyranoside

and β-D-N -acetylglucosaminide. Many of these monosaccharides and disaccharides are present in

the hemicellulosic and pectic fractions of wood. A majority of clones were most active against

either the glucoside or cellobioside substrate, however, there were a substantial number of clones

that had higher activity against other substrates (see Figure 2.4 and Table A.1). Clones with opti-

mal activity against MU α-L-arabinofuranoside and MU β-D-xyloside were the next most abundant

with counts of 34 and 10 clones respectively. These sugar monomers are essential components of

hemicellulose [264], thus fosmids active on these substrates may be active against hemicellulose in

addition to their activity on glucosides. The presence of either multifunctional enzymes or multiple

genes located in gene clusters such as PULs is a likely explanation for the multiple activities seen.

Optimal pH determination

To ascertain the optimal pH for each fosmid clone assays were performed with the optimal sub-

strate for that clone in a number of solutions buffered at a pH ranging between 4.0 and 9.8. The

average pH optimum was 5.6 ± 0.7, with the largest number of clones having an optimal pH of

between 5 and 6 (142 of 178 clones), Figure 2.5. Of the clones with pH values greater than 7.5

a disproportionate number were derived from the ocean environment, likely reflecting the slightly
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Figure 2.4: Fosmid Substrate Preference. Each fosmid containing clone was assayed against eight
substrates: MU cellobioside (Cel), MU lactoside (Lac), MU β-D-glucopyranoside (Glc), MU β-
D-galactopyranoside (Gal), MU β-D-xyloside (Xyl), MU α-L-arabinofuranoside (Arab), MU β-D-
mannopyranoside (Man) and MU β-D-N -acetylglucosaminide (GlcNAc). Initial rates were deter-
mined using crude cell lysate to determine the optimal substrate for each clone.

alkaline pH of the open ocean. A total of 5 clones were observed to have the lowest pH optima

(CB006 04 L11, FOS62 34 K14, NO001 13 N07, PWCG7 49 G20, TolDC 59 K14), being most ac-

tive in pH 4 buffered solutioins. No clear correlation between the sample pH and the optimal

pH of the fosmid clone was observed. One possible explanation for this lack of correlation may

be the intracellular use of a subset of these enzymes, causing the pH optima to be a reflection of

intracellular pH rather than that of the environment.

The pH range observed for fosmid clones assayed is typical of most β-glucosidases and cellulases

which have been studied to date. There are however some notable exceptions. For example, alkaline
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Figure 2.5: pH Optima of Fosmid Clone Activity. Initial rates were used to determine the pH at
which the fosmid harbouring clones best catalysed the degradation of the optimal substrate.

cellulase K from Bacillus sp. strain KSM-635 [273] has optimal activity at a pH of 9.5 almost two

units away from the most alkaline tolerant clone found here. On the other end of the spectrum

the endo-glucanase SSO1949 from the archaea Sulfolobus solfataricus has an very low pH optimum

of 1.8 [132], substantially lower than the most acidic fosmid uncovered here. This low optimal pH

is likely a reflection of the extremely low pH optima (pH of 2-4) for this species [271]. Extremely

acidic or alkaline activity is, however, not necessary for the successful implementation of cellulases

or β-glucosidases in commercial cellulase cocktails. The most commonly used cellulase cocktail,

Cellic R© CTec3 (Novozymes, Copenhagen, Denmark), has a pH optimum of 5.0 - 5.5, a range in
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which nearly 30 % of the fosmid clones had optimal activity, and an even greater number were

active.

Thermal Stability

Further characterization was performed by Tanya Duo and Dr. Feng Liu to determine the thermal

stability of the activity seen for each clone. Assays were performed with the optimal substrate

for each clone at its optimal pH, after preheating at a range of temperatures between 37 ◦C and

90 ◦C. The resulting rates were used to determine the denaturation midpoint temperature (Tm).

The Tm values determined spanned a range from 38 ◦C to 74 ◦C and had an average value of

50.7 ± 6.4 ◦C, Figure 2.6. One noteworthy observation was that three of the four highest Tm

values determined were for fosmids from the PWCG7 library (PWCG7 33 K24, PWCG7 19 J20,

PWCG7 19 I21 with Tm values of 69, 69 and 74 ◦C respectively). The PWCG7 library was sourced

from coal bed produced water that was at a temperature of 32.4 ◦C, the highest temperature for

any environment screened here (Table 2.1), consistent with this library producing the clones with

the highest Tm.

Taken in the context of the scientific literature the Tm values of the recovered clones are modest.

Proteins from extremophilic organisms such as Pyrococcus furiosus are much more likely to have

extremely thermotolerant enzymes. In fact the endoglucanase from P. furiosus has a temperature

optimum of 100 ◦C and a Tm of 112 ◦C [20]. However, the current mixtures of hydrolytic enzymes

such as Cellic R© CTec3 exhibit optimal activity at moderate temperatures (50 - 55 ◦C). A total of

27 % of the fosmid clones had Tm values at or above 55 ◦C, signifying that although the Tm values

for recovered clones were not extreme, there are quite a few that are acceptably stable to use as

enzyme cocktail additives.

2.3.4 Fosmid Sequencing and Gene Annotation

Validated and characterized fosmids were then fully sequenced and assembled by Dr. Keith Mewis,

Sam Kheirandish and myself to reveal the active genes present on each fosmid insert. Sequencing

of 178 clones produced 6.2 Mbp of assembled data with an average fosmid insert size of 35 ± 5 kbp,

Figure 2.7. Comparison between sequences identified 123 non-redundant clones based on greater
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Figure 2.6: Thermal Stability of Fosmid Clone Activity. Denaturation midpoints were determined
for all clones by first pre-incubating lysate over a range of temperatures and then assaying the
clones with the optimal substrate to determine the initial rates of hydrolysis.

than 95 % similarity across more than 90 % of insert length. The redundant clones were most

prevalent in the Fos62 and TolDC libraries (60 and 18 redundant clones respectively), while there

were no clones meeting the redundancy criteria identified within any of the soil libraries. This

suggests that more sequence diversity is captured in the soil libraries.

GH abundance

Across all fosmids 4,653 ORFs were predicted, an average of 26.1 ± 5.5 per fosmid. These ORFs

were queried against the CAZy database [181] with LAST [150] implemented in the MetaPathways
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Figure 2.7: Distribution of Fosmid Insert Length. Histogram showing the number of sequenced
fosmids with a specified length, bars are coloured by the library source.
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pipeline [155]. This revealed 516 ORFs annotated as glycoside hydrolases, Figure 2.8. All of the

identified fosmids contained a GH belonging to a known β-glucosidase or cellulase family. The

annotated GHs spanned 48 families, including all 7 families with β-glucosidase activity (GH1,

GH3, GH5, GH9, GH30, GH39 and GH116) and 8 of 14 cellulase families (GH5, GH9, GH8,

GH10, GH12, GH26, GH44, and GH51). Of the six cellulase families that were not found (GH6,

GH7, GH45, GH48, GH74 and GH124), neither GH7 nor GH124 were identified from the fosmid

end-sequences, thus their absence is unsurprising. Although GH45s were identified on FOS62

library end-sequences, the majority (92 %) of GH45 sequences in CAZy are eukaryotic, which may

explain the inability to detect any with E. coli as a host. The remaining cellulase families that

escaped detection were GH6, GH48 and GH74. Of these, GH6 and GH48 are both thought to act

processively from the non-reducing end, which, in turn may require tighter binding in the positive

enzyme subsites to the cellulose polymer. As MU-C lacks glucose residues in the “+” subsites, this

is a feasible justification for the absence of these families. The family GH74 on the other hand is

largely composed of endoxyloglucanases, and only one enzyme is seen to have better activity on

glucans than xyloglucans [55], the absence of this family from the observed hits can be justified by

the scarcity of its action on un-decorated glucans.

The two most abundant hydrolase families recovered from the fosmid inserts, GH3 and GH5

(2.7 and 1.1 % of fosmid ORFs, respectively), were also the most abundant β-glucosidase and

cellulase families identified in the fosmid end-sequences. A further 6 hydrolase families were found

at rates greater than 0.5 % of all ORFs (GH16, GH43, GH10, GH30 and GH1, in order from most

to least abundant), though not all of these families contain cellulases or β-glucosidases. The third

most abundant family (GH16, 0.8 % of predicted fosmid ORFs) is not annotated as containing

cellulases or β-glucosidases, but a portion of its characterized members do have activity on glucan

polymers with mixed 1,3- and 1,4-linkages. All 30 of the fosmids annotated as containing a GH16

also have either a GH3 or GH5 present. The large number of GH16s recovered is therefore likely

due to their association with cellulases or β-glucosidases in clusters of genes that work together to

degrade glucans.
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Figure 2.8: Predicted GH Abundance on Fosmids Hits and on End Sequences Bubbles show the
relative abundances of each GH family recovered from positive fosmid clones for each library source.
The bioreactor results are shown for each library. Fosmid encoded GHs are compared to those
recovered from end-sequencing of fosmids. Bubbles are coloured by library.
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GH43 enzymes, have also not been described as cleaving β-glucans, rather, they are known to act

on β-xylosides, α-L-arabinofuranoside, and β-galactans, which are key components of hemicellulose

[202] and are often found in hemicellulose- and pectin-degrading loci [215, 257]. As with the GH16

family, the high abundance of GH43 genes can be ascribed to their genomic co-localization with

cellulases or β-glucosidases. Furthermore, the abundance of GH43s is likely the cause of the high

percentage of hits with arabinosidase and xylosidase activity.

The distribution of predicted fosmid hydrolases was consistent across environments, barring a

few exceptions. One abberation was the low number of GH1s predicted from the FOS62 library (5

genes, 0.23 % of predicted ORFs) when compared to all other environments (22 genes, 0.86 % of

predicted ORFs). The FOS62 library was also quite diverse in the range of cellulases recovered.

Hydrolases belonging to famlies GH8, GH12, GH44 and GH51, were only recovered from the FOS62

library, even though all of these were seen in the end-sequences from the soil libraries. One further

surprise was that the GH30 family was predicted on fosmids from coal bed libraries. End-sequencing

of these libraries revealed a paucity in the diversity of hydrolase families, with only GH1, GH3, and

GH5 families expected to be recovered.

I also sought to investigate how the activities seen in the high-throughput characterization

related the genes present on the recovered fosmids. To gain insight into which families are likely

responsible for these permiscuous activities the fosmids were divided into sets based on their optimal

substrate, Figure 2.9. All fosmids were active on MU-C, thus the presence of GH1s and GH3s and

GH5s whithin each of the subsets was unsurprising. However, there were substantial differences

between the percentage of certain hydrolases families seen in each subset. The sets with highest

activity on monosaccharides all had greater numbers of GH3s, as compared to the set most active

on the cellobioside. Fosmids with the highest activity on cellobiosides, usurprisingly, had a higher

percentage of ORFs assigned to cellobiohydrolase containing families GH5 and GH8. The set with

highest activity on MU-Glc had the highest diversity of GH’s seen of any of the sets, which is

likely a reflection of the greater number of fosmids within this group. The fosmids which were

optimally active on xylose had a higher percentage of GH43s, a family containing β-xylosidases,

than any other group of fosmids. This set of fosmids was also highly enriched in GH67 genes, which

is surprising as no members of this family have been identified with β-xylosidase activity. The over
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abundance of this family, may however be due to its frequent incorporation into glucuronylxylan

cleaving gene cassettes, rather than its activity on xylosides.
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Figure 2.9: Hydrolase Distribution with Optimal Substrate. Bubble area is proportional to the
percentage of ORFs that belong to each hydrolase family. Fosmids with optimal activity on MU
β-D-mannopyranoside, MU lactoside or MU β-D-N -acetylglucosaminide are excluded, as there were
fewer than 5 fosmids within each of these categories.

To assess the distinctness of recovered glucanases, ORFs belonging to families containing β-

45



2.3. Results and Discussion

glucosidase or cellulase activity were queried against the National Center for Biotechnology In-

formation (NCBI) non-redundant protein database (accessed April 2017) using BLAST [7]. The

proteins recovered were quite distinct, with an average maximum identity of 65.6 ± 12.5 %, Figure

2.10. Of the 331 proteins queried only 15 had a homologous protein with greater than 90 % identity.

The lowest % identity uncovered was that of the GH3 FOS62 47 P19-8, which had a maximum

identity of 40.5 %. These results highlight the ability of functional metagenomic screening, not

only to find functional proteins, but to also reveal a large number of novel proteins.

Phylogenetic Tree Construction

We also sought to gain insight into how the recovered proteins relate to previously characterized

members of the same family. Towards this goal we constructed maximum likelihood phylogenetic

trees for the glucanase families that were found most frequently on the recovered fosmids (GH1,

GH3, GH5, GH8, GH9, GH10 and GH30). Trees were constructed with GH proteins identified

through fosmid sequencing and those denoted as characterized in the CAZy database. These two

sets of proteins were clustered separately at 95 % to remove duplicates or highly similar sequences.

The two sets of proteins were then combined for alignment with COBALT [230], which was trimmed

with trimAl [45] and a tree was generated using RAxML [284].

GH1

Many of the recovered GH1s clustered together, even though they were from different libraries,

Figure 2.11. The majority of recovered GH1s (15 of 18) clustered within one clade – the group of all

proteins originating from a single branch point– which was almost entirely populated with proteins

with β-glucosidase activity. Surprisingly, two of the identified GH1s clustered with the phospho-β-

glucosidases (TolDC 30 A19-17 and CG23A 01 C20-5), which generally do not display activity

against non-phosphorylated glucosides. Additionally, neither of these fosmids contain another

hydrolase belonging to a different glucanase family, though the coal bed-derived clone also contained

a GH4, a family with phospho-β-glucosidase activity. However, both of these fosmids also contain

predicted cellobiose PTS systems (transporters that couple the phosphorylation of sugars to their

uptake [198]) in the same reading frame and in close proximity to the identified GH1 genes. This

suggests that these clones first phosphorylate MU-C during uptake and before degradation.
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GH3

The discovered GH3 proteins appeared more widely distributed as compared to GH1s, Figure

2.12, and tended to be more similar to each other than to previously characterized proteins. Cluster

A was deeply branching, with a bootstrap value of 100, and was dominated by GH3s uncovered in

this study. The previously characterized proteins within cluster A were the β glucosidase gluA from

Dictyostelium discoideum, BoGH3B, a β glucosidase present in a xyloglucan degrading PUL from

Bacteroides ovatus and A1 9 a protein that had been previously discovered when the FOS62 library

had been screened with DNP-C. Cluster B, also deeply branching, contained a large number of

metagenome-derived genes, however this cluster also had a larger number of previously characterized

GH3s than seen in cluster A. The coal bed hits within this group cluster closely with GH3s from

the gammaproteobacteria Cellvibrio japonicus and Saccharophagus degradans which have been

characterized [40, 216]. The soil and bioreactor hits within this group however, cluster separately

from any previously characterized protein. Cluster C contains 12 GH3s found within this study

and a number of proteins from uncultured sources. Two of these proteins (D1 14 and H1 5) were

identified in the previous screening of the FOS62 library [201] and three were identified from a

termite gut [340]. This cluster also contains the BglX from E. coli [330] and Lin1840 from Listeria

innocua, which has been crystalized [274].

There were a number of fosmid-derived proteins (NA002 01 B04-2, SCR03 04 B15-17,

NO001 03 P09-1, FOS62 38 D22-5, NO001 04 B04-0, NO002 11 N21-0, TolDC 31 E21-18, and

CO003 01 D22-3) which clustered with enzymes that have activity on xylosides, rather than the

expected glucosides (Figure 2.12, cluster D). Of these fosmids, five (NA002 01 B04, SCR03 04 B15,

NO001 03 P09, NO001 04 B04 and NO002 11 N21) had more than one predicted GH3, with the

additional GH3(s) clustering in a β-glucosidase group. The remaining three fosmids had many GH

genes, each with a GH gene from another family likely to be responsible for activity. Finally, cluster

E was entirely made up of clones from this study (n= 15), and fell within a clade that has almost

entirely β-glucosidase activity.
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GH5 The tree generated from GH5 proteins had clustering which was in agreement with both

the subfamily designations [15] and the activities of characterized proteins, Figure 2.13. Of the 29

predicted GH5s identified from screening, 11 clustered with previously characterized proteins (2

each in subfamily 4, 26 and 27, and one each in subfamilies 2, 7, 25, 28 and 36). There were 3

clusters of fosmid-derived GH5s that appeared at branches between well clustered subfamilies. The

first of these was between subfamilies 12 and 52. This group of soil library GH5s, had the highest

similarity to UmCel5F a cellulase within subfamily 39 which was derived from a pulp effluent

metagenome [327]. The second cluster of discovered GH5s that did not fit well within a defined

subfamily lies between subfamilies 36 and 22. This group contains proteins identified from all four

types of libraries screened and one previously characterized protein, SARM 0025. This protein,

the sole characterized protein in subfamily 46, was identified from metageomic sequencing of a cow

rumen and displayed activity on 1 % Carboxymethyl cellulose agar [120].

The final cluster of discovered GH5s sits between subfamilies 9 and 15, and contains 3 proteins

from CO182 and NapDC libraries. The closest characterized gene to this cluster, CW-EG1, is

a gene from an uncultured bacterium present in the gut of a cutworm (Agrotis ipsilon) [254],

which belongs to subfamily 44. However, all three of these GH5s within this cluster have highest

sequence identity with subfamily 45 proteins, which currently lacks a characterized representative.

Furthermore, two of these three fosmids (CO182 24 J12 and CO182 11 I14) have no other predicted

glucanases besides the GH5 gene, making these targets for future characterization.
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Activity

● 3.2.1.21 : β−glucosidase
● 3.2.1.−   : Glycosidase ● 3.2.1.52   : β−N−acetylhexosaminidase

● 3.2.1.132 : Chitosanase● Fosmid

● 3.2.1.58   : Glucan 1,3−β−glucosidase
● 3.2.1.74   : Glucan 1,4−β−glucosidase
● 3.2.1.37   : Xylan 1,4−β−xylosidase

● 3.2.1.55 :  α−L−arabinofuranosidase ● 3.2.1.120 : Oligoxyloglucan β−glycosidase

● 3.2.1.23 : β−galactosidase
● 3.2.1.45 : Glucosylceramidase

Library
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Figure 2.12: Phylogenetic Tree Containing Discovered GH3s. The inner ring of squares represents
the library from which each protein was retrieved. The outer ring of coloured circles signifies
the activity that each characterized protein has annotated in the CAZy database. Arc segments
represent clusters of proteins containing metagenome-derived GH3s. Branch points with bootstrap
values > 70 % are signified with a small black dot.
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Activity

● 3.2.1.4     : Cellulase

● Fosmid

● 3.2.1.151 : Xyloglucan endo−β−1,4−glucanase

● 3.2.1.−     : Glycosidase

● 3.2.1.25   : β−mannosidase

● 3.2.1.78   : Mannan endo−1,4−β−mannosidase● 3.2.1.73   : Licheninase

● 3.2.1.8     : Endo−1,4−β−xylanase

● 3.2.1.52   : β−N−acetylhexosaminidase

● 3.2.1.123 : Endoglycosylceramidase

● 3.2.1.45   : Glucosylceramidase

● 3.2.1.104 : Steryl−β−glucosidase

● 3.2.1.21   : β−glucosidase

● 3.2.1.74   : Glucan 1,4−β−glucosidase● 3.2.1.37   : Xylan 1,4−β−xylosidase

● 3.2.1.75   : Glucan endo−1,6−β−glucosidase

● 3.2.1.58   : Glucan 1,3−β−glucosidase

● 3.2.1.149 : β−primeverosidase● 3.2.1.132 : Chitosanase ● 3.2.1.91   : Cellulose 1,4−β−cellobiosidase

● 3.2.1.164 : Galactan endo−1,6−β−galactosidase
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CAZy Database SoilBioreactor Coal Bed Ocean

Figure 2.13: Phylogenetic Tree Containing Discovered GH5s. The inner ring of squares represents
the library from which each protein was retrieved. Coloured circles signifies the activity that each
characterized protein has annotated in the CAZy database. Subfamilies are identified with the
outermost arc segments [15]. Branch points with bootstrap values > 70 % are signified with a
small black dot.
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GH8

A total of seven GH8s were identified from the fosmid metagenomic libraries and all of these

were found in the FOS62 library. The identified GH8s fell into two groups when clustered at 95

%. These two clusters group separately in the constructed phylogenetic tree, Figure 2.14. The

first of these proteins FOS62 40 E07-2 groups closely with Cel8B from Fibrobacter succinogenes,

an endoglucanase with the highest observed activity on carboxy-methyl cellulose [247]. The second

of these genes, FOS62 26 K06-32 is branching from a deeply positioned node (bootstrap value =

98) and belongs to a clade which is dominated by enzymes with cellulase activity.

GH9

The GH9 family is almost exclusively composed of enzymes with cellulase or cellobiohydrolase

activiy, Figure 2.15. The four discovered GH9s within this tree fall into two clades, both with boot-

strap values greater than 95. The first clade contains two putative GH9s FOS62 30 N01-10 and

SCR03 04 B15-0. The bioreactor sourced FOS62 30 N01-10 clusters closest to Cel9B, a multido-

main protein from Ruminococcus champanellensis that also contains a GH16 domain. This protein

is annotated within the CAZy database as a licheninase, however only the GH16 domain was charac-

terized [206], and this annotation cannot be assigned to the GH9 domain. SCR03 04 B15-0 groups

with Cel9U from Clostridium cellulolyticum and CelD from Ruminiclostridium thermocellum, both

with activity on insoluble celluloses [102, 249]. The second clade, containing FOS62 25 H06-9 and

CO182 36 O01-5, was also almost entirely occupied by bacterial cellulases. The characterized GH9s

EgC, Cel9B and SARM 0002 from Fibrobacter succinogenes BL2, Fibrobacter succinogenes subsp.

succinogenes S85 and an uncultured organism from a cow rumen, respectively were most similar

to FOS62 25 H06-9. All three of these GH9s were active on a variety of soluble and insoluble

celluloses [23, 120, 247]. Lastly, CO182 36 O01-5 was most similar to UmCel9B, from a compost

soil metagenome which displayed activity on Carboxymethyl cellulose amongst other glucans [229].
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Activity

● 3.2.1.4     : Cellulase
● 3.2.1.−     : Glycosidase
● Fosmid

● 3.2.1.8     : Endo−1,4−β−xylanase● 3.2.1.132 : Chitosanase

● 3.2.1.73   : Licheninase
● 3.2.1.156 : Reducing−end xylanase
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Figure 2.14: Phylogenetic Tree Containing Discovered GH8s. The squares placed at branch tips
represent the library from which each protein was retrieved. Coloured circles signify the activity
that each characterized protein has annotated in the CAZy database. Branch points with bootstrap
values > 70 % are signified with a small black dot.
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Activity

● 3.2.1.4     : Cellulase
● 3.2.1.−     : Glycosidase

● 3.2.1.176 : Cellulose 1,4−β−cellobiosidase

● 3.2.1.73   : Licheninase
● Fosmid

● 3.2.1.91   : Cellulose 1,4−β−cellobiosidase

● 3.2.1.74   : Glucan 1,4−β−glucosidase

● 3.2.1.21   : β−glucosidase

● 3.2.1.165 : Exo−1,4−β−D−glucosaminidase
● 3.2.1.151 : Xyloglucan endo−β−1,4−glucanase
● 3.2.1.6     : Endo−1,3(4)−β−glucanase
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Figure 2.15: Phylogenetic Tree Containing Discovered GH9s. The inner ring of squares represents
the library from which each protein was retrieved. The outer ring of coloured circles signifies the
activity that each characterized protein has annotated in the CAZy database. Branch points with
bootstrap values > 70 % are signified with a small black dot

55



2.3. Results and Discussion

Presence of Gene Clusters

The wealth of fosmids encoding unexpected activities prompted an investigation of the Polysaccha-

ride Utilization Loci (PUL) and gene clusters present on the fosmid hits. PULs have been reported

in several cases to synergistically target complex plant polysaccharides, and their composition can

give insight into the targeted polymers [71, 145, 165, 215, 257, 294]. A total of 17 fosmids were found

to contain PULs, as indicated by the presence of the hallmark SusD/SusC-like protein pairing, Fig-

ure 2.16. Several of the identified PULs shared nucleotide identity; FOS62 08 G04, FOS62 08 J18,

FOS62 10 O15 were identical at the nucleotide level over the PUL region as were FOS62 29 F15

and FOS62 38 A06. Furthermore, fosmids FOS62 37 N04 and FOS62 38 C16 had 74 % nucleotide

identity over 97 % of identified PUL. Synteny was also seen for identified PULs, with the SusC/SusD

pair being followed closely by a GH3 in all identified PULs and the frequent inclusion of one or

FOS62_08_G04

FOS62_08_J18

FOS62_10_O15

FOS62_29_C04

FOS62_37_N04

FOS62_29_F15

FOS62_38_A06

FOS62_38_C16

NapDC_52_E10

PWCG7_19_I21

TOLDC_06_L02

TOLDC_41_A17

GH3
GH16

GH5
GH30

GH35
GH43SusC

SusD
Other

5 kbp
GH23

Figure 2.16: Gene Organisation of SusC/SusD-like Encoding Fosmids. Putative glycoside hy-
drolases and SusC/SusD-like proteins are coloured by family. ORFs not annotated as a glycoside
hydrolase, SusC-like, or SusD-like, are shown in grey. Fosmids identical to those shown here have
been omitted for simplicity. Fosmids have been aligned to highlight synteny. Fosmids pairs or sets
within brackets share greater than 95 % identity over their the PUL region.
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more GH16s. This motif has been seen previously in the laminarin – a β-glucan containing 1,3- and

1,6-linkages – degrading PUL from the marine bacteria Gramella forsetii KT0803 [145] and in the

mixed-linkage glucan degrading PUL from B. ovatus[287]. This co-occurrence of GH3s and GH16s

within the same gene cluster implies that many of these loci target glucans other than cellulose for

degradation.

Many fosmids that lack PULs contain clusters of multiple GH genes. Almost 15 % (26 of

178) of the fosmids contained 5 or more GH genes, Figure 2.17. There was one set of two

clones (FOS62 37 N12 and FOS62 38 G18) and an additional set of three clones (FOS62 38 D22,

FOS62 41 N11 and FOS62 46 E02) with near complete identity over an overlapping region. Addi-

tionally, a set of four clones (NO001 07 A13, NO001 01 I19, NA004 04 B18, NR003 09 O07) share

between 80 and 90 % identity over a region containing a GH2 and two GH3 genes. Surprisingly,

there were a number of clones with gene clusters that appeared to target xylans. These clones

contained carbohydrate esterases, GH43s (which have activity towards xylosides and arabinosides),

GH67s and GH115s. The last two families (GH67 and GH115) both play a role in the removal of glu-

curonic acids from glucouronoxylan [196, 210]. Specifically, clones CO182 36 O01, TOLDC 20 J14,

FOS62 41 N11, FOS62 46 E02 and NO002 11 N21 all contained either a GH67 or a GH115, while

clones FOS62 37 N12, FOS62 38 D22 and FOS62 38 G18 harboured carbohydrate esterases pre-

dicted to target acetylations present on xylan. All of these potential xylan targeting fosmids have

either a GH3, GH30 or GH10 enzyme present, families which can have members with xylosidase or

xylanase activity, and we speculate that these are the proteins which have activity towards MU-C.

Future characterization of the PULs and gene clusters has potential to shed light on synergistic

mechanisms of degradation occurring within the sampled communities.
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CO182_36_O01

FOS62_25_L08

FOS62_37_N12

FOS62_38_D22

FOS62_38_G18

FOS62_41_N11

FOS62_46_E02

NA004_04_B18

NO001_01_I19

NO001_03_P09

NO001_04_B04

NO001_07_A13

NO002_11_N21

NR003_09_O07

SCR03_04_B15

TOLDC_20_J14

12200_16_F10

CB004_07_C21

CO002_07_L07

5 kbp

GH1

GH2

SusC

SusD

GH10

GH15

GH5

GH3

GH26

GH30

GH20

GH16

GH43

GH65

GH39

GH31

GH97

GH109

GH95

GH67

GH130

Other

GH127

GH115

Figure 2.17: Gene organization of fosmids containing more than 5 GH genes Putative glycoside hydrolases

proteins are coloured by family. ORFs not annotated as a glycoside hydrolase are shown in grey. Fosmids

identical to those shown here have been omitted for simplicity. Fosmids have been aligned to highlight

synteny. Fosmids pairs or sets within brackets share greater than 95 % identity over their the overlapping

region.
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2.4 Limitations and Future Directions

The combined use of high-throughput screening and high-throughput characterization of the recov-

ered hits has allowed us rapid access to hundreds of active clones, each with one or more specific

activities. This approach allows for the rapid discovery of catalytic function, however as with most

high-throughput approaches, compromises have to be made. The first of these lies in the choice of

screening host. E. coli is a work horse of biotechnology, but it undoubtedly cannot express every

protein, especially those requiring extensive post-translational modification. Functional metage-

nomic screening has been successfully performed using multiple hosts [34], however a commercial

system comparable to that used to generate libraries in E. coli for other species remains elusive.

The use of a soluble fluorogenic reporter molecule has allowed the rapid screening of hundreds

of thousands of clones. However, the choice of reporter molecule certainly introduces bias into the

hits recovered. This is evidenced by the comparison of hits recovered from the FOS62 library when

screened with DNP-C or MU-C. This has prompted our development of probes with a fluorogenic

leaving group with a lower pKa, the 6-chlorocoumarin containing probes described in Chapter 3.

Additionally, the use of glycoside reporters with a reporter functionality at the reducing end may

also limit the range of hits discovered. Enzymes that require binding in the +1 subsite for activity

may be missed by the use of such substrates. The complementary use of chromogenic hydrogels

derived from plant polysaccharides, such as those developed by Willats et. al. [157] may provide

further access to such enzymes.

Additional screening conditions would likely reveal a greater number of clones and provide

further access to the diversity of degradative enzymes. Assay conditions, such as temperature,

pH and concentrations of metal ions and enzyme co-factors undoubtedly affect which hits, and

the number of hits, recovered. Re-screening libraries under various conditions would result in a

larger number of hits. This being said, it often comes down to a question of resource management;

will it be more fruitful to screen the same library with different conditions or a different library

with the same conditions? Ultrahigh-throughput technologies such as those utilizing droplet-based

microfluidics [63, 127] may enable exploration of larger numbers of screening conditions.
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2.5 Conclusions

This study has revealed a diversity of cellobioside-degrading activities from a wide assortment

of metagenomes. The coupling of liquid-based high-throughput functional screening, plate-based

clone characterization and fosmid sequencing and annotation has allowed us access to the catalytic

potential encoded in these metagenomes. This has revealed hundreds of glycoside hydrolases, many

of which show low identity to any previously discovered gene. Comparison of these genes sequences

to those of characterized glycoside hydrolases, also revealed many genes within clades lacking a

characterized representative. The use of large insert libraries also revealed PULs and clusters of

multiple GHs, many of which appear to target hemicelluloses. This collection of clones provides

a wide range of genes and gene cassettes which may be useful for biomass deconstruction and

modification schemes of carbohydrates.
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Chapter 3

Functional Screening of the Castor

canadensis Fecal and Gut

Metagenomes

3.1 Summary

Beavers have been described as natures engineers due to their prolific capacity to reshape forest

ecosystems into ponds and meadows, raising groundwater levels and creating new habitats for di-

verse plants and animals. Beyond their capacity to transform landscapes, beavers are extremely

efficient consumers of woody biomass relying on bark, shoots, leaves, and other fibers from hard-

wood deciduous trees as primary nutritional resources. Despite this conspicuous efficiency, the

underlying mechanisms enabling beavers to effect woody biomass deconstruction into soluble sug-

ars has remained a mystery. Here we chart the community structure and metabolic problem solving

power of the beaver fecal and gut microbiomes using a combination of metagenomic sequencing,

functional metagenomics and carbohydrate biochemistry. This has revealed hundreds of functional

clones from the beaver fecal and gut microbiomes which are active on model cellulose and xylan

substrates. A subset of these fosmids contained GH43 enzymes belonging to previously uncharac-

terized subfamilies. Cloning and expression revealed the substrate specificity of three previously

uncharacterized subfamilies and revealed a mechanism involving two of these family 43 hydrolase

domains and an appended family 8 glycoside hydrolase domain which synergistically degrade ara-

binoxylan oligomers. Fosmid clones recovered in this study also revealed novel assortments of genes

clustered into polysaccharide utilization loci (PULs) with the potential to synergistically enhance
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biomass deconstruction in support of host nutrition.

3.2 Background

Microbial communities inhabiting the mammalian digestive tract, so-called gut microbiomes, af-

fect host health and mediate essential services including dietary access to recalcitrant glycans or

polysaccharides such as starches and fibers [192]. With respect to digestion, the taxonomic com-

position of these communities correlates with host diet and nutrient acquisition strategies across

different mammalian lineages [208]. Multiple studies indicate that mammalian gut microbiomes

consist of specialized communities that respond to complex glycans derived from specific dietary

sources such as lignocellulosic biomass and release products that can be absorbed into the digestive

tract [74, 173, 208, 261, 281]. Consistent with these observations, the digestive tracts of herbi-

vores and wood-feeding (xylotrophic) organisms harbor microbial communities enriched in genes

or gene cassettes encoding the corresponding biocatalysts and polysaccharide utilization systems

[19, 120, 226, 240, 268, 315]. These communities provide a frame of reference for understanding

how lignocellulosic biomass is converted into dietary macronutrients, as well as a deep reservoir of

genomic information with potential biotechnological applications [13].

The North American beaver, Castor canadensis, provides a useful animal model for the study of

xylotrophic microbiomes, as its diet is largely composed of bark, shoots, leaves, and other fibers from

hardwood deciduous trees such as poplar, aspen, and cottonwood, which have commercial value in

the forestry sector [41, 308]. Hardwoods such as poplar typically have a total polysaccharide content

comprising 60-80 % of the dry mass of the wood [319]. Some 35-50 % of this dry mass consists of

cellulose followed by hemicellulose (20 % primarily glucuronoxylan) and pectin. Previous studies

have shown that beavers are capable of digesting up to 32 % of the available cellulose in consumed

hardwoods [70]. However little is known about the utilization of the hemicellulose component by

the beaver microbiome, and much less about the enzyme repertoire effecting its deconstruction.

Gruninger and colleagues recently used small subunit ribosomal RNA (SSU rRNA) gene se-

quencing to profile the microbial community structure of beaver cecum and rectal samples, indicat-

ing a typical mammalian hindgut community that is dominated by Bacteroidetes and Firmicutes
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3.3. Beaver Fecal Metagenome

[109]. It is also worth noting that a recent paper by Wong and colleagues has also examined the

metagenomes of cultures inoculated with beaver droppings and propagated with cellulose or poplar

hydrolysate over a three year period[324]. This was done to enrich for species capable of degrading

either cellulose or the carbohydrates present in poplar. As the community compositions observed

were substantially different from the inoculum (which itself was atypical for a gut sample as it

was dominated by Proteobacteria) [323] investigation of beaver microbiome in its native state may

reveal further insight.

As a hindgut fermenter, commensal microbes in the lower digestive tract of the beaver are

expected to mediate the degradation and fermentation of complex sugars to provide short chain

fatty acids that provision host nutrition [217]. Given that the proclivity of beavers to consume

wood differentiates them from other hindgut-fermenting herbivores, several questions arise from

the initial microbiome study: What is the population structure of the beaver gut microbiome and

how does it change throughout the digestive tract? Does the microbiome encode specialized genes

or gene cassettes mediating conversion of lignocellulosic biomass? Are some components of the

lignocellulose targeted for digestion more than others? Could analysis of these differences reveal

new insight into sequential biomass deconstruction of wood-based fibers transferrable to industrial

process streams? To begin answering these questions, we used a combination of SSU rRNA gene

sequencing, shotgun metagenomics and functional screening to evaluate the community structure

and metabolic potential of the beaver microbiome and to recover activities mediating lignocellulosic

biomass deconstruction.

3.3 Beaver Fecal Metagenome

3.3.1 16S Ribosomal RNA Profiling

To profile the microbial community composition of the beaver fecal microbiome, I performed 454

pyrotag sequencing of the V6-V8 region of the SSU rRNA gene with three-domain resolution on

composite fecal samples from 2 captive beavers. A total of 12,579 rRNA pyrotag sequences, re-

covered from the fecal sample, were clustered with a 97 % similarity cut-off into 404 operational

taxonomic units (OTUs) after singleton removal. Of the OTUs identified, only two could not be
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affiliated with described microbial taxa based on comparison to sequences in the Silva database

[248]. One of these OTUs showed 99 % identity to the Castor canadensis mitochondrial DNA

sequence [125], while the other had at most 75 % sequence identity to SSU rRNA sequences from

uncultured bacteria. The majority of sequences were affiliated with the bacterial phyla Firmicutes

(214 OTUs, 58.4 %) and Bacteroidetes (93 OTUs, 24.4 %), Figure 3.1. Within the Firmicutes,

200 OTUs were affiliated with the class Clostridia (55.9 %), with 143 OTUs (43.6 %) affiliated

with the family Lachnospiraceae, which is known to harbor xylanotrophic, butyric acid-producing

members [68]. Within the Bacteroidetes, 68 of the 93 OTUs (21.3 %) were affiliated with the

class Bacteroidia, with 39 OTUs (15.5 %) affiliated with the uncultured S24-7 group. In a recent

culture-dependent study, S24-7 comprised approximately 4 % of the beaver fecal microbiome prior

to methanogenic enrichment on different lignocellulosic biomass substrates [323]. Overall, these re-

sults are consistent with the observations of Gruninger and colleagues, although the proportions of

Firmicutes and Bacteroidetes did vary between the studies [109]. As a high proportion of identified

OTUs lacked cultured representatives (354 of 370 bacterial OTUs) specific metabolic roles could

not be inferred with confidence. To this end we used shotgun metagenome sequencing to predict

metabolic functions encoded in the beaver microbiome.

3.3.2 Metagenome Sequencing

Shotgun metagenomic sequencing was conducted on the 454 platform using DNA from the same

preparations used in SSU rRNA gene pyrotag analysis. This resulted in the production of 469.2

million base pairs (Mbp) of total sequence information (616,811 reads with average length 761

bp). Raw sequences were trimmed to Q30 quality score using prinseq lite+ [265] and assembled

using MIRA [54] by Dr. Keith Mewis. This resulted in 75,523 contigs with an N50 of 1,787 bp

and 130.5 Mbp of consensus sequence. To explore potential bias in community structure based

on pyrotag analysis, we examined SSU rRNA gene sequences recovered from the metagenome

by comparing unassembled reads to the Silva SSU database using MetaPathways [155]. Of the

616,811 unassembled reads 1,812 were annotated as having SSU rRNA genes. The majority of

these sequences were affiliated with either Firmicutes (890) or Bacteriodetes (438), consistent with

pyrotag results (Figure 3.1). A notable exception was the relative abundance of Tenericutes within
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Figure 3.1: Beaver Fecal Community Composition. The relative abundance of 16s rDNA genes
found in the metagenome are compared to those identified by pyrotags. Both methods reveal a
metagenome dominated by Firmicutes (green), Bacteroidetes (red) and Proteobacteria (purple)
phyla.

the metagenome, which was greater than that seen in the pyrotag data (percentages of 0.02 %

and 5.8 % respectively). This may be due to amplification bias, as has previously been observed

for Mycoplasma, the dominant Tenericutes genus identified in the beaver fecal metagenome [159].

In addition to bacteria, we detected SSU rRNA gene sequences affiliated with Archaeplastida

(predominant class Liliopsida) and Opisthokonta (predominant class Insecta) at low abundance.

The presence of these eukaryotic taxa in the beaver microbiome could reflect captive dietary intake

or colonization post defecation.

To investigate the abundance of CAZymes within the fecal metagenome, the unassembled reads

were queried against the CAZy database [181] using LAST [150] implemented in MetaPathways

[155]. This revealed 28,107 ORFs (3.85 %) annotated as belonging to a CAZy family. GH genes

were the most numerous CAZyme category identified, comprising 2.14 % of all annotated ORFs.

The five most abundant hydrolase families identified were GH13, GH2, GH3, GH43 and GH31,

which were present at 0.35, 0.20, 0.17, 0.12 and 0.07 % of all ORFs, respectively (Figure 3.4,

panel B). All of these top families, GH13 excluded, are known to be involved in the degradation of

various plant polysaccharides. GH13, the most abundant GH found within the beaver gut is often
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associated with α-amylase and α-glucosidase activity. Although starch is present in most plants,

as a form of energy storage, the abundance of this family may also be due to the pervasive use of

glycogen by bacteria for energy storage [17]. There were a few GH families that were conspicuous

in their absence; neither GH6 nor GH12, which are involved in the degradation of cellulose, were

found within the fecal metagenome. The absence of these families, however, has been noted in

other herbivorous mammals [241]. Futhermore, hierarchical clustering analysis done by Dr. Keith

Mewis of CAZyme profiles of mammalian gut microbiomes revealed that the beaver sample clusters

well with other herbivores (Figure, Appendix B.1).

3.3.3 Functional Screening
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Figure 3.2: Substrates Used in Multiplex Screening. 6-Chloro-4-methylumbelliferyl cellobioside
(CMU-C), 6-chloro-4-methylumbelliferyl xyloside (CMU-X) and 6-chloro-4-methylumbelliferyl xy-
lobioside (CMU-X2) were used for functional screening. Hydrolysis of these substrates liberates
6-chloro-4-methylumbelliferone which can be detected through fluorescence spectroscopy at a neu-
tral pH.

A fosmid library containing over 4,500 clones was constructed from the same DNA used in

shotgun metagenome sequencing using the pCC1 copy control system expressed in E. coli EPI300

(Epicentre). Activity assays were based on methods described by Mewis and colleagues [200, 201]

but instead of chromogenic substrates we utilised cellobioside, xyloside, and xylobioside fluorogenic

substrates bearing the 6-chloro-4-methylumbelliferyl aglycone, resulting in greater sensitivity with

improved signal to noise ratio [52]. The incorporation of a chlorine atom lowers the pKa of the
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released aglycone to 5.9 ± 0.1, increasing substrate reactivity when compared to the parent 4-

methylumbelliferone (pKa = 7.8), and allowing direct sensitive detection at neutral pH values [52].

This is a further improvement on the screening conditions employed in Chapter 2. We combined

the three substrates in a multiplex format to reduce both the time required and materials costs

(Figure 3.2). Multiplex screening identified 51 validated fosmids that hydrolyzed at least one of

the three fluorogenic substrates (z-score >3); a hit rate of 1.1 % (Figure 3.3).

Figure 3.3: Functional Screening of Beaver Fecal Library. Z-score values for fluorescence were
calculated for each plate. Clones above the z-score threshold of 3 were chosen for further validation.

To further characterize active clones recovered in multiplex screening, initial rates of hydrolysis

were assessed against a panel of nine separate fluorogenic substrates by Dr. Feng Liu. A majority

of clones were most active against either β-glucosides or β-xylosides. However, six clones displayed

higher activities against alternative substrates including arabinosides (06 E19, 09 O03, 09 O15),

galactosides (10 J12), lactosides (09 I18), and mannosides (05 B01). This suggests that either the

active enzymes encoded on these fosmids possess broad substrate specificities, or that multiple

functions are encoded and expressed from individual clones consistent with gene cassettes e.g.

cellulosomes or polysaccharide utilization loci (PULs) involved in the extracellular deconstruction

of insoluble biomass [91] and the utilization of soluble carbohydrates within the cell respectively
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[191].

3.3.4 Fosmid Sequencing and Gene Annotation

To identify individual genes or gene cassettes mediating substrate conversion we fully sequenced

the 51 active clones. Reads were assembled using ABySS [275] and ORFs were predicted and

annotated using the MetaPathways pipeline [275]. Comparison between sequences identified 38

non-redundant clones based on a threshold of >95 % similarity across >90 % of insert length

(Figure 3.4). Additional queries against the CAZy database identified 135 GH genes from 28 GH

families encompassing 11.13 % of the annotated ORFs (Figure 3.4). Unexpectedly, active fosmids

harbored only 5 GH genes from families with annotated cellobiohydrolases or endoglucanases, one

each from GH families 5 and 51, and three from GH8 with none from the cellulolytic GH families

6, 7, 9, 12, 26, 44, 45, 48, 74 or 124. As the metagenome encodes for a total of 1,085 cellulases from

9 of 14 cellulase families (0.15 % of all predicted metagenome ORFs) it may be that we have only

captured the most abundant taxa within the fosmid library and that cellulose is being degraded by

rarer taxa within the community.
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Figure 3.4: Fosmids Identified from High-Throughput Screening of Fecal Library. a Schematic representing fosmid hits, gene presence
and similarity. Grey bars represent each fosmid and are proportional to their length. Fosmids sharing 100% identity with another
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predicted by BLASTP against the CAZy database. b Histogram displays colour encoding of GH gene families and relative abundance
of each family in the complete fosmid dataset compared to the abundance of the same gene families in the unassembled metagenomic
dataset. Figure generated by Dr. Keith Mewis.
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In contrast, there was an abundance of genes encoding hemicellulose-converting enzymes, par-

ticularly xylan. The most abundant GH family recovered was GH3, which contains both β-

xylosidases and β-glucosidases. This was followed in abundance by GH43, a family containing

both β-xylosidases and xylanases [202]. Within the unassembled metagenome, 912 GH43 genes

(0.12 % of all metagenomic genes) from 23 subfamilies were identified. A total of 27 GH43 genes

(1.8 % of all fosmid genes) from 10 subfamilies were identified on active clones (Table 3.1). Five

GH43 genes identified on fosmids belonged to subfamilies containing no previously characterized

members (subfamilies 2, 7, and 28, see Table 3.1) thus were of unknown specificities. Genes encoding

xylan side-chain removing enzymes (α-glucuronidase from GH67) were also present. Interestingly,

we identified a number of genes encoding multiple GH domains (Figure 3.5). Four of these encoded

predicted endo-acting and exo-acting domains. These include 04 C21-10 and 12 B18-19 which

contain both GH43 and GH10 domains and are likely involved in xylan degradation, as well as

10 G11-03 and 12 H03-13, which both contain GH43 and GH8 domains consistent with a role in

xyloglucan or xylan degradation. The presence of both endo- and exo-glycosidase domains within

the same protein can lead to synergism in efficient deconstruction of these xylan substrates, as has

been observed previously for other polysaccharides [36].

Table 3.1: GH43 Subfamilies Identified on Functionally Active Fosmids.
GH43 Subfamily ORFs

1 04 C21-11, 11 G02-25
2 10 G11-3, 12 H03-13
7 12 H03-12
10 05 H01-3, 09 K06-1, 11 G03-16, 12 E14-11
11 05 D18-17, 06 E19-1, 12 B18-18
12 04 C21-10, 11 K01-12, 12 A10-9, 12 B18-19, 12 H03-3
19 04 O22-25
24 04 M22-11, 10 J12-7, 12 J03-15
28 10 J12-4, 12 J03-18
29 10 G11-4, 10 G11-8, 11 K01-19, 12 H03-10

3.3.5 Gene Characterization

To better understand the substrate specificities and activities of the enzymes present, we focused our

attention on the uncharacterized GH43 subfamilies identified in functional screening. To this end
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Figure 3.5: Gene Organization of Multi-Domain Proteins Identified on Functional Fosmids. Pro-
teins containing more than one domain with a CAZy annotation are shown. The colouring of
domains is consistent with Figure 3.4

we generated constructs that were used to overexpress and purify recombinant proteins (12 H03-13

from subfamily 2, 12 H03-12 from subfamily 7, and 12 J03-18 from subfamily 28). Since 12 H03-

13, also contained a GH8 domain, we created two additional constructs in which the GH8 and

GH43 domains were inactivated independently by mutation of the catalytic acid residue (GH8

domain variant H03-13 E507A and GH43 domain variant H03-13 E209A). Of the three wild-type

enzymes, two had detectable cleavage activity on aryl-monosaccharides (Table 3.3); both 12 H03-13

and 12 J03-18 cleaved CMU-xyloside. The specificity constant of the 12 H03-13 wild-type enzyme

was the same, within error, as that of the H03 E507A variant in which the GH8 activity was

abated (Table 3.2), indicating that the GH43 domain is responsible for the hydrolysis of CMU-

X. Surprisingly, none of the enzymes cleaved any of the other aryl glycosides tested (Table 3.3),

reinforcing the utility of the inherently more reactive chlorocoumarin glycosides for detection of

previously unknown activities.

Table 3.2: Kinetic Rates Determined for Purified GH43 Enzymes with CMU-X.
Enzyme KM (mM) kcat(s

−1) kcat/KM (s−1mM−1)

12 J03-18 0.48 ± 0.06 0.22 ± 0.02 0.45 ± 0.07
12 H03-13 WT 0.19 ± 0.03 0.80 ± 0.06 4.2 ± 0.7
12 H03-13 E507A 0.14 ± 0.01 0.73 ± 0.02 5.2 ± 0.4
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Table 3.3: Activity of Purified GH43 Enzymes on Aryl-glycosides.
Substrate 12 J03-18 12 H03-12 12 H03-13 WT 12 H03-13 E507A 12 H03-13 E209A

pNP-X ND ND ND ND ND
MU-X ND ND ND ND ND
CMU-X Yes ND Yes Yes ND
pNP-Ara ND ND ND ND ND
MU-Ara ND ND ND ND ND
ND : None Detected

The activities of enzymes 12 H03-12, 12 H03-13 and its variants were also tested on a set of

arabinoxylan oligosaccharides. This revealed a synergistic degradation mechanism in which the

GH43 domain of 12 H03-13 (subfamily 2) releases undecorated xylose from the non-reducing end

of the oligosaccharides while the GH8 domain of 12 H03-13 (a reducing end xylose-releasing exo-

oligoxylanase [Rex]) releases xylose from the reducing end of decorated oligosaccharides (Figure

3.6). The activity displayed by 12 H03-13 is further complemented by GH43 12 H03-12 (subfamily

7) which cleaves arabinose decorations from arabinoxylans, releasing arabinose and xylobiose, an

activity which is only observed in the presence of 12 H03-13. This establishes the intriguing possi-

bility that 12 H03-12 is activated by 12 H03-13 which should be the subject of future work. The

xylobiose generated by these two enzymes appears to be resistant to further degradation. As GH8

Rex genes typically require at least a trimer for activity this domain is not expected to hydrolyse

xylobiose [124, 163]. The GH43 domain of 12 H03-13 was expected to further degrade xylobiose,

yet this is not the case, suggesting that the presence of an arabinose sidechain may be important

for the xylosidase activity of this domain. This represents, to my knowledge, the first multi-domain

protein containing both a GH43 and GH8 domain to be characterized and the first description of

how these two domains function synergistically on arabinoxylan oligosaccharides converting them

into arabinose and xylobiose. Collectively these results illuminate the substrate specificity and

activity of GH43 subfamilies 2, 7 and 28 within the context of the beaver fecal microbiome with

direct relevance to lignocellulosic biomass conversion and host nutrition.

3.3.6 Presence of Hemicellulose Targeting Loci

In addition to providing a route toward functional validation of predicted GH genes, active clone

sequences contained information about the structural organization of GH gene cassettes. This has
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Figure 3.6: Synergistic Degradation of Arabinoxylooligosaccharides by H03-13 GH43 Enzymes. A.
Schematic of the activities of the individual domains of 12 H03-13 and 12 H03-12 on arabinoxylans.
These two enzymes were tested for activity on mixture of 23-α-L-arabinofuranosyl-xylotetraose
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(1). 12-H03-12, a GH43 belonging to subfamily 7 is able to release arabinose from the oligomers
containing an arabinose α-1,3-linkage. (B.) High performance anion exchange chromatography
with pulsed amperometric detection (HPAEC-PAD) analysis of the degradation of (1), (2) and
(3) ) catalyzed by H03-12, H03-13, H03-13 E209A (GH43 domain mutant, denoted with an X
on the GH43 domain) or H03-13 E507A (GH8 domain mutant, denoted with an X on the GH8
domain) and their combinations.
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revealed several GH gene clusters that appear to target plant cell wall hemicelluloses (Figure 3.7a).

The fosmid 04 C03 contains a motif (GH16 and GH3 adjacent to SusC and SusD-like proteins)

which has synteny with a PUL recently shown to be active against mixed-linkage glucans [287].

Several fosmids (04 C21, 10 G11, 11 G02, 12 H03 and 11 K01) also appear to target xylans. The

four fosmids 04 C21, 11 G02, 12 H03 and 11 K01 all harbor GH10 genes, which often act as endo-

xylanases, and GH43s which may have exo-xylanase activity. Furthermore, Fosmid 04 C21 contains

a motif (GH10-GH43 [subfamily 12] protein followed by an additional GH43 [subfamily 1] and a

GH67) which has synteny with a gene cluster identified in Bacteroides intestinalis [311]. The GH10-

GH43 homolog from B.intestinalis has endo-xylanase and arabinofuranosidase activity, which is able

to release xylose, xylosoligosaccharides and arabinose from arabinoxylans [311]. Although Fosmid

10 G11 lacks a GH10 it does possess a two domain GH43-GH8 gene, which we speculate may have

similar activity to target arabinoxylanoligomers as H03-13. The presence of a GH29 (a family with

α-L-fucosidases), GH42 (a family with β-galactosidases) and GH31 (a family with α-xylosidases)

on the three fosmids 09 O03, 12 H03 and 11 K01 leads us to speculate that these fosmids may

target fucogalactoxyloglucan which is present in most dicots and gymnosperms [130, 233].

Moreover, we identified 15 fosmids spanning 5 identity groups containing Sus-like genes (SusC

or SusD), leading indicators for the identification of PULs using an automated PUL prediction

tool [295] (Figure 3.7b). Eight of these clones exhibited near complete nucleotide identity (05 O06,

05 O07d, 05 O08, 05 P05, 05 P06, 05 P07, 05 P08, and 05 P12) and 4 clones shared near complete

nucleotide identity specifically in the PUL interval (12 E14, 11 G03, 05 H01, and 09 K06). The

remaining 4 clones (04 C03, 09 C22 and 09 G01) contained unique PUL intervals. Representative

PULs from each identity group were compared to the RefSeq database to see if they are also found in

sequenced microbial genomes. PULs from 09 C22 and 09 G01 exhibited 99 % and 98 % nucleotide

identity respectively to distinct regions of the Alistipes senegalensis JC50 genome whereas the

most common PUL represented by 05 P08 exhibited 99 % nucleotide identity to the genome of

Alistipes finegoldii DSM17242. The remaining identity groups exhibited less than 7 % nucleotide

identity to reference genomes, indicating previously unrecognized architectures. In addition to

the fosmids which appear to target hemicelluloses mentioned above, 05 H01 and homologs appear

to target pectic polymers as they contain a GH28 (a family containing polygalacturonases) and a
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GH88 which may target the unsaturated reducing ends generated by pectate lyases. The substrates

targeted by the PULs present on fosmids 05 P08, 09 G01 and 09 C22 are not immediately apparent,

and further biochemical characterization will be needed to reveal their activity.

Taken together, the PULs and gene clusters identified on fosmids appear to target many of the

hemicellulosic components of plant cell wall, including glucuronylxylan, xyloglucan and pectins,

which would be present in hardwoods. Some of the polymers which these gene cassettes likely

act on, however, are not present in hardwoods, such as mixed linkage glucans, which are mainly

found in grasses, and arabinoxylans, which are present in grasses and softwoods. The ability to

degrade these polymers may provision for host nutrition when a preferential food source is scarce.

Future characterization of these PULs has the potential to shed light on combinatorial biomass

deconstruction within the beaver microbiome.
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Encoding Fosmids. A Fosmids with gene clusters that may target the hemicellulosic portion of plant
biomass within the beaver diet. B SusC/SusD-like encoding fosmids. Putative glycoside hydrolases
and SusC/SusD-like proteins are coloured with the same scheme as Figure 3.4. ORFs not annotated
as a glycoside hydrolase, SusC-like, or SusD-like, are shown in grey. Fosmids Identical to 5 P08
have been omitted for simplicity.
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3.4 Beaver Gut Metagenome

Investigation of the beaver fecal metagenome left several unanswered questions that we intended to

address by applying similar methods to samples taken along the beaver digestive tract. We hoped

to determine whether the microbes and genes found within the fecal sample were reflective of those

found within the internal digestive compartments of the beaver. We also aimed to gain insight into

the variability of the gut microbiome, both along the gut transect and between individual beaver.

To approach these goals, six beaver were dissected and chyme (partially digested food matter) and

feces were collected from five sites within the digestive tract (Figure 3.8). These samples were

then subjected to the same interrogative methods used for the feces: 16s rRNA sequencing shotgun

metagenome sequencing, and high-throughput functional screening of fosmid libraries.

3.4.1 16S Ribosomal RNA Profiling

To ascertain the microbial community structure throughout the beaver gut the V6-V8 region of

the SSU rRNA gene was subjected to 454 pyrotag sequencing. Primers with the same sequence

(excluding the bar-coding region) as those used for the beaver fecal DNA were employed to facilitate

comparison. This revealed 142,453 rRNA pyrotag sequences, after quality control and singleton

removal, which were clustered with a 97 % similarity cut-off into 1,115 OTUs, see Table 3.4. Of

the OTUs identified from the gut sequences, 1009 were bacterial, 12 were archael and 93 were

eukaryotic. The majority of eukaryotic sequences were either mammalian, likely host associated

(29,639 of 142,453, 20.8%), or from likely food sources (6,199 of 142,453, 4.4 %), though there were

also sequences belonging to the digestive parasite class Trematoda, also known as flukes, found

in the small intestine of beaver 3 and cecum of beaver 3, 4 and 5 (335 of 142,453, 0.2 %). The

stomach and small intestine sequences are particularly dominated by eukaryotic sequences with

the stomach averaging 64.3 ± 38 % and the small intestine averaging 65.5 ± 35 % assigned to an

eukaryotic OTU, reflecting both the decreased concentration of bacterial cells and the increase in

partially digested plant matter, Figure 3.9. There was a surprisingly large variability in the ratio

of eukaryotic:bacterial OTUs within the stomach and small intestine, which I speculate could be a

result of fecal matter present in the stomach due to coprophagy, which is exhibited by beaver [38].
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Figure 3.8: Beaver Gut Sampling Sites. Stars denote the location of sampling sites throughout the
digestive tract. Figure adapted from Vispo and Hume [308].

The large intestine, which is composed of the cecum, proximal colon and rectum, is dominated

by Firmicutes and Bacteroidetes, Figure 3.9. These two phyla account for 88 ± 13 % of all phyla

within these compartments. One outlier from this was the beaver 3 proximal colon sample, which

had substantial fusobacterial counts. The most abundant Firmicutes family was, as seen for the

feces, Lachnospiraceae which comprised 30 ± 11 % of all counts within the cecum, proximal colon

and rectum samples. This proportion of Lachnospiraceae is somewhat decreased relative to the

fecal sample (43.6 %), however it is consistent with the relative proportions seen by Gruninger et.

al. [109] (cecal samples : 25.4 %, rectal samples : 28.3 %). The most abundant Bacteroidetes

families within the cecum, proximal colon and rectum were Bacteroidaceae and S24-7 (20.4 ± 8.3
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% and 12.8 ± 4.4 % of all counts, respectively). While the S24-7 family was seen at similar levels in

the fecal sample, the relative number of counts for the Bacteroidaceae family was greatly increased

in almost all of the gut cecum, proximal colon and rectum samples (20.4 ± 8.3 %) when compared

to the fecal sample (3.9 %).
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Figure 3.9: Bubble Plot of Beaver Gut Pyrotags. Phyla representing greater than 0.5 % in at least
one sample; all other taxa are binned into a higher taxonomic group or other categories. 100 %
of the total pyrotags clustered at 97 % in OTUs are represented in this plot. Sample names are
abbreviated as follows: ST: Stomach, SI: Small Intestine, CE: Cecum, PC: Proximal Colon, RE:
Rectum, FE: Feces. Bubbles are coloured by sample source.

To investigate the similarity of samples, hierarchical clustering of the pyrotag counts was per-

formed with all OTU counts, Figure 3.10. As the Beaver 2 cecum sample had a much lower count

number than any other sample (n = 241) this sample was excluded from the analysis. Clustering

was performed using the Unweighted Pair Group Method with Arithmetic mean (UPGMA) [278]
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with dissimilarity between samples calculated using the Bray-Curtis statistic [22]. Clustering re-

vealed, firstly, that the fecal sample is quite distinct, and clusters distinctly from all other samples.

Furthermore, the majority of small intestine and stomach samples form a cluster, while the sites

forming the large intestine (cecum, proximal colon and rectum) form another. Within the large

intestine cluster, the samples also cluster more frequently by organism, rather than by chamber.

This is not entirely surprising when taken in the context of other microbiome studies, which have

seen large interanimal/personal variation in the species-level abundance of phylotypes in the gut

microbiota [21, 67].
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Figure 3.10: Hierarchical Clustering Analysis of Gut Pyrotags. Hierarchical cluster analysis of
pyrotags (V6-V8 SSU rRNA) from table of OTU counts. A Bray-Curtis distance matrix was used
to determine dissimilarity. Approximately unbiased p-values for each branch in the dendrogram
were determined through bootstrap resampling (n= 10,000). Sample names are abbreviated as
follows: ST: Stomach, SI: Small Intestine, CE: Cecum, PC: Proximal Colon, RE: Rectum, FE:
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At least one third of the bacterial OTUs present in the fecal sample were found in at least

one of the other samples, however, the fecal sample was a clear outlier. The fecal sample had

the highest number of unique OTUs (n = 204) and this sample was distinct in the clustering

analysis. The post-defecation colonization of the fecal sample may be, in part, to responsible for

this distinctness. However, there are many other variables which are likely to have an effect on

the microbial community present in the fecal sample. All of the gut samples were taken from wild

beaver, for which food choice is dictated by self-grazing on local species. This is contrasted with

the beaver fecal sample which was taken from beaver who were being supplied by humans with

plant material, rather than by foraging. The discrepancy between the plant species chosen by

beaver and by humans, may account for some of the gut community variability. Additionally, the

close proximity of other mammalian species, including raccoons, deer, and otters, may have had

an effect on the community composition, possibly through cross-species microbial exchange, such

as that seen by Song et. al. [280]. Moreover, captivity has been observed to alter the microbial

community of several mammalian species [59, 77, 197] and may have had an effect in this case also.

3.4.2 Metagenome Sequencing

To gain insight into the genetic potential encoded within the beaver gut we sought to sequence

extracted DNA from all five compartments from three beaver. Extracted DNA, the same as used

for pyrotag analysis, was sequenced by Dr. Keith Mewis on the Miseq platform (Illumina) using

individual barcodes for each sample. This resulted in 4.1 GB of raw sequence data, which was

trimmed to Q30 quality score using prinseq lite+ [265] by Dr. Keith Mewis. Unassembled sequence

data was used for further analysis as attempts to assemble the sequences proved ultimately unsuc-

cessful. ORF prediction was performed as for the fecal sample and resulted in a total 4,910,871

ORFs, an average of 350,777 ± 213,140 per sample.

We next sought to investigate the genetic capacity of the beaver gut microbiome to degrade

the complex polysaccharides. To this end, the predicted ORFs were annotated as for the fecal

sample using the Metapathways pipeline [155]. Of the 4,910,871 predicted ORFs, 156,933 (3.2%)

were annotated as CAZymes, Table 3.5. The relative abundance of GHs, CEs and PLs were all

significantly increased (p-value = 0.006, 0.031 and 0.011 respectively) in the large intestine samples

81



3.4. Beaver Gut Metagenome

Table 3.4: OTU Counts from Beaver Fecal and Gut Samples

Site Beaver All OTU
Counts

All
OTUs

Bacterial
OTU Counts

Bacterial
OTUs

Unique
OTUs

Unique
Bacterial OTUs

Stomach 1 3659 431 3560 421 4 3
Stomach 2 3594 288 2350 265 23 18
Stomach 3 3580 53 931 41 8 6
Stomach 4 3564 36 424 23 7 5
Stomach 5 4482 120 305 95 85 62
Stomach 6 3927 104 195 82 27 21
Small Intestine 1 2115 299 1349 295 3 3
Small Intestine 2 5178 357 4038 349 4 3
Small Intestine 3 7718 272 4378 264 6 6
Small Intestine 4 4339 27 218 14 4 4
Small Intestine 5 2620 21 13 10 6 5
Small Intestine 6 8066 31 198 24 3 2
Cecum 1 2593 370 2582 368 3 3
Cecum 2 241 105 241 105 0 0
Cecum 3 1264 178 1218 176 2 2
Cecum 4 4818 281 4596 276 3 0
Cecum 5 5050 392 4990 379 6 5
Cecum 6 2028 276 2018 271 0 0
Proximal Colon 1 5222 478 5205 473 7 7
Proximal Colon 2 16367 512 16345 505 13 12
Proximal Colon 3 3163 165 3078 159 3 3
Proximal Colon 4 4300 280 4298 278 3 2
Proximal Colon 5 4290 372 4255 367 4 4
Proximal Colon 6 4156 370 4063 362 5 4
Rectum 1 15015 588 14799 582 24 23
Rectum 2 3690 344 3598 340 3 2
Rectum 3 4033 271 3940 266 3 3
Rectum 4 4130 294 4092 289 3 3
Rectum 5 5412 373 4855 366 7 7
Rectum 6 3839 319 3657 314 4 4
Feces 0 11575 355 10930 318 259 204

Total Counts - 154028 1374 116713 1213 532 426
Mean - 4969 332 3871 326 17 14

when compared to the stomach and small intestine samples.

To further compare the presence of CAZymes within the different compartments of the beaver

gut hierarchical clustering of gene abundance was performed. The relative family abundance for

the fecal sample was also included in this analysis as a point of comparison. As we were focused on

the presence of genes responsible for the degradation of polysaccharides, only the CE, PL and GH

82



3.4. Beaver Gut Metagenome

Table 3.5: CAZyme Relative Abundance (% of All ORFs) in Beaver Gut Samples
Site Beaver AAs GHs GTs CBMs CEs PLs Total

1 0.01 1.61 0.95 0.09 0.15 0.07 2.87
Stomach 2 0.32 1.36 1.84 0.11 0.20 0.05 3.88

3 0.00 0.31 0.19 0.01 0.03 0.01 0.54

1 0.00 0.87 0.58 0.04 0.11 0.04 1.64
Small Intestine 2 0.00 0.28 0.20 0.01 0.03 0.02 0.55

3 0.00 0.08 0.10 0.01 0.00 0.00 0.19

1 0.00 2.16 1.22 0.09 0.20 0.09 3.76
Cecum 2 0.00 2.99 1.49 0.10 0.28 0.14 5.01

3 0.00 2.10 1.01 0.09 0.20 0.10 3.50

1 0.00 2.17 1.29 0.09 0.19 0.08 3.83
Proximal Colon 2 0.00 2.74 1.35 0.10 0.27 0.13 4.59

3 0.00 0.62 0.49 0.03 0.07 0.02 1.23

1 0.00 1.95 1.14 0.09 0.18 0.07 3.44
Rectum 2 0.00 1.32 0.71 0.06 0.13 0.06 2.28

3 0.00 1.33 0.78 0.06 0.13 0.04 2.34

families were used for clustering. The results of hierearchichal clustering (Figure 3.11), show, as

for the OTU clustering, a split between the stomach and small intestine samples and the samples

taken from the large intestine. Furthermore, the fecal sample clustered with the large intestine group

(cecum, proximal colon and rectum). This suggests that although the community composition of

the fecal sample was substantially different from the gut samples, the carbohydrate degradative

capabilities encoded by these communities is similar. The Beaver 3 proximal colon sample was a

clear outlier from the observed separation of the large intestine samples from the stomach and small

intestine samples. This sample was also distinct in the pyrotag analysis, as it contained a higher

proportion of Fusobacteria and Erysipelotrichia counts and was reduced in the phyla Clostridia

and Bacteroidia. This intimates that the presence of Fusobacteria, Erysipelotrichia has shifted the

polysaccharide degrading capacity of the sample.

To further investigate the degradative potential of the fecal samples we examined the specific

families known to be responsible for plant polysaccharide degradation, Figure 3.12. The most

abundant families across all samples were GH43, GH2, GH3, and GH5 (0.097, 0.084, 0.087, 0.054

% of all ORFs, respectively). These families are all able to catalyse the degradation of a number of

different components of holocellulose, Figure 3.12, suggesting that their proliferation is a result of

the multiple members within a family, each with distinct polymer specificities. The majority of plant
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Figure 3.11: Hierarchical Cluster Analysis of Beaver Gut and Feces CAZyme Abundance. Hier-
archical cluster analysis of the relative abundance of ORFs annotated as GHs, CEs, and PLs. A
Manhattan distance matrix was used to determine distance. Approximately unbiased p-values for
each branch in the dendrogram were determined through bootstrap resampling. Sample names are
abbreviated as follows: ST: Stomach, SI: Small Intestine, CE: Cecum, PC: Proximal Colon, RE:
Rectum, FE: Feces.

biomass-degrading CAZy families were more abundant in the large intestine compartments, with

the average fold increase being 3.0 ± 2.2. The beaver fecal sample also displayed a similar profile

of biomass targeting enzymes (Figure 3.12), mirroring what was seen with hierarchical clustering.

3.4.3 Functional Screening

DNA from the intestinal samples was also used to construct fosmid libraries for functional screening.

To this end, DNA from all five sites collected from beaver 2 were used in an attempt to create

fosmid libraries. Unfortunately, libraries could not be created for the stomach and small intestine.

The DNA from these samples was much more fragmented, than that from the cecum, colon and

rectum samples, making library creation lower yielding. The DNA from the small intestine and
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Figure 3.12: Abundance of Plant Polysaccharide Degrading Cazymes in Beaver Gut Metagenomes.
CAZy families with annotated activities against plant polysaccharides are shown. Only families
present in at least one sample are displayed. Sample names are abbreviated as follows: ST: Stom-
ach, SI: Small Intestine, CE: Cecum, PC: Proximal Colon, RE: Rectum, FE: Feces. Bubbles are
coloured by sample source. The polymer targets of each family are indicated by the presence of a
black box. Polymers are abbreviated as follows: AG: Arabinogalactan, Ara: Arabinan, Cel: Cellu-
lose, GM: Glucomannan, GX: Glucuronoxylan. HG: Homogalacturonan, RG: Rhamnogalacturonan
backbone, XG: Xyloglucan. Bubbles are coloured by sample source.

stomach certainly have fewer bacterial colonies than further down the digestive tract and higher

concentrations of DNA from food sources, which is likely to be partially degraded. Other hindgut-

fermenting mammals, humans for example, have approximately 107 fold fewer bacterial cells in the

stomach and small intestine than they do in the large intestine [270].
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The three libraries made from beaver 2 intestinal DNA contained a total of 43,776 clones. Of

these clones, 6,528 were derived from the cecum, 14,976 from the proximal colon and 22,272 from

the rectum sample. Together these libraries contain nearly 10 times the number of clones created

from the fecal DNA. The generated fosmid libraries were then subjected to functional metagenomic

screening as described for the fecal library in order to identify active clones. The only alteration to

the screening protocol was the use of a mixture of CMU-X2, CMU-C and CMU-Man as screening

substrates instead of the mixture of CMU-X2, CMU-C and CMU-X, which was used for the fecal

library. This was done for two reasons: we were able to achieve better signal to noise ratios when the

mannoside was used instead of the xyloside, and almost all clones active on the xyloside were also

active on the xylobioside. Functional screening identified a total of 374 clones that had plate-based

Figure 3.13: Functional Screening of Beaver Gut Libraries. Robust z-score values for fluorescence
were calculated for each plate. Clones above the robust z-score threshold of 40 were chosen for
further validation.

robust z-scores of 40, Figure 3.13. Validation and deconvolution of these hits revealed 196 active
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clones (z-score > 10), of which 138 were active on the xylobioside, 104 active on the cellobioside

and 5 active on the mannoside (Table 3.6). Quite a few clones (n = 48) were active towards both

the xylobioside and the cellobioside suggesting the presence of gene clusters, as seen in the beaver

fecal fosmids. The number of hits varied greatly between libraries, with the cecum derived library

yielding the highest percentage of hits (1.29%), while the rectum (0.32 %), and proximal colon

(0.27 %) libraries had much lower hit rates.

Table 3.6: Beaver Gut Hits
Active Clones (Z-score >10)

Library Clones Verified Hits CMU-Cellobiose CMU-Xylobiose CMU-Mannose

Cecum 6,528 84 (1.29%) 40 (0.61%) 61 (0.93%) 2 (0.03%)
Proximal Colon 14,976 40 (0.27%) 23 (0.15%) 26 (0.17%) 1 (0.01%)
Rectum 22,272 72 (0.32%) 41 (0.18%) 51 (0.23%) 2 (0.01%)
Total 43,776 196 (0.45%) 104 (0.24%) 138 (0.32%) 5 (0.01%)

3.4.4 Fosmid Sequencing and Gene Annotation

To reveal the gene(s) responsible for activity, the DNA from fosmid hits was sequenced, assem-

bled, and annotated. Of the 196 fosmids identified and validated 168 have been sequenced, all

with greater than 20 kbp of sequence, Figure 3.14. The average insert length on these fosmids

was 35,880 ± 7,064, for a total of 5.57 Mbp of DNA sequence data. ORFs were predicted as for

the fecal fosmids, revealing an average of 21 ± 5.8 ORFs per fosmid. Out of the 168 sequenced

fosmids, 119 were non-redundant. The threshold for redundancy was set as being > 95 % iden-

tity over 90 % of the sequenced fosmid. Several fosmids had redundancy with fosmids obtained

from other compartments, for example: B2Rectum 12 G19 was redundant with three cecal fosmids

(B2Cecum 01 M24, B2Cecum 02 L22, B2Cecum 06 M06) a proximal colon fosmid (B2PC 42 E09)

and three rectal fosmids (B2Rectum 02 O10, B2Rectum 13 C08, and B2Rectum 19 N19). This

cross-compartmental redundancy indicates that at least a subset of the active members within the

metagenome can be found throughout the cecum to rectum transect.

To assess the presence of carbohydrate-degrading enzymes, the sequenced fosmids were anno-

tated, as for the fecal fosmids, using a LAST [150] comparison to the CAZy database [181]. This

revealed a total of 430 GHs spanning 29 different families. GH genes accounted for 11.08 % of all
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Figure 3.14: Distribution of Beaver Gut Fosmid Insert Length. Histogram showing the number of
sequenced fosmids with a specified length, bars are coloured by the library source.

predicted fosmid ORFs, a relative frequency nearly identical to that seen for the fecal fosmids (11.13

%), Figure 3.15. The most abundant GHs found on the gut fosmids were GH43, GH3, GH2, GH67

and GH10 (1.86%, 1.78 %, 1.48 %, 1.39 % and 1.29 % of all ORFs respectively). This is somewhat

different from the proportions of GHs found on the fecal fosmids, where the five most abundant

families were GH3, GH43, GH1, GH2, and GH130 (2.68 %, 2.13 %, 0.71 %, 0.71%, and 0.47 %

of all ORFs respectively). The most apparent difference between these two sets of fosmids was

the substantial increase in xylan α-1,2-glucuronidases, from GH67 and GH115 in the gut fosmids.

These two families made up 1.38 %, for GH67, and 0.46 %, for GH115, of all ORFs within the
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gut fosmids, whereas only one GH67 (0.08 % of all ORFs) and no GH115s were identified on the

fecal fosmids. Neither of these families have previously shown activity on xylosides, mannosides,

or cellobiosides, thus their presence is likely due to frequent incorporation into glucuronylxylan

cleaving loci. The stark contrast between the presence of α-1,2-glucuronidases may be partially

explained by the differing frequencies of these two GH families within the different metagenomes

screened. Both families are found more predominantly (3.9 fold and 2.3 fold greater for GH67 and

GH115, respectively) in the beaver 2 average gut metagenome than in the fecal metagenome.

Another difference between the beaver fecal fosmid genes and gut fosmid genes was the decreased

recovery of GH1 genes within the gut libraries. Although the beaver 2 gut had on average a greater

percentage of ORFs assigned to the GH1 family (0.046 % for feces and 0.069 % for the average

of gut compartments) the beaver feces fosmids had a far greater proportion of GH1 genes (0.71

% of ORFs for feces fosmids, 0.05 % for gut fosmids). This 14 fold increase over the gut libraries

is likely due to the substrates used for screening. The GH1 family, which contains members with

β-xylosidase activity, is likely more enriched in the fecal fosmids as this library was screened with

the CMU-X, which was absent from the assay mix used to screen the gut libraries.

An additional aberration from expectations was the absence of any GH8 from the recovered

fosmids. The GH43-GH8 gene recovered from the fecal fosmids showed an intriguing synergistic

mechanism tuned for the degradation of arabinoxylans. I would have expected to find similar genes

within the fosmids recovered from the beaver gut microbiomes, or GH8 genes present within xylan

degrading gene clusters. One contributing factor to the absence of recovered GH8s may be that the

relative abundance of GH8 genes was substantially lower in beaver 2 large intestine metagenomes

(2.8 fold decrease from the fecal metagenome).

Analysis of the sequences revealed that two of the fecal fosmids, displayed homology to fosmids

recovered from screening of the beaver gut. The first of these feces sourced fosmids, 04 C21, had

greater than 95 % identity to B2Cecum 08 E22 over a 25 kb region containing five GH genes

(GH43, GH67, GH95, GH29, GH25). The fecal fosmid 04 C03 also had > 95 % similarity to

B2Rectum 42 O23 over a total of 22305 bp, containing a GH3, GH16 and a GH32. The repeated

discovery of fosmids containing nearly identical functional genetic regions from distinct samples

differing in multiple aspects (digestive compartment, sampling procedure and host organism) alludes
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3.4. Beaver Gut Metagenome

to the presence of a core functional membership within the beaver microbiome.
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Figure 3.15: Relative Abundance of Glycoside Hydrolases in Sequenced Fosmids and Metagenomes.
Bubbles plot shows the relative abundances of each GH family recovered from positive fosmid clones
for each library source, including the beaver fecal library. Bubble area is proportional to the relative
abundance. Bubbles are coloured by library source. Only the GH families found within at least
one sequenced fosmid are shown.

3.4.5 Presence of Polysaccharide Utilization Loci

As the fosmids recovered from the fecal library contained a multitude of PULs, including those with

novel organizations, I sought to identify PUL-containing fosmids recovered from the gut fosmids.
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3.4. Beaver Gut Metagenome

As previously, PUL-containing fosmids were identified by their signature tandem SusC-like/SusD-

like pairing, which is a hallmark of the presence of PULs [295]. In total 69 of the 168 fosmids, 41 %

of all sequenced beaver gut fosmids, contained PULs. Within this set of PUL-containing fosmids,

50 were non-redundant (< 95 % similarity over 90 % of the fosmid).

B2Cecum_02_L12

B2Cecum_05_F16
B2Cecum_10_E21

B2Cecum_10_O17

B2Cecum_12_C18
B2Cecum_14_D15

B2Cecum_16_E13

B2Rectum_54_I06

B2Rectum_54_E22

B2Rectum_40_K20

B2Rectum_02_A18

B2PC_09_P24

Other

SusC
SusD

GH3
GH2

GH10
GH10/43
GH30
GH31

GH43
GH67
GH115

5kbp

Figure 3.16: Gene Organisation of Beaver Gut Fosmids Containing SusC/SusD-like Proteins and a
Two Domain GH10-GH43. Putative glycoside hydrolases and SusC/SusD-like proteins are coloured
with the same scheme as Figure 3.4, with the exception of the two domain GH10-GH43. ORFs not
annotated as a glycoside hydrolase, SusC-like, or SusD-like, are shown in grey. Fosmids pairs or
sets within brackets share greater than 95 % identity over their overlapping region. Fosmids have
been aligned to highlight synteny.

Inspection of this set of all beaver gut, PUL-containing fosmids revealed multiple syntenic

groups, see Figures 3.16, 3.17 and 3.18. The first of these groups is recognized by a conserved

motif of a dual domain GH10-GH43 (GH43 subfamily 12) protein followed by an additional GH43

(subfamily 1) and a GH67. All of these GH10-GH43 containing PUL fosmids had optimal activity on
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3.4. Beaver Gut Metagenome

xylobiose. This motif is present in 12 non-redundant fosmids, of which 3 sets have nucleotide identity

greater than 98 % over their overlapping regions. This motif, including the two domain protein, is

also present on the fecal fosmid 04 C21. This cluster of genes has synteny with the xylan degrading

cluster of genes identified within Bacteroides intestinalis [311]. Specifically, BACINT 04202, from

Bacteroides intestinalis, which contains a GH10 fused to a GH43 subfamily 12 domain, has 55

-57 % amino acid identity with the GH10-GH43 proteins identified from the beaver gut. The

BACINT 04202 protein has endo-xylanase and arabinofuranosidase activity, which is able to release

xylose, xylosoligosaccharides and arabinose from cereal arabinoxylans [311].

Several of the fosmids identified with the GH10-GH43 gene cluster also have additional hydro-

lase genes. A set of 9 fosmids also code for a GH10 and GH2 downstream of the GH10-GH43 cluster,

two with an additional GH115. Another set of four GH10-GH43 containing fosmids had a GH31,

GH2, GH3 motif upstream, which resembles a portion of the characterized xyloglucan degrading

XyGUL-PUL from B.ovatus [165]. This GH31, GH2, GH3 motif is also seen on two other fosmids,

B2Cecum 01 K09 and B2Cecum 13 L24, which lack a the GH10-GH43, GH43, GH67 genes. Fur-

thermore, all fosmids containing this XyGUL like motif also had activity against CMU-C, suggesting

that this region is responsible for the observed activity.

A second subset of fosmids, was active on CMU-X2, yet lacked the GH10-GH43 region, see

Figure 3.17. Many of these fosmids contained GH genes that were present in the downstream

region of the first cluster; GH10, GH2, GH115 and GH43s were commonly seen to be present on

these fosmids. In fact, a GH10 protein was seen in all 17 fosmids within this group, highlighting

the importance of this family, which is well know for the degradation of xylans [105]. The high

abundance of α-glucuronidases within the beaver gut fosmids is in part due to their presence in

these loci, as over half of the fosmid GH67 and GH115 genes were found on PUL-containing fosmids.

The final set of 11 PUL-containing fosmids was most active on CMU-C, and showed limited

activity against CMU-X, Figure 3.18. This set of fosmids bore a resemblance to the PUL-containing

fosmids in Chapter 2, which were identified with the substrate MU-C. All of these fosmids had GH3

present, likely the active protein, and many of these contained an additional GH16 domain within

the PUL. As noted earlier, two of these fosmids, B2Cecum 01 K09 and B2Cecum 13 L24, had

synteny with GH10-GH43 containing fosmids and likely target xyloglucans.
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Figure 3.17: Gene Organisation of Beaver Gut Fosmids Containing SusC/SusD-like Proteins With
Highest Activity on CMU-X2. Putative glycoside hydrolases and SusC/SusD-like proteins are
coloured with the same scheme as Figure 3.4. ORFs not annotated as a glycoside hydrolase,
SusC-like, or SusD-like, are shown in grey. Fosmids pairs or sets within brackets share greater than
95 % identity over their overlapping region. Fosmids have been aligned to highlight synteny.

3.5 Limitations and Future Directions

This multifaceted analysis of beaver fecal and gut microbial communities has revealed both the

community members present within these microbiomes and the molecular mechanisms they im-
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Figure 3.18: Gene Organisation of Beaver Gut Fosmids Containing SusC/SusD-like Proteins
With Highest Activity on CMU-C. Putative glycoside hydrolases and SusC/SusD-like proteins are
coloured with the same scheme as Figure 3.4. ORFs not annotated as a glycoside hydrolase, SusC-
like, or SusD-like, are shown in grey. Fosmids pairs or sets within brackets share greater than 95
% identity over their overlapping region. Fosmids have been aligned to highlight synteny.

plement to degrade plant polysaccharides. There are however some constraints which limit our

interpretation of the data presented. The first of these limitations is the under-sampling of clone

libraries. The number of clones needed to ensure a library is representative can be estimated using

the Carbon and Clarke formula [58], equation 3.1.

N = ln(1− P )/ln(1− f) (3.1)

Where N is the number of clones needed, P is the probability that a given sequence is present

in the library, and f is the fractional size of each insert of the total genome. Assuming that there

are 1,000 species of bacteria present within the beaver gut, the average fosmid insert is 40 kbp
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and the average bacterial genome is 5 Mbp in length, you would need a library of over 370,000

clones of to have a 95 % chance of finding a certain genetic locus. This number of clones becomes

significantly higher when the low abundance of rare taxa is taken into account. The largest library

generated within this study contained 22,272 clones which is certainly an under-sampling of the

environment. As the number of clones needed to be screened for diverse environment nears the

technical limitations for plate-based screening, other screening technologies may offer the ability

to more fully screen metagenomic libraries. Recent advances in using droplet-based microfluidics

for functional metagenomics are particularly alluring [211] and should allow for a more complete

sampling of microbial communities.

The beaver diet, like that of many mammals, is seasonal. During the spring and summer months

herbaceous aquatic vegetation constitutes a higher proportion of their diet than in the winter

months, when they become more dependent on tree species [5, 35]. As such, one might expect

that the microbial communities shift throughout the seasons. Indeed, this seasonal variability of

gut community composition has been observed for several other mammalian species, including wild

mice [194], reindeer [92], bison [190], cattle [276] and humans [277]. This study is limited in the

assessment of seasonal variation as a majority of the samples were obtained in the spring, and no

samples were collected in the summer or fall. Seasonal bias in sampling is difficult to avoid, as

the British Columbia Ministry of Environment currently restricts beaver trapping to the period

between October 15th and April 30th in the lower mainland region. Further examination of the

beaver gut at different times throughout the year could reveal a shift in community which coincides

with a shift in diet from herbaceous material to woody plant matter.

Another source of variation in the beaver diet originates from the wide range of habitats in which

it can be found. North American beaver have been found to inhabit Arctic Tundra and range as

far south as Northern Mexico and are an invasive species in Tierra del Fuego, Argentina [56], and

Finland [231]. As the plant species within these ecozones varies widely one would expect the diet

of the various beaver sub-populations to also vary. As the glycan component of plant matter is also

variable between plant species [42], it stands to reason that different beaver populations would be

exposed to plants with variable carbohydrate compositions and substitution patterns. Investigation

of the gut community composition as it varies with diet could lead to a better understanding of
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the microbial degradation of specific plant polymers from defined species.

This thesis chapter has examined the genetic potential encoded within the fecal and gut micro-

biomes. However, the genes present within the community are surely expressed at differently levels.

Metatranscriptomic analysis, such as that performed for Arctic ground squirrels [115], cattle [64] or

humans [95, 238], would reveal which degradative enzymes within the beaver gut are actively being

transcribed. Moreover, this could illuminate transcriptional differences as digesta transit through

the gut. Integration of metaproteomic data could further refine the mechanistic details involved in

the degradation of plant matter within the beaver gut. Metaproteomic studies have looked at plant

polysaccharide digestion in the termite [315] and shipworm [226]. The application of this method

to the beaver gut could reveal not just which proteins are being expressed, but also what subset

are being secreted into the gut environment to degrade plant polymers.

3.6 Conclusions

This chapter opens a functional metagenomic window on the capacity of the beaver fecal and gut

microbiomes to deconstruct woody plants into soluble sugars supporting host nutrition. Although

beavers are considered xylotrophic organisms, their microbiome composition is most similar to those

of hindgut-fermenting mammals dominated by Bacteroidetes and Fimicutes. Multiplexed high-

throughput functional metagenomic screening was applied to recover active glycoside hydrolase

(GH) enzymes from these metagenomes. The functional screening of fosmid libraries sourced from

the beaver fecal and gut microbiomes with model cellulose and xylan substrates revealed 247 fosmids

with an array of carbohydrate degradation profiles. A subset of these fosmids contained GH43

enzymes belonging to previously uncharacterized subfamilies. Cloning and expression revealed

the substrate specificity of three previously uncharacterized subfamilies and revealed a mechanism

involving two of these family 43 hydrolase domains and an appended family 8 glycoside hydrolase

domain which synergistically degrade arabinoxylan oligomers. Fosmid clones recovered in this

study also revealed novel assortments of genes clustered into polysaccharide utilization loci (PULs)

with the potential to synergistically enhance biomass deconstruction in support of host nutrition.

Interestingly we did not identify an abundance of fosmid genes encoding cellulases indicating the
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potential for overexpression by specialized strains.

The panoply of genes encoding enzymes with hemicellulose degrading activities is presumably

required to tackle the complex structures of hardwood biomass in which glucan and xylan backbones

are extensively decorated with appended sugars. The presence of two-domain enzymes endows

the beaver fecal and gut microbiomes with synergistic capacity to efficiently degrade the specific

linkages present within the hemicellulose. Not only does this liberate monosaccharides, but the

degradation of hemicellulose scaffolds also exposes the underlying cellulose fibers for digestion

by the cellulase repertoire, enhancing conversion efficiency. Taken together these results provide

a unique perspective on the modular domain architecture and functional specialization driving

combinatorial biomass deconstruction in the beaver fecal and gut microbiomes.
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Chapter 4

Harnessing Natural Diversity to

Profile Promiscuity and Create New

Glycosynthases

4.1 Summary

The use of chemical probes bearing unnatural functional groups has enabled the discovery and char-

acterization of enzyme activity. However we do not generally know how well specific modifications

on the sugar ring are tolerated by glycoside hydrolases. Functional screening performed in Chapters

2 and 3 produced a library of functional clones containing a diverse set of glycoside hydrolase genes.

Access to both this fosmid hit library and a synthetic GH1 gene library has enabled us to address

the issue of tolerance of azido-, amino- and methoxy- functional groups by glycoside hydrolases.

Additionally, it would be valuable to exploit any promiscuous activities identified to create variant

hydrolases with synthetic capacity. To this end, I performed high-throughput plate-based screening

of two separate libraries, followed by kinetic analysis to identify clones and their expressed enzymes

with promiscuous hydrolase activity. I then characterized the acceptor specificity of these enzymes

and used site-directed mutagenesis to create active glycosynthases. This revealed which modifica-

tion positions and functional groups are best tolerated. Eight new glycosynthases, with a variety

of activities and ability to incorporate modified glucosides and galactosides, were created from the

selected promiscuous enzymes.

98



4.2. Background

4.2 Background

Enzymes are often thought to be highly specific, yet many enzymes have minor activities on sub-

strates for which they were never specialized [149, 220]. Termed promiscuous activities, these

secondary functions are often starting points for the evolution of new activities, or hold-overs

from previous ancestral functions [149, 224]. Furthermore, promiscuous enzyme activities can be

exploited to create new biocatalysts [33]. These latent secondary activities, however are often

difficult to predict and are often overlooked when enzymes are characterized.

Investigation of promiscuous activities has particular relevance to chemical glycobiology, as a

number of studies have relied on promiscuous enzymatic activity towards chemical probes containing

unnatural functional groups, to reveal functions in both in-vitro and in-vivo experiments. Several

studies have used azido sugars to enable the metabolic labelling and visualization of glycans on cell

surfaces and in organisms [51, 167, 310, 341]. Alkynyl sugars, modified at several different positions,

have similarly been used to label cancer cell glycans [131, 140], animal glycans [50] and plant glycans

[343]. Examples of both alkynyl and azido sugars are given in Figure 4.1. Despite their apparent

utility in interrogating biochemical activities, we don’t know how well specific modifications are

tolerated by CAZymes, including the glycoside hydrolases.

Assessment of hydrolase promiscuity can also help us to address another long-standing problem

in the biological sciences: ready access to synthetic oligosaccharides. The development of facile

methods for the synthesis of peptides and oligonucleotides revolutionised the biological sciences.

However, despite excellent progress in automated glycan synthesis [111, 214] we still lack a univer-

sal and reliable method for glycan assembly, largely because of the enormously greater regio- and

stereochemical challenges posed. The alternative to chemical synthesis involves use of enzymes,

most likely either the natural nucleotide phosphosugar-using glycosyltransferases or synthetically

useful variant forms of glycoside hydrolases – glycosynthases [12]. These latter enzymes are created

by mutating the catalytic nucleophile residue of a retaining glycosidase (Glu or Asp in almost all

cases) typically to either Ala, Gly or Ser. Such variants are hydrolytically incompetent with natural

substrates, but when presented with a glycosyl fluoride donor sugar of inverted anomeric config-

uration, will typically transfer that sugar to an appropriate acceptor, often in near stoichiometric
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Figure 4.1: Modified Sugars Used for Metabolic Labelling. Examples of per-acetylated azido- and
alkynyl-glycosides used in metabolic labelling experiments and their unmodified parent.

yield, without subsequent hydrolysis [12, 72]. The first glycosynthase generated was from the GH1

β-glucosidase from Agrobacterium sp. [188] and many have been developed since and are used

to create a variety of glycans including: glycolipids [253], glycosidase inhibitors [106] and defined

glycoproteins [61, 72, 103, 110, 160].

This has been accomplished through the creation of glycosynthases from new families [110],

and through directed evolution [153]. Our intent in this work was to use libraries of fosmids and

large synthetic gene libraries as a means of identifying useful catalysts for the formation of specific

glycosides that could not be assembled with currently known enzymes. Of particular interest was

the ability to assemble oligosaccharides containing amino- or azido substituents at the 3, 4 or 6

positions. These would be useful not only in the degradation/assembly of aminosugar-containing

glycans, such as antibiotics or bacterial surface polysaccharides, but also as a way of incorporating
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modifiable glycans into biomolecules under mild conditions for subsequent tagging. More broadly

this served as a test system for generating a pipeline for the discovery and generation of custom

biocatalysts for glycan assembly.

In this chapter I aimed to harness the diverse set of enzymes encoded on the fosmid hits and

within a synthetic gene library to evaluate their capacity to hydrolyse modified synthetic glycosides.

The research performed in Chapters 2 & 3 provided us with a panel of hydrolases with which we

could begin to explore the distribution of promiscuous hydrolase activity. Additionally, we have

obtained a synthetic gene library, produced by the JGI, which contains a diverse set of 175 GH1

family genes [117]. By similarly interrogating this synthetic gene library we hoped to reveal the

promiscuity within this specific family. By assaying these two libraries with azido-, amino- and

methoxy-glycosides we hoped to gain insight into which promiscuous activities are more prevalent

among glycoside hydrolases.

I have furthermore exploited the promiscuous enzymes identified to generate new biocatalysts.

A set of 15 glycoside hydrolases, from both the metagenomic and GH1 libraries, were selected to be

further investigated and transformed into glycosynthases. The acceptor (+1 site) specificities of all

selected enzymes were then explored against a panel of acceptors in a second, plate-based screen,

identifying optimal candidates to utilize as acceptors in subsequent glycosynthase reactions (Figure

4.2). The alanine, serine and glycine variants of the nucleophilic glutamate residue were created for

each of the fifteen GHs and the activities of the corresponding 45 variants were evaluated. Variant

forms of one of the seven fosmid derived genes and seven of the eight chosen synthetic GH1s acted

as competent glycosynthases yielding the desired glycans containing azido or amino substituents.

Finally, the utility of these glycosynthases in the assembly of taggable activity-based probes was

demonstrated.

4.3 Fosmid Hit Libraries

4.3.1 Screening with Modified Glycosides

In the search to identify glycoside hydrolases with activity on modified glycosides we harnessed the

functional clone collections generated in Chapters 2 and 3. Active clones that were identified with
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DNP-C or CMU-C from the libraries described in Chapter 2 with were also screened. In total 653

active clones, from soil, ocean, bioreactor, coal bed and beaver fecal libraries were screened with 10

different modified glucosides and galactosides, see Figure 4.3. The fluorogenic probes used in the
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screens contained either an amino group at the 3-, 4-, or 6-position, an azido group at that 3-, 4-,

or 6-position or a methoxy group at the 3- or 4-position, Figure 4.3. Screening was performed in

the same manner used to originally identify the clones.
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Figure 4.3: Modified Glucosides and Galactosides Used for Screening. The fluorogenic sub-
strates used were: 4-methylumbelliferyl 3-amino-3-deoxy-β-D-glucopyranoside (MU-3-NH2-Glc),
4-methylumbelliferyl 4-amino-4-deoxy-β-D-glucopyranoside (MU-4-NH2-Glc), 4-methylumbelliferyl
6-amino-6-deoxy-β-D-glucopyranoside (MU-6-NH2-Glc) an azido group at that 3-,4-, or 6-position
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4-azido-4-deoxy-β-D-glucopyranoside (MU-4-N3-Glc), 4-methylumbelliferyl 6-azido-6-deoxy-β-D-
glucopyranoside (MU-6-N3-Glc), 4-methylumbelliferyl 6-azido-6-deoxy-β-D-galactopyranoside (6-
N3-Gal MU) or a methoxy group at the 3-position (3-methoxy-β-D-galactopyranoside (MU-3-O-
Me-Gal) and 3-methoxy-β-D-glucopyranoside (MU-3-O-Me-Glc)).

Screening revealed a total of 264 clones that hydrolysed at least one of ten compounds tested, as

determined by a robust z-score greater than 10, see Figure 4.4 and Table 4.1. The most frequently

accepted modification was the incorporation of an amino group, with the 6-, 4- and 3-amino glu-
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cosides being hydrolysed by 87, 164 and 17 clones respectively. The azido modification was also

accepted by a number of clones, though substitution at the 6-position was substantially better tol-

erated than the 4- or 3-position for the glucosides. Few clones were able to hydrolyse the methoxy

modified glycosides (only 13 hits were identified for MU-3-O-Me-Gal and none for MU-3-O-Me-Glc

and MU-4-O-Me-Glc), though substrates with methoxy groups at the 6-position were not tested.

The presence of multiple GH families within this library and fosmids with multiple GHs com-

plicates the rationalization of the observed substrate preferences. However, one initial point of

comparison is the GH3 family, as this was the most abundant GH family found on fosmids from

Chapter 2 and Chapter 3. Investigation of GH3 β-glucosidase structures both containing bound

substrates (PDB:1IEW, 2X41) reveals that the 3- and 4-hydroxyl groups both have a greater num-

ber of amino acid residues positioned within hydrogen bonding distance than does the 6-hydroxyl

[128, 242]. Additionally, the 6-position appears to be pointing out of the active site, whereas the

3- and 4-hydroxyls are facing the enzyme interior. This corresponds well with our hit rates, as the

amino group (which is small and able to maintain hydrogen bonding) has a higher hit rate for the 3-

and 4-positions than the azido- or methoxy- modified sugars, while modifications at the 6-position

seem to be accommodated regardless of their size. It is difficult to expand these justifications to

the modified galactosides, as the GH3 families do not typically exhibit β-galactosidase activity.

Modification Parent 3-Position 4-Position 6-Position

Azido Glucose 4 8 158
Amino Glucose 17 164 87
Methoxy Glucose 0 0 N/A
Azido Galactose N/A N/A 79
Methoxy Galactose 13 N/A N/A
N/A: Not tested

Table 4.1: Number of Fosmid Hits for Each Modified Substrate (Robust Z-Score >10).
A total of 653 active clones were screened of which 203 cleaved MU-Glc.

4.3.2 Kinetic Characterization of Hydrolases

Sequenced hits with the highest fluorescence were selected for further characterization, Table 4.2.

In total seven fosmid hits were selected, which together cleaved eight of the ten modified glycosides.

Several of the selected hits cleaved more than one modified glycoside, see Table 4.2. Additionally,
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Figure 4.4: Functional Screening of Hit Libraries with Modified Glycosides. Robust z-score values
for fluorescence were calculated on a per plate basis.

six of the seven selected hits had more then one glycoside hydrolase gene encoded on the fosmids,

TolDC 15 C08 was the exception to this as it only encoded one GH from family 3, see Figure 4.5.

To limit the number of genes for down stream analysis, I selected only those genes from families

with known activities that corresponded with the parent compound, i.e. β-glucosidase families

for modified glucosides and β-galactosidase families for modified galactosides. These genes were

further limited to the set that had a retaining mechanism, in the hopes that these could eventually

be transformed into glycosynthases. A total of 10 genes were selected for sub-cloning and expression

tests, see Table 4.2 and Figure 4.5 . Only one fosmid, CA233 02 C24 had multiple genes which
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Table 4.2: Selected Fosmids with Activity on Modified Glycosides and the Genes Selected for
Sub-Cloning and Expression

Substrate Fluorescence Robust Proteins GH Expected
Clone (MU-) (RFU) Z-score Selected Family Activity

CG23A 23 I01
3-N3-Glc 91 13.9

I01 GH1 GH1 6-phospho-β-glucosidase
3-NH2-Glc 3,518 55.8

TolDC 15 C08 3-NH2-Glc 1,718 21.1 C08 GH3 GH3 β-glucosidase
Beaver 09 O03 3-O-Me-Gal 2,574 465 O03 GH42 GH42 β-galactosidase

NapDC 14 D08
4-N3-Glc 379 44.9

D08 GH3 GH3 β-glucosidase
4-NH2-Glc 24,832 163.5

CA233 02 C24

4-N3-Glc 317 36 C24 GH3-1, GH3 β-glucosidase
4-NH2-Glc 24,505 168.5 C24 GH3-2, GH3 β-glucosidase
6-N3-Glc 2892 111.3 C24 GH3-3, GH3 β-glucosidase
6-NH2-Glc 13,237 180.3 C24 GH3-4 GH3 β-glucosidase

FOS62 41 C11 6-N3-Gal 4793 467 C11 GH1 GH1 β-glucosidase

FOS62 40 O22
6-N3-Glc 2734 104.9

O22 GH3 GH3 β-glucosidase
6-NH2-Glc 9,117 118.8

fit the aforementioned criteria. This fosmid contained four GH3 enzymes, any of which may have

been responsible for the detected activities.

The gene selected from CG23A 23 I01, belongs to the GH1 family which contains many mem-

bers with β-glucosidase activity. However, inspection of the gene sequence revealed a SKY motif,

identified by Heins et al. [117] as indicative of 6-phospho-β-glucosidase activity. Furthermore, this

fosmid also codes for genes annotated as PTS IIA, IIB and IIC, essential components of the phos-

photransferase system, which concomitantly imports and phosphorylates sugars [198]. Therefore it

may be the case that the observed activity is a result of the hydrolysis of the screening compounds

once they have been phosphorylated.

All ten selected genes were sub-cloned into a pET28 vector backbone with a C-terminal hexa-

histine tag. As all four CA233 02 C24 GH3 genes had N-terminal signal peptides (as determined

by the SignalP server [218]) N-terminal truncated genes were used. All ten sub-cloned genes were

then transformed into E. coli BL21(DE3) for expression. Nine of the ten genes were expressed at

sufficient levels for purification, with the exception being C24-3-GH3. Kinetic characterization of

the wild-type proteins was performed to confirm the activities observed from fosmid clones, see

Table 4.3.
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Beaver_09_O03

CA233_02_C24

FOS62_40_O22

FOS62_41_C11

NapDC_14_D08

TolDC_15_C08

CG23A_23_I01

GH3

GH31 GH42

GH2 GH29GH1 GH16

GH51GH44

GH4 GH30

GH78 3 kbp

2 3 41

GH39

Figure 4.5: Gene Organisation of Selected Fosmids With Activity on Modified Glycosides. Putative
glycoside hydrolases are coloured with the same scheme as Figure 3.4. ORFs not annotated as a
glycoside hydrolase are shown in grey. ORFs Selected for sub-cloning and further characterization
are underlined. As there were multiple GH3s selected for sub-cloning from fosmid CA233 02 C24
these were numbered 1-4.
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Table 4.3: Kinetic Constants for Fosmid Sourced Hydrolases.
Fosmid Enzyme Substrate kcat (s−1) KM (mM) kcat/KM (mM−1s−1)

FOS62 41 C11 C11-GH1

MU-Glc 63±5 0.20±0.03 320±50
MU-6-N3-Glc 14±1 0.05±0.01 280±60
MU-Gal 0.9±0.2 0.05±0.02 20±9
MU-6-N3-Gal 3.9±0.5 0.10±0.02 40±10

NapDC 14 D08 D08-GH3
MU-Glc 0.07±0.005 0.064±0.009 1.1±0.2
MU-4-N3-Glc - - 0.013±0.002
MU-4-NH2-Glc - - 32.1±0.4

Beaver 09 O03 O03-GH42
MU-Gal - - 95±3
MU-6-N3-Gal - - 3.2±0.1
MU-3-O-Me-Gal - - 4.4±0.2

TolDC 15 C08 C08-GH3
MU-Glc 2.7±0.2 0.039±0.005 70±10
MU-3-NH2-Glc 0.017±0.005 0.5±0.2 0.03±0.01

FOS62-40-O22 O22-GH3
MU-Glc 1.10±0.05 0.050±0.005 20±2
MU-6-N3-Glc 1.4±0.2 0.24±0.05 5±1
MU-6-NH2-Glc - - No Activity

CA233 02 C24 C24-GH3-1

MU-Glc 0.025±0.001 0.0012±0.0003 20±5
MU-6-N3-Glc 0.37±0.03 0.06±0.01 6±1
MU-6-NH2-Glc 0.00161±0.00004 0.0029±0.0006 0.6±0.1
MU-4-N3-Glc - - 0.01±0.0007
MU-4-NH2-Glc 2.5±0.2 0.32±0.04 8±1

CA233 02 C24 C24-GH3-2

MU-Glc 0.00068±0.00006 0.004±0.002 0.15±0.08
6-N3-Glc 0.012±0.004 0.13±0.07 0.09±0.06
MU-4-NH2-Glc - - No Activity
MU-4-N3-Glc - - No Activity

CA233 02 C24 C24-GH3-4

MU-Glc - - 0.83±0.02
MU-6-N3-Gal - - 0.0018±0.0003
MU-4-NH2-Glc - - 0.0048±0.0001
MU-4-N3-Glc - - No Activity

CG23A 23 I01 I01-GH1

pNP 6-PO4-Glc 16±2 0.04±0.01 500±100
pNP-Glc - - No Activity
MU-Glc - - No Activity
MU-3-N3-Glc - - No Activity
MU-3-NH2-Glc - - No Activity
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A majority of the activities detected from the initial screening were confirmed to be a result of

the sub-cloned and expressed proteins. The GH42 from Beaver 09 O03 was confirmed to cleave MU-

3-O-Me-Gal, however this activity was an order of magnitude less than that seen for the galactoside.

The GH1 from FOS62 41 C11 had the suspected activity against 6-N3-Gal MU, with a specificity

constant (kcat/KM ) on the same order of magnitude as the unmodified glycoside. Additionally,

C11-GH1 cleaved MU-6-N3-Glc and the unmodified glucoside, with specificity constants an order

of magnitude greater than for the corresponding galactosides. D08-GH3 had a detectable, but

low activity on the 4-azido glucoside, however the specificity constant for the 4-amino glucoside

was, surprisingly, an order of magnitude greater than that of the unmodified glucoside. The GH3

expressed from TolDC 15 C08 was able to hydrolyse the 3-amino glucoside, however the KM value

for this hydrolysis was much larger than that seen for the unmodified glucoside.

As CA233 02 C24 contained several genes which may have been responsible for the observed

activity, each of the purified proteins was assayed against all four of the modified glucosides that the

fosmid clone cleaved. C24-GH3-2 and C24-GH3-4 both cleaved MU-6-N3-Glc, however, specificity

constants were substantially lower than those observed for C24-GH3-1. The C24-GH3-2 enzyme

cleaved none of the other modified glycosides with which it was interrogated. C24-GH3-4 cleaved

the 4-amino glucoside, however this activity again paled in comparison to the activity displayed by

C24-GH3-1. Furthermore, C24-GH3-1 also cleaved the 4-azido glycoside, albeit slowly, as well as

the 6-amino glucoside, indicating that this enzyme alone is sufficient to explain the activity seen in

the initial screen.

Two of the expressed proteins did not hydrolyse the expected modified glycosides. The first

of these, the GH3 from FOS62-40-O22, was expected to hydrolyse both the 6-amino and 6-azido

glucosides. However, O22-GH3 only cleaved the azido-substituted glucoside and not the amino-

substituted glucoside. This fosmid also contains a GH30, a family known to contain β-glucosidases,

which may have been responsible for the activity on the 6-amino glycoside. The GH1 from

CG23A 23 I01 was expected to cleave both the 3-amino and 3-azido glucosides. However, nei-

ther of the 3- modified glycosides nor MU-Glc were hydrolysed by I01-GH1, even after a prolonged

(18 hour) incubation. As mentioned earlier, this fosmid also contains PTS IIA, IIB and IIC genes

directly upstream and on the same DNA strand as the I01, suggesting that these genes are co-
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expressed. We then decided to test I01-GH1 with pNP 6-phospho-β-D-glucoside. Indeed, I01-GH1

was able to catalyze hydrolysis of the 6-phospho-β-D-glucoside. It is therefore likely that the amino-

and azido-glucosides must first be phosphorylated before hydrolysis. Attempts were made to phos-

phorylate MU-3-N3-Glc and MU-3-NH2-Glc with an ATP dependent β-glucoside kinase (BglK)

[296] from Klebsiella pneumonia, however, neither were phosphorylated by this enzyme. The pres-

ence of a GH4 on the CG23A 23 I01 fosmid also obfuscates the observed activity. The GH4 family

contains members with activity on 6-phospho-β-glucosides, however this family employs an un-

usual mechanism involving reduction and elimination steps, which is initiated by oxidation of the

3-hydroxyl [333]. Since this is not possible for the 3-azido-glucoside it is difficult to ascribe the

activity on the 3-azido-glucoside to the GH4.

4.3.3 Acceptor Specificity

As we hoped to use the selected enzymes for synthesis, through the generation of glycosynthases, it

was pertinent to identify the range of possible acceptors. To probe the enzyme acceptor specificity

we followed the method developed by Blanchard et. al. [29]. This method is based upon screen-

ing of relative rates of reactivation, through transglycosylation, of a stabilised, but catalytically

competent, glycosyl enzyme intermediate. This method employs a mechanism-based inactivator, a

2-deoxy-2-fluoro-glucoside (2-F-Glc) or 2-deoxy-2-fluoro-galactoside (2-F-Gal) bearing an activated

leaving group, which forms a covalent intermediate with the enzyme of interest. Once the enzyme

is inactivated excess inactivator is removed and the inactivated enzyme is subsequently incubated

in the presence of several different potential reactivators. After a set period of time, reactivation

is assessed by assaying the enzyme with a chromogenic or fluorogenic substrate. The reactivated

enzyme is then compared to both the un-inhibited enzyme and a control in which no reactivator

was used to assess the ability of a molecule to reactivate the enzyme, see Figure 4.2.

Acceptor specificity assays were performed with 6 of the 9 purified enzymes, C24-GH3-2 and

C24-GH3-4 were excluded as C24-GH3-1 had a wider range of activity on modified substrates, and

I01-GH1 was excluded as this was not inactivated with 2,4-dinitrophenyl 2-deoxy-2-fluoro-glucoside.

The six enzymes that were interrogated were assayed in a plate-based format and incubated with a

set of 87 potential reactivators, which included thiols, alcohols, glycosides, free sugars, and amino
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acids. As O03-GH42 displayed a preference for galactosides as opposed to glucosides, accordingly,

this enzyme was inhibited with DNP 2-F-Gal, as opposed to DNP 2-F-Glc and reactivation was

assessed with MU-3-O-Me-Gal as opposed to pNP-Glc, which was used for the 5 other enzymes.

Table 4.4: Acceptor Specificity of Selected Wild-Type Hydrolases.
Acceptor C08-GH3 O22-GH3 C24-GH3-1 D08-GH3 C11-GH1 O03-GH42

No Inhibitor 100 100 100 100 100 100
No Acceptor 10.0 26.5 17.3 8.7 0.4 52.7

Phenyl β-D-galactoside - 54.0 22.0 - - -
Phenyl β-D-glucoside - - - - 0.8 -
pNP α-D-galactoside 69.5 - - 14.7 1.0 -
pNP α-D-xyloside 30.5 - 24.9 12.0 2.4 -
pNP β-D-fucoside 30.3 - - - 1.1 -
pNP β-D-galactoside 49.2 36.9 22.2 13.0 1.9 -
pNP β-D-glucoside 86.6 30.2 42.2 18.6 17.2 -
pNP β-D-glucuronide 75.6 - - 11.7 - -
pNP β-D-mannoside - - 21.5 - - -
pNP β-D-xyloside 28.6 - - - 3.7 -
Cellobiose - - - - 0.7 -
Gentiobiose - - - - 0.8 -
Xylose - - - - 0.7 -
2-Mercaptoethanol - - 23.0 10.4 0.7 62.9
1-Hexanol - - - - - 62.7
1-Pentanol - - - - - 62.9
2-methoxyethanol - - 21.3 10.1 - 71.0
2-Phenylphenol - - - - - 70.4
3-Mercapto-1-propanol - - 35.1 13.6 2.1 77.4
Ethanediol - 28.2 21.7 - - 60.6
Galactal - - 80.5 - - -
Methanol - - 24.5 - - -
Phenethyl alcohol - 37.5 32.5 12.8 - 61.1
Rates are as a % of un-inhibited enzyme and only acceptors with a z-score > 3 in comparison to

the no-acceptor control are shown. The top reactivator for each enzyme is bolded.
- : not a significant reactivator

Screening revealed distinct acceptor profiles for each of the enzymes assayed, see Table 4.4. In

total twenty-four molecules were able to reactivate at least one inhibited enzyme faster than water

alone. Many of the top reactivators were aryl-glycosides, with pNP-Glc being the top reactivator

for C08-GH3, D08-GH3 and C11-GH1, while phenyl galactoside was the top reactivator for O22-

GH3. Although C24-GH3-1 also was reactivated by aryl glycosides, including pNP-Glc and pNP-

Gal, this enzyme was reactivated by a number of alcohols and its best reactivator was galactal.
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O03-GH42 had a reactivator profile that was quite different from the other enzymes, as thiols

and alcohols appeared to be preferred to aryl glycosides. Additionally, as this enzyme displayed

rapid reactivation without any added acceptors, I also observed hydrolysis of p-nitrophenyl β-D-

galactoside, p-nitrophenyl α-L-arabinoside and p-nitrophenyl β-D-fucoside.

4.3.4 Nucleophile Mutant Creation and Glycosynthase Tests

With both the donor and acceptor specificity information in hand, we next sought to create nucle-

ophile variants of each enzyme and test for glycosynthase activity. The nucleophile residue of each of

the wild-type enzymes was identified through multiple sequence alignment with well-characterized

enzymes from the same family. The codon coding for the nucleophilic aspartate (in the case of

C08-GH3, C24-GH3-1, D08-GH3 and O22-GH3) or glutamate (in the case of C11-GH1, I01-GH1

and O03-GH42) was mutated to a codon for either an alanine, serine or glycine. The 21 mutant

genes were then transformed into an expression strain and expressed as for their cognate wild-type

enzymes.

Initial glycosynthase tests were performed with the top three hits from the acceptor specificity

test. The donors used were α-F-Glc (C08-GH3, D08-GH3, O22-GH3 and C24-GH3-1), α-F-Gal

(O03-GH42 and C11-GH1) or α-F-6-PO4Glc for I01 GH1, which was generated in situ. Of all

nucleophile variants tested, only the C11-GH1 enzymes had any observable glycosynthase activity.

The C11-GH1 E354S variant in particular was capable of transferring α-F-Gal onto pNP-Glc,

pNP-β-Xyl and pNP-α-Xyl as determined by thin layer chromatography and mass spectrometry.

C11-GH1 E354S was also capable of using both 6-N3-α-F-Glc and 6-N3-α-F-Gal as glycosynthase

acceptors.

The lack of glycosynthase activity for a majority of the nucleophile variants led us to question

how to improve the catalysts to obtain active glycosynthases. To date two GH3 enzymes have been

successfully transformed into glycosynthases. The first of these EryBI D257G was able to catalyse

the glucosylation of erythromycin, however the yields obtained were quite low, 14% [138]. The

second active GH3 glycosynthase was derived from a thermostable β-glucosidase from Thermotoga

neapolitana [244]. Nucleophile variants of this enzyme, TnBgl3B, were unable to catalyse glycosyn-

thase reactions. However, when an additional mutation, W243F which had previously been seen
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to result in increased transglycosylation of another GH3 β-glucosidase, [269] was introduced into

the original nucleophile variants competent glycosynthases were created.

Inspired by this double mutation strategy we hoped that the introduction of a phenylanlanine

in the place of the analogous tryptophan in the C08-GH3, C24-GH3-1, D08-GH3 and O22-GH3

enzymes could result in active glycosynthases. This was also a possibility as all four of these

enzymes had a conserved tryptophan residue directly C-terminal to the active site nucleophile as-

partate, in the same position as TnBgl3B. Mutagenesis was performed in the nucleophile serine

variant for all four genes, resulting in double active site variant genes (O22 GH3 D231S W232F,

D08 GH3 D229S W230F, C24 GH3 1 D271S W272F and C08 GH3 D235S W236F). The corre-

sponding proteins were purified as for the wild-type enzymes. The four double variant proteins

were then assayed as previously using 10 mM donor and acceptors. However, unlike the results

obtained by Pozzo et. al. [244] no glycosynthase activity was observed, suggesting that mutation

of the active site tryptophan isn’t a general strategy for the creation of GH3 glycosynthases.

4.3.5 Product Characterization

To further characterize the glycosynthase products generated by C11 E354S I performed the reac-

tions on a multi-milligram scale. These reactions were performed with 50 µmol of donor sugar and

250 µmol of acceptor. In total four different multi-milligram scale reactions were carried out, see Ta-

ble 4.5. C11 E354S was able to catalyse the galactosylation of both pNP α- and β-D-xylopyranoside,

and pNP β-D-glucopyranoside.

The Galactosylation of β-D-glucopyranoside resulted in both the 1,3- and 1,2-linked products.

GH1 glycosynthase production of 1,3-linked pNP galactosylglucoside has been previously observed

for both Abg E358A [188] and Bgl3 E383A [87], however the 1,2-linked product has not been ob-

served previously. Galactosylation of the xylosides resulted in 1,2-linkages when either pNP-α-Xyl

or pNP-β-Xyl were used. The product containing the α-xyloside is particularly interesting as this

could be used as a model substrate for xyloglucan decorations. The galactosyl xylosides produced

here have different linkages than those produced by either Abg E358A [188] or Bgl3 E383A [87].

Both these enzymes are able to catalyse the galactosylation of pNP-β-xyl, however in both cases

the major regiochemical outcome was the 1,3-linked product.

113



4.3. Fosmid Hit Libraries

We were also able to use C11 E354S to attach 6-azido-modified α-galactosyl fluoride. The

glycosynthase reaction between 6-N3-α-F-Gal and pNP-Glc resulted in three separate products,

with similar yields, see Table 4.5. The 1,2-, 1,3- and 1,4-linked products were all observed with

the 1,3-glycoside being the major product. This is somewhat surprising as the 1,4-linked product

was not observed when the unmodified galactoside donor was used in a similar reaction. The

regiochemical outcome is thus influenced by the presence of the 6-azido functional group. Taken

together these results demonstrate the ability of C11 E354S to glycosylate with azido-modified

donors and future research should focus on the scope of molecules that can act as competent

acceptors.

Table 4.5: Stereochemical Outcome and Yield of C11 E354S Glycosynthase Reactions.

Enzyme Donor Acceptor Product Yield (%)

C11 E354S α-F-Gal pNP-Glc Gal-(β-1,2)-Glc-β-pNP 15
Gal-(β-1,3)-Glc-β-pNP 20

C11 E354S α-F-Gal pNP-α-Xyl Gal-(β-1,2)-Xyl-α-pNP 50

C11 E354S α-F-Gal pNP-β-Xyl Gal-(β-1,2)-Xyl-β-pNP 60

C11 E354S 6-N3-α-F-Gal pNP-Glc 6-N3-Gal-(β-1,4)-Glc-β-pNP 23
6-N3-Gal-(β-1,2)-Glc-β-pNP 21
6-N3-Gal-(β-1,3)-Glc-β-pNP 37
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4.4 Glycoside Hydrolase Family 1 Library

To further explore the prevalence of promiscuous hydrolase activities we exploited a library of

175 GH1 enzymes synthesized and characterized by Heins et. al. [117]. The genes within this

library were chosen to maximize sequence diversity and are from eukaryal, archaeal, bacterial and

metagenomic sources. The GH1 family contains members with activity on many different glycosides,

yet the most abundant activity observed by Heins et. al. [117] was the hydrolysis of β-glucosides

(59 of 105 expressed and purified enzymes). This abundance of β-glucosidases was the reason we

selected this library for interrogation with modified β-glucosides. Additionally, the GH1 family

contains many examples of successful glycosynthases [80, 87, 188, 236, 237, 243, 299], including

C11 E354S detailed previously, implying that the hydrolases within this library can be converted

to glycosynthases with good success rates.

4.4.1 Screening with Modified Glycosides

The GH1 library was screened, as for the fosmid library, with six substrates bearing a fluorogenic

4-methylumbelliferyl leaving group and either an azido or amino group at the 3, 4, or 6 position.

Clones were also screened with MU-Glc to determine the number of β-glucosidases that could

be detected from crude lysate. Screening revealed that 115 of the 175 GH1 enzymes cleaved

the unmodified substrate MU-Glc (z-score > 9), a much higher number of active enzymes than

observed by Heins et. al. [117], Figure 4.6. This increased number of active enzymes likely reflects

the increased reaction time (18 hours in this study, 10 mins for Heins et al.[117]) and an increased

enzyme concentration for those that had not been purified in significant concentrations.

Nearly two thirds of the clones tested on modified glucosides cleaved at least one substrate (106

of 175 with a z-score > 9), and 91 cleaved more than one substrate (Figure 4.7). Four of these

clones (Genbank ID: BAJ01494.1, ABS04001.1, BAA74959.1, CAL97639.1) cleaved MU-6-N3-Glc,

yet had no activity on the parent MU-Glc. All other clones with activity on modified glucosides also

cleaved the parent MU-Glc. In general a greater number of active clones were seen for the amino

substituted glucosides (MU-4-NH2-Glc: 99/175, MU-6-NH2-Glc: 83/175, MU-3-NH2-Glc : 64/175)

than the azido substituted glucosides (MU-6-N3-Glc: 91/175, MU-3-N3-Glc: 2/175, MU-4-N3-Glc:
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Figure 4.6: GH1 Enzyme Library β-Glucosidase Activity. Relative fluorescent intensity is repre-
sented by bars, with each leaf corresponding to a protein. Fluorescent values are given as the
fraction of the maximum expected fluorescence. Genbank IDs are given at the tip of each leaf.
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1/175). It is also worth noting that the absolute fluorescence for hits identified with the 3- and

4-substituted azido sugars was extremely low when compared to other hits and had fluorescence

values less than 1 % of the anticipated maximum.

MU-6-NH2-Glc

MU-3-NH2-Glc MU-4-NH2-Glc

MU-6-N3-Glc

Figure 4.7: Screening Results. Relative fluorescence intensity is represented by bars, with each leaf
corresponding to a protein. Fluorescent values are given as the fraction of the maximum expected
fluorescence. Results for MU-3-N3-Glc and MU-4-N3-Glc are not shown.
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The finding of relatively few enzymes that are capable of cleaving the MU-3-N3-Glc and MU-

4-N3-Glc substrates is a reflection both of the considerable steric demand of an azide substituent

compared to an amine or the parent hydroxyl, as well as of the importance of the hydrogen bonds

normally formed between the enzyme and the substrate at those positions. The key residues in-

volved in interactions with the 3- and 4-hydroxyls, His123, Gln20, Trp423 and Glu422 (numbering

based on Phanerochaete chrysosporium GH1 [219]) are highly conserved, see Figure 4.8. The

6-azido substituent, however, is reasonably well tolerated, most likely because of the greater con-

formational flexibility possible at the 6-position, allowing the substituent to adopt an orientation

that minimises steric repulsion. The readier acceptance of an amine substituent than an azide at

C3 or C4 likely stems from its small size, as well as its hydrogen bonding potential. Likewise,

amine substitution at the 6 position also seems to be broadly tolerated. The hit rates seen for

the amino glucosides, in fact, nicely mirror the specificities determined for the GH1 β-glucosidase

Abg by Namchuk and Withers [213] through measurement of kinetic parameters for hydrolysis of

a set of mono-deoxyglycoside substrates in which each hydroxyl, individually, had been replaced

by hydrogen. From these data, the contributions of interactions with each hydroxyl to transition

state stabilization were determined, yielding ∆∆Go‡ values of 7.4, 2.5 and 2.9 kJ/mol for the 3-, 4-

and 6-hydroxyls, respectively, very much in line with the lower tolerance seen here for substitution

at C3.
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Figure 4.8: Pha GH1 in Complex With Gluconolactone and Substrate-Protein Bond Distances. A
The crystal structure of Pha GH1 (PDB:2E40) in complex with gluconolactone clearly shows the
6-hydroxyl of the gluconolactone pointed toward the exterior of the tunnel like active site. The
view shown is directed into the active site. Carbon atoms of gluconolactone are shown in green
and oxygen atoms are shown in red. B Bond distances between the hydroxyls of gluconolactone
and the conserved active site residues are shown. Crystal structure was determined by Nijikken
and coworkers [219].

4.4.2 Kinetic Characterization of Hydrolases

From the 106 hits so identified we chose 8 enzymes, which between them encompassed all the

activities sought, as candidates for transformation into glycosynthases (Table 4.6). As a first

step, kinetic parameters were measured for each modified substrate with each of these purified

wild-type enzymes (Table 4.7) with the exception of the Lac enzyme, for which activity on MU-

3-NH2-Glc, MU-4-N3-Glc and MU-6-N3-Glc was below detectable levels. Since this enzyme is

primarily a 6-phospho-beta-glucosidase, it is not surprising that it has such sparing activity on

non-phosphorylated modified glucosides. In many cases KM values were too high to be reliably

measured, so values of kcat/KM , the specificity constant, were determined instead through measure-

ments at low substrate concentrations. In general, for those enzyme/substrate pairs where cleavage
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was detected, higher specific activities were seen with 6-modified substrates (Table 4.7). However,

in two cases kcat/KM values measured with 6-modified substrates were higher than for the parent

glucoside. Also, interestingly, in some cases the 6-azidoglucoside was cleaved more rapidly than the

6-amino, and in others the reverse was seen. Additionally, all enzymes capable of cleaving both

4-amino and 3-amino glucosides displayed higher specific activities towards the 4-amino substrates.

This again is very much in agreement with the specificity studies on Abg noted previously.

Table 4.6: Selected GH1 Genes and Their Activities.
Modified Glucans

GenbankID Enzyme Reference MU-Glc 3-NH2 4-NH2 6-NH2 3-N3 4-N3 6-N3

AAZ81839.1 Ali GH1 [168] X X X X - - X
ACO44852.1 Dei GH1 - X X X X - - X
ACQ71106.1 Exi GH1 - X X X X X - X
CAQ67883.1 Lac GH1 - X X X - X X -
ABF87202.1 Myx GH1 - X X X X - - X
BAE87008.1 Pha GH1 [301] X - X X - - X
ABD82858.1 Sac GH1 - X X X X - - X
AAF37730.1 The GH1 [282] X - - - - - X

4.4.3 Acceptor Specificity

To gain insight into the specificity of the +1 subsite, each of the 8 wild-type enzymes was subjected

to acceptor specificity screening as was done for the metagenomic hits. All 8 enzymes were screened

against a panel of 83 potential acceptors, including a variety of glycosides, free sugars and alcohols.

As can be seen in Figure 4.9, each enzyme displayed a different pattern of acceptor specificity.

The extent of reactivation of each enzyme also differed, with the maximum rates of reactivation for

Ali GH1, Pha Gh1 and The GH1 being fairly modest (0.4%, 2.1 % and 3.5% of the uninhibited rate,

respectively) when compared to those of Dei GH1, Exi GH1, Lac GH1, Myx GH1 and Sac GH1

(19.7%, 83.8 %, 59.4%, 47.2 % and 100% of the uninhibited rate, respectively). The majority of

the best reactivators were aryl glycosides, with six of the eight enzymes being reactivated fastest by

an aryl glucoside (pNP-Glc, pNP-α-Glc or MU-α-Glc). The exceptions to this were Pha GH1, for

which cellobiosides were best – suggesting a strong preference for cello-oligosaccharide acceptors,

and Sac GH1, which reactivated fastest with pNP β-D-fucopyranoside.
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A D E L M P S T

Control
pNP β−D−glucuronide
pNP α−D−mannopyranoside
n−octyl β−D−glucopyranoside
MU β−D−xyloside
pNP α−D−galactopyranoside
pNP β−D−cellobioside
MU β−D−glucopyranoside
Methyl β−D−xylopyranoside
pNP β−D−galactopyranoside
Dithiothreitol
MU β−D−lactoside
Glucose
pNP β−D−xylopyranoside
pNP α−D−glucopyranoside
Gentiobiose
Cellobiose
phenyl β−D−glucopyranoside
pNP β−D−fucopyranoside
MU α−D−glucopyranoside
pNP β−D−glucopyranoside

Percent of maximum rate (%)
0 100

Figure 4.9: GH1 Acceptor Specificity. The top five reactivators and the relative initial rates observed
are shown for each of the wild-type enzymes. Enzymes screened are abbreviated as follows: (A)
Ali GH1, (D) Dei GH1, (E) Exi GH1, (L) Lac GH1, (M) Myx GH1, (P) Pha GH1, (S) Sac GH1,
and (T) The GH1. Rates are scaled to the best reactivator for each given enzyme. The control is
the activity seen when no reactivator was included.
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Table 4.7: Kinetic Parameters for Selected GH1s
Enzyme Substrate kcat (s−1) KM (mM) kcat/KM (s−1,mM−1)

Ali GH1

MU-Glc 28 ± 1 0.13 ± 0.01 220 ± 20
MU-3-NH2-Glc - - 9× 10−4 ± 2× 10−4

MU-4-NH2-Glc - - 2.8 ± 0.6
MU-6-NH2-Glc - - 1.60× 10−1 ± 6× 10−3

MU-6-N3-Glc 0.32 ± 0.04 0.04 ± 0.01 8 ± 3

Dei GH1

MU-Glc 14 ± 1 0.13 ± 0.03 100 ± 30
MU-3-NH2-Glc - - 7.5× 10−2 ± 2× 10−3

MU-4-NH2-Glc - - 3.31 ± 0.05
MU-6-NH2-Glc 61± 2 0.20± 0.01 310± 20
MU-6-N3-Glc - - 7.45× 10−1 ± 1× 10−3

Exi GH1

MU-Glc 46 ± 4 0.018 ± 0.009 3000 ± 1000
MU-3-NH2-Glc 0.0006 ± 0.0001 0.012± 0.001 0.48± 0.05
MU-4-NH2-Glc - - 8.4± 0.6
MU-6-NH2-Glc 117± 6 0.07± 0.01 1700± 300
MU-3-N3-Glc - - 2.2× 10−5 ± 3× 10−6

MU-6-N3-Glc 5.9± 0.7 0.24± 0.05 25± 6

Lac GH1

pNP 6-PO4-Glc 2.04± 0.04 1.34± 0.05 1.52± 0.06
pNP Glc - - 1.2× 10−4 ± 2× 10−5

MU-Glc - - 8.70× 10−2 ± 9× 10−4

MU-3-NH2-Glc - - N.D.
MU-4-NH2-Glc - - 1.05× 10−2 ± 3× 10−4

MU-4-N3-Glc - - N.D.
MU-6-N3-Glc - - N.D.

Myx GH1

MU-Glc 5.1± 0.2 2.5× 10−3 ± 7× 10−4 2000± 600
MU-3-NH2-Glc - - 2× 10−3 ± 1× 10−3

MU-4-NH2-Glc - - 1.05± 0.09
MU-6-NH2-Glc 4.5± 0.4 0.020± 0.007 220± 80
MU-6-N3-Glc - - N.D.

Pha GH1

MU-Glc 20.2± 0.8 0.073± 0.009 280± 40
MU-4-NH2-Glc - - 1.24± 0.04
MU-6-NH2-Glc - - 0.95± 0.04
MU-6-N3-Glc 1.40± 0.06 2.0× 10−3 ± 4× 10−4 700± 200

Sac GH1

MU-Glc 9± 1 0.07± 0.02 160± 40
MU-3-NH2-Glc - - 3.0× 10−3 ± 9× 10−5

MU-4-NH2-Glc - - 3.2× 10−2 ± 2× 10−3

MU-6-NH2-Glc - - 4.6× 10−3 ± 2× 10−4

MU-6-N3-Glc - - 0.74± 0.03

The GH1

MU-Glc 10± 1 0.07± 0.02 160± 50
MU-3-NH2-Glc - - N.D.
MU-4-NH2-Glc 0.13± 0.01 0.29± 0.04 0.44± 0.07
MU-3-N3-Glc - - N.D.
MU-6-N3-Glc - - 0.68± 0.03
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4.4.4 Nucleophile Mutant Creation and Glycosynthase Tests

We sought to make glycosynthases from each of the eight hits, with the hopes that they would

be competent at transferring modified glucosides onto a variety of molecules. The conserved nu-

cleophilic glutamate residue, for each enzyme, was mutated to three different amino acids (Serine,

Alanine and Glycine) in the hopes that one of these would be an active glycosynthase. All 24

variant enzymes were expressed and purified on a 50 mL scale. Initially enzymes were tested for

glycosynthase activity using α-glucosyl fluoride (αF-Glc, 50 mM) as a donor and para-nitrophenyl

glucoside as an acceptor (pNP-Glc, 10 mM). For six (Ali GH1, Dei GH1, Exi GH1, Myx GH1,

Sac GH1, The GH1) of the eight enzymes, at least one variant acted as a glycosynthase with this

donor/acceptor combination. Mutants of the other two (Lac GH1 and Pha GH1) did not yield

products. However, when Pha GH1 nucleophile variants were incubated with αF-Glc and pNP-

cellobioside (pNP-C), one of the best reactivators for the wild-type enzyme, products were indeed

seen. As Lac GH1 has a much higher specificity constant for the hydrolysis of 6-phospho-glucosides

when compared to that seen for glucosides (Table 4.7), we suspected that the nucleophile variants

would be competent glycosynthases with 6-phospho-glucosyl donors. Unfortunately none of the

Lac GH1 variants had observable catalytic activity with 6-phospho-α-glucosyl fluoride in conjunc-

tion with any of the top five reactivators.

To choose the best glycosynthase variant from the three different variants we performed HPLC

analysis of small scale reactions. Reaction mixtures contained an equal amount of donor and

acceptor (αF-Glc, pNP-Glc or pNP-C at 5 mM). All glycine variants displayed hydrolytic activity,

which we speculate is due to mis-incorporation of the wild-type glutamate, as has been reported

previously for a GH1 glycosynthase [236]. In that study, mis-incorporation is seen for the gene

containing the GGG codon for glycine, in our case we used GGA, however, in both of these cases

the codons differ in only one base from that for glutamate (GAG, GAA). We suggest that future

glycosynthase creation should utilise codons containing 2 substitutions (GGC, GGT) if the glycine

variant is to be tested. Of the serine and alanine variants, the serine variant had the highest

yield for the major product for all enzymes except for The GH1 for which the alanine variant was

selected. The differences between variants were, for most cases, within 5%, the only exception
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being Sac GH1, which had a 21 % higher yield for the serine variant than the alanine (Table 4.8).

Enzyme Major Product Yield %

Ali E354A 64 ± 0.2
Ali E354S 65 ± 0.2
Dei E346A 40 ± 0.1
Dei E346S 45 ± 0.3
Exi E350A 41 ± 0.2
Exi E350S 54 ± 0.3

Myx E357A 47 ± 0.4
Myx E357S 52 ± 0.7
Sac E368A 79 ± 0.9
Sac E368S 100 ± 0.4
The E388A 59 ± 0.7
The E388S 55 ± 0.4
Pha E365A 65 ± 1
Pha E365S 70 ± 1

Table 4.8: Product Yields From Small Scale Glycosynthase Reactions.

4.4.5 Product Characterization

To identify the products of the most efficient glycosynthases, large-scale reactions were performed

and products were purified by HPLC. The majority of the NMR experiments were performed by Dr.

Feng Liu, and detailed chemical shift assignments are given in Appendix Section C.0.1. Initially

large-scale glycosynthase reactions were carried out with α-F-Glc as acceptor and pNP-Glc or pNP-

C as the donor. These products were then characterized by NMR and mass spectroscopy to reveal

the glycosidic linkages (Table 4.9). Remarkably, a large set of different glycans was formed by the

different glycosynthases despite both the donor and acceptor sugars being the same (except in the

case of Pha E365S). Of the seven competent glycosynthases, five selectively transferred a single

sugar onto the acceptor, with Ali E354S, Exi E350S, and Myx E357S preferentially forming β-1,3-

linkages, while Pha E365S and The E388A preferentially formed β-1,4-linkages. The Sac E368S

glycosynthase also formed β-1,4-linkages, but this enzyme was also competent using the product

as an acceptor to transfer an additional glucose, forming a trisaccharide. The final glycosynthase,

Dei E346S, also preferentially produced trisaccharides, but in this case the first transfer formed

a β-1,3-linkage and the second a β-1,4 yielding the mixed trisaccharide (Glc-β-1,4-Glc-β-1,3-Glc-
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β-1,4-pNP). This mixed-linkage product may be useful in dissecting the mechanism of hydrolases

that function on mixed-linkage glucans.

Heins and coworkers performed a detailed characterization of the linkage specificity for a selected

set of enzymes which included the Ali and The enzymes [117]. Both The GH1 and Ali GH1 had the

fastest hydrolysis rates for laminaribiose (β-1,3-linked Glc-Glc), with sophorose hydrolysis second

fastest for Ali GH1 (β-1,2-linked Glc-Glc) and cellobiose (β-1,4-linked Glc-Glc) being second fastest

for The GH1. The glycosynthase product for Ali GH1 was consistent with the hydrolysis rates,

however The E388A only synthesized β-1,4-linked products. Justification of this inconsistency may

lie in the presence of a para-nitrophenyl-aglycone in the acceptor, which may interact with the +2

subsite, altering the acceptor orientation. Determining the regiochemical outcome of the reaction

in which glucose as an acceptor would shed light on whether this is the case.

Enzyme Donor Acceptor Product Yield (%)

Ali E354S αF-Glc pNP-Glc Glc-(β-1,3)-Glc-β-pNP 65
Glc-(β-1,4)-Glc-β-pNP 8

Dei E346S αF-Glc pNP-Glc Glc-(β-1,4)-Glc-(β-1,3)-Glc-β-pNP 45
Glc-(β-1,4)-Glc-β-pNP 12

Exi E350S αF-Glc pNP-Glc Glc-(β-1,3)-Glc-β-pNP 54
Glc-(β-1,4)-Glc-β-pNP 3

Myx E357S αF-Glc pNP-Glc Glc-(β-1,3)-Glc-β-pNP 52
Glc-(β-1,4)-Glc-β-pNP 14

Sac E368S αF-Glc pNP-Glc Glc-(β-1,4)-Glc-(β-1,4)-Glc-β-pNP 100

Pha E365S αF-Glc pNP-C Glc-(β-1,4)-Glc-(β-1,4)-Glc-β-pNP 70

The E388A αF-Glc pNP-Glc Glc-(β-1,4)-Glc-β-pNP 59
Glc-(β-1,4)-Glc-(β-1,4)-Glc-β-pNP 28

Sac E368S αF-3-NH2-Glc pNP-Glc 3-NH2-Glc-(β-1,4)-Glc-β-pNP 74

Exi E350S αF-3-NH2-Glc pNP-Glc 3-NH2-Glc-(β-1,3)-Glc-β-pNP 16

Sac E368S αF-4-NH2-Glc pNP-Glc 4-NH2-Glc-(β-1,4)-Glc-β-pNP 63

The E388A αF-4-NH2-Glc pNP-Glc 4-NH2-Glc-(β-1,4)-Glc-β-pNP 64

Sac E368S αF-6-NH2-Glc pNP-Glc 6-NH2-Glc-(β-1,4)-Glc-β-pNP 37

Sac E368S αF-6-N3-Glc pNP-Glc 6-N3-Glc-(β-1,4)-Glc-β-pNP 84

Exi E350S αF-6-N3-Glc pNP-Glc 6-N3-Glc-(β-1,3)-Glc-β-pNP 42
6-N3-Glc-(β-1,4)-Glc-β-pNP 8

Pha E365S αF-6-N3-Glc pNP-C 6-N3-Glc-(β-1,4)-Glc-(β-1,4)-Glc-β-pNP 27

Dei E346S αF-Glc pNP-Xyl Glc-(β-1,4)-Glc-(β-1,3)-Xyl-β-pNP 65
Glc-(β-1,3)-Xyl-β-pNP 24

Exi E350S αF-Glc pNP-Xyl Glc-(β-1,3)-Glc-(β-1,3)-Xyl-β-pNP 50
Glc-(β-1,3)-Xyl-β-pNP 49

Dei E346S αF-Glc n-Octyl-Glc Glc-(β-1,4)-Glc-(β-1,3)-Glc-β-Octyl 11

Sac E368S αF-Glc DNP 2F-Glc Glc-(β-1,4)-Glc-(β-1,4)-2F-Glc-β-DNP 28
Glc-(β-1,4)-Glc-(β-1,4)-Glc-(β-1,4)-2F-Glc-β-DNP 21

Sac E368S αF-4-NH2-Glc DNP 2F-Glc 4-NH2-Glc-(β-1,4)-2F-Glc-β-DNP 74

Table 4.9: Characterized GH1 Glycosynthase Products.
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Enzyme αF-3-NH2-Glc αF-4-NH2-Glc αF-6-NH2-Glc αF-6-N3-Glc

Ali E354S X X
Dei E346S X X X
Exi E350S X X X X
Myx E357S X X X
Pha E365S X X X X
Sac E368S X X X X
The E388A X

Table 4.10: Glycosynthase Activity with Azido and Amino Donor Sugars.

Having probed the general utility of the set of glycosynthases we turned our attention towards

the modified glycosynthase donors. A range of α-glycosyl fluorides containing the same 3-, 4-, and

6-azido and amino modifications as those used to screen for hydrolase activity were synthesized by

Dr. Hongming Chen to test as glycosynthase donors. Each of the seven competent glycosynthases

was tested with each of the modified donor substrates, using either pNP-Glc or pNP-C as acceptor:

all seven functioned with at least one modified donor (Table 4.10). Consistent with what had been

seen in screening modified substrate activity, the 4-aminoglucosyl fluoride was accepted as a donor

by all seven of these glycosynthases. The 3- and 6-aminoglucosyl fluorides were also accepted by

many of the glycosynthases (5 of 7 and 6 of 7, respectively) corresponding fairly well with WT

enzyme results on modified substrate. Three of the seven glycosynthases (Pha E365S, Sac E368S

and Exi E350S) were also able to transfer the 6-azidoglucosyl fluoride donor onto pNP-Glc or

pNP-C, each producing a different azido-modified glucan (Table 4.9). Finally, none of the variants

were able to carry out glycosyl transfers using the 3- or 4-azidoglucosyl fluorides as donors. This

is not so surprising given the relatively low activities of these wild-type enzymes, along with the

considerably lower activities of non-evolved glycosynthases relative to the wild-type parents carrying

out the normal reaction.

Having established the donor and acceptor specificities of these glycosynthases we tested the

ability of selected glycosynthases to generate useful conjugates of other glycans and non-sugar

acceptors. Oligosaccharides of mixed sugar composition could be assembled, as demonstrated in the

ability of Dei E346S and Exi E350S to transfer to pNP-xyloside, generating glucosyl-β-xylosides,

with linkages that mirrored those seen when using pNP-G as acceptor (Table 4.9). Likewise,

n-octyl β-glucoside served as an acceptor for Dei E346S generating octyl oligosaccharides with
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potential as detergents; addition of terminal aminosugars would allow simple assembly of cationic

versions of these detergents. Within the sugar series, a particularly useful set of products are

the mechanism-based inactivators generated by glycosynthase-catalyzed glycosylation of simple

glucoside-based reactive entities such as 2,4-dinitrophenyl 2-deoxy-2-fluoro-β-glucoside (DNP 2-F-

Glc). The Sac E368S enzyme was selected for transfer onto this inhibitor – this enzyme had the

highest transfer yields – resulting in the disaccharide version. More importantly, Sac E368S was able

to transfer a 4-aminoglucosyl moiety to create a disaccharide inhibitor bearing a functionalisable

amine on the non-reducing end sugar (Table 4.9). This now allows facile, and mild derivatization

of mechanism-based inhibitors and affinity labels via amide formation, allowing the attachment of

fluorophores for detection, or of biotin for capture. Further, the amine could serve as the point of

attachment of diverse substituents as a means of introducing novel specificity elements.
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4.5 Discussion and Future Directions

The two clone libraries investigated in this study allowed for the interrogation of enzymatic promis-

cuity and creation of glycosynthases. The characteristics of the libraries allowed us to interrogate

both the promiscuity across a range of different hydrolase-containing gene cassettes, and with a fine

detail within one specific family. The identification of promiscuous genes in turn allowed for the

creation of a panel of glycosynthases which can incorporate modified glucosides and galactosides.

The power of fosmid libraries lies in the ability to identify lengthy clusters of genes which

may function synergistically. This however can also complicate the identification of the specific

gene responsible for activity, especially when several potentially active genes are present. There

are typically three ways forward to identify the genes responsible for activity: creation of a small

insert libraries or knock-out libraries and sub-cloning the CAZymes. Small-insert libraries are

created by first shearing the purified DNA, cloning these fragments into an expression vector then

transforming this library into a suitable host. The re-screening of these small-insert libraries and

subsequent sequencing should then reveal the gene(s) responsible for activity. Creating knock-out

libraries involves integrating a selection marker randomly within a fosmid, then screening a library

of clones with the integration for a loss of activity and finally sequencing the selected clones. These

methods are feasible for small numbers of hits, but become intractable when tens or hundreds of

fosmid clones are identified.

The ideal solution would be to create a library containing each of the potentially active genes

from each fosmid in a high-expression vector. Creation of such a library would, without a doubt, be

limited by the time consuming process of sub-cloning. However, technological advances may soon

make this dream a reality. Development of laboratory automation equipment, such as the digital to

biological converter [32], could allow for the rapid, automated sub-cloning of genes. Gene-synthesis

automation coupled with decreasing costs, may soon allow for the realistic creation of libraries

containing thousands of such clones at the click of a button. Technological advances should also

enable the rapid creation of sets of phylogentically diverse enzymes from families other than GH1,

allowing for a similar fine-detail characterization of promiscuous activity.

We were able to generate several new glycosynthases from promiscuous hydrolases, however,
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several questions remain to be investigated. Are there additional mutations which will allow the

creation of glycosythases from GH3 enzymes? How can we incorporate sterically bulky substituents

at the 3- and 4-positions? How can we determine a priori whether an GH is a good candidate for

transformation into a glycosynthase?

The first of these questions may be solved by directed evolution. This may be accomplished

by using a screen similar to that performed by Kim et al [153] where detection of glycosynthase

activity was coupled to the activity of an enzyme (Cel5A) that was able to cleave the glycosynthase

product, but not the reactants. Subjecting the metagenomically identified promiscuous GH3s to

this process should enable the evolution of glycosynthases and the identification of mutations which

support this catalysis. Directed evolution of multiple GH3s in parallel may reveal mutations that

universally support glycosynthase transformation for all GH3s.

We were able to use glycosynthases to incorporate amino modifications at the 3-, 4- and 6-

positions of donor sugars and azido modifications at the 6-position. However, the creation of a

glycosynthase capable of using either 3- or 4-azido or 3- or 4-methoxy sugars as donors remains

elusive. Previous work by Shim et al. [272] produced a glycosynthase capable of transferring a

3-O-methyl-glucosyl moiety by means of directed evolution of an existing glycosynthase (Abg2F6)

[153]. Their strategy involved the saturation mutagenesis at key primary protein interaction sites

around the 3-hydroxyl group within the hydrolase and plate-based activity screens. This strategy

may also be successful for the incorporation of azido-modified sugars. Another approach could

be to target specific β-glucosidase families known to have relaxed interactions at either the 3- or

4-hydroxyl positions. The GH5 family, which typically has endo-activity, but contains members

with β-glucosidase activity could be a useful starting point.

The question of what makes a good candidate for a glycosynthase has been addressed previously

by Ducros et al [81]. Within this paper the authors suggested that measuring the reactivation

rates of a 2-fluoro-glycosyl-enzyme intermediate (a proxy for the glycosynthase bound α-glycosyl

fluoride) with acceptors and comparison of this rate to the reactivation rate with water could be

useful metrics for determining whether a hydrolase will yield an efficient glycosynthase. They found

that hydrolases with reactivation rates (ktrans) rates > 10−2 min−1 and high selectivity for transfer

to acceptor over water (ktrans/kH2O) > 20 acted as efficient glycosynthases. Although I did not
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Table 4.11: Comparison of Enzyme Reactivation.
Enzyme Reactivated (%) Ratio Active

Enzyme Family Acceptor H2O Acceptor Acceptor/H2O Glycosynthase?

Ali GH1 pNP-Glc 0.06 0.31 5.6 Y
Dei GH1 pNP-Glc 0.69 19.00 27.4 Y
Exi GH1 pNP-Glc 9.15 74.68 8.2 Y
Lac GH1 pNP-α-Glc 4.30 55.12 12.8 N
Myx GH1 pNP-Glc 0.56 7.85 14.1 Y
Pha GH1 pNP-C 0.13 1.04 8.2 Y
Sac GH1 pNP-Glc 4.47 75.72 16.9 Y
The GH1 pNP-Glc 0.17 0.71 4.1 Y
C08-GH3 GH3 pNP-Glc 1.65 12.69 7.7 N
O22-GH3 GH3 phenyl-Glc 34.44 35.87 1.0 N
C24-GH3-1 GH3 Galactal 11.89 43.34 3.6 N
D08-GH3 GH3 pNP-Glc 11.25 12.76 1.1 N
C11-GH1 GH1 pNP-Glc 0.45 16.75 37.3 Y
O03-GH42 GH42 3-Mercapto-1-propanol 52.66 24.70 0.5 N

directly measure such rates, the results of the acceptor specificity tests may give some insight into

the selectivity for transfer (see Table 4.11). The enzymes that were successfully transformed into

glycosynthases all had higher percentages of acceptor reactivation (total reactivation with acceptor

- reactivation due to water) than water reactivation. Most had ratios of reactivation ( Acceptor

reactivation/ water reactivation) greater than 5. The hydrolases which could not be transformed

into successful glycosynthases had fairly low ratios of the % enzyme reactivated (Table 4.11), with

O03-GH42 even having a higher rate of hydrolysis than transfer to any acceptor. C08-GH3 was

exceptional in that it had a ratio (7.7) comparable to enzymes that could be transformed into active

glycosynthases, however, it may be that other factors such as a low transfer rate are limiting this

enzyme from becoming an effective glycosynthase.

4.6 Conclusions

The variety of different bonds formed by this panel of glycosynthases truly speaks to the power

of harnessing the diversity of enzymes present in nature. By exploring a wide variety of enzymes

through hydrolase screening, we were able to rapidly identify enzymes with promiscuous hydro-

lase activity. Coupling this process to acceptor specificity screening enabled the identification of

ideal substrates to use with each glycosynthase. Eight wild-type enzymes were transformed into

competent glycosynthases, which were able to catalyse a variety of glycosylations. This set of
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glycosynthases was able to generate disaccharides, trisaccharides, glycolipids and inhibitors con-

taining azido or amino functional handles. The ability to synthesize glycans containing modified

glucans will, going forward, enable the rapid diversification of molecules, to include a variety of

functionalities such as fluorophores or specificity elements.
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Chapter 5

Conclusions

In this thesis I harnessed high-throughput functional metagenomic screening to identify novel genes

involved in carbohydrate degradation throughout oceanic, soil, coal-bed and man-made bioreactor

environments. In addition I harnessed this technology to detail microbial mechanisms of carbohy-

drate degradation within the beaver digestive tract, and reveal new synergistic modes of degrada-

tion. Libraries of identified metagenomic clones and synthesized genes were then profiled to reveal

promiscuous enzymes which, in turn, were developed into new synthetic tools.

The aim of this chapter is to provide an analysis and to integrate of the research within this

thesis in light of current research in the field. In addition, the limitations and strengths of my

approaches are analysed, as are possible future directions for investigation.

5.1 Relevant Research

Discovery of New Glycoside Hydrolases

Functional metagenomic screening offers a valuable method to discover biomass-degrading enzymes,

to complement more traditional methods for enzyme discovery, including activity-based screening

of isolates or isolate libraries, and genetic analysis of known carbohydrate-degrading organisms. Of

the ten most recently discovered GH families (see Table 5.1), seven have been identified through

genetic analysis of PULs, reflecting both the current interest in these gene clusters and the catalytic

power of the human symbiont B. thetaiotaomicron. Two of the other three most recently identified

families (GH144 & GH149) were identified through isolate activity screening, followed by protein

purification [2, 158]. The last GH family (GH148) was identified through functional metagenomic

screening of a fosmid-harbouring E. coli library. The DNA sample used to construct this library

originated from a volcanic crater which had both high temperature (67 ◦C) and pH (9.3). This
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library was screened with both MU-C and Carboxy-methyl Cellulose (CMC) and the clone of

interest had low activity against CMC, but higher activity on β-glucans [10].

Table 5.1: The Ten Most Recently Defined Glycoside Hydrolase Families
Family Activity Discovery Method Substrate Reference

GH139 α-2-O-methyl-L-fucosidase PUL genetic analysis RG-II Ndeh et al.[215]
GH140 endo-apiosidase PUL genetic analysis RG-II Ndeh et al.[215]
GH141 β-L-arabinofuranosidase PUL genetic analysis RG-II Ndeh et al.[215]
GH142 α-L-fucosidase; xylanase PUL genetic analysis RG-II Ndeh et al.[215]
GH143 DHAase PUL genetic analysis RG-II Ndeh et al.[215]
GH144 endo-β-1,2-glucanase Isolate activity screening β-1,2-glucan Abe et al. [2]
GH145 α-L-rhamnosidase PUL genetic analysis AGP Munoz-Munoz et al. [209]
GH146 β-L-arabinofuranosidase PUL genetic analysis RG-I Luis et al.[183]
GH147 β-galactosidase PUL genetic analysis RG-I Luis et al.[183]
GH148 β-1,3/β-1,4-glucanase Metagenomic screening CMC, β-glucan Angelov et al. [10]
GH149 β-1,3-glucan phosphorylase Isolate activity screening laminaribiose Kuhaudomlarp et al.[158]

CMC: Carboxymethyl-Cellulose, AGP: Arabinogalactan Protein, DHAase: 2-keto-3-deoxy-D-lyxo-heptulosaric acid

hydrolase

Further investigation of the most recently described GH families can give us insight into success-

ful strategies for discovery. Most of the new familes were identified with either difficult to purify and

complex substrates (GH139-143 and GH135-147 which are active on RG-I, RG-II or AGP) or in the

case of GH144 which is active on the uncommon β-1,2-glucan, substrates which have recently been

made accessible through new synthetic schemes. The discovery of GH149 hinged on the mechanistic

details of this family as activity assays were based on looking for reverse phosphorolysis products

rather than degradation products. The discovery of GH148 is an outlier from this set, as it relied

neither on new substrates – CMC was first employed in 1986 [262]– nor on mechanistic details,

but rather was made possible by screening an extreme environment and investigating hits with low

activity. Incorporating these successful strategies (complex natural substrates, probes based on

mechanism, extreme environments and investigation of low activities) into functional metagenomic

screens should allow for the continued discovery of new hydrolase families.

Glycoside hydrolase enzymes with activities previously unobserved within specific families have

also been recently identified. The methods used to identify these enzymes has mirrored those used

to identify new families. PUL genetic analysis [215], isolate screening [266, 307] transcriptomics

[143] have all been used to identify new activities within known families. Additionally, phylogenetic

analysis has been used to identify enzymes or enzyme subfamilies which have low sequence similarity,

or are deeply branching. One such example employs a novel bioinformatic pipeline (SACCHARIS)
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to identify uncharacterized subfamilies [144]. Application of this pipeline to the GH43 subfamily

enabled the identification of a GH43 (Bacteroides dorei DSM 17855 [BdGH43b]) which is able to

degrade α-D-glucans, a surprising activity as this family has hitherto only been known to degrade

either β-D or α-L substrates [144].

Modified Glycan Synthesis

The glycosynthases generated in Chapter 4 enable facile incorporation of modified sugars bearing

both azido and amino functional handles. Thus far only one other glycosynthase has been de-

veloped to incorporate azido functional handles. The HiCel7B E197A glycosynthase was used to

synthesize a modified cellulose with 6-azido groups present at every second position [62]. This was

accomplished by using a donor cellobioside possessing a single 6-azido modification on the reducing

end glucose. This resulted in polymers with a degree of polymerization up to 34, which could

be subsequently modified with click chemistry. Additionally, transglycosylation has been used to

incorporate modified N-glycans bearing 6-azido functionalities. Ochiai and coworkers were able to

use an oxazoline pentasaccharide donor sugar containing 6-azido mannose to remodel the N-glycan

of a small natural glycoprotein [225].

Another successful avenue for the generation of glycosynthases that act on modified sugars is the

use of directed evolution. As mentioned within Chapter 4, other members from the Withers group

have had success subjecting Abg glycosynthase to directed evolution, and specifically screening for

the incorporation of non-natural substrates with modified substituents at the C3- position [272].

To achieve this enhanced activity, a variant library of wild-type enzymes was first screened for

hydrolytic activity with a 3-O-methyl-β-D-galactopyranoside. The mutations identified from this

directed evolution were then introduced into the Abg 2F6 glycosynthase scaffold. This resulted in

a 39-fold increase in glycosynthase activity when 3-O-methyl glucopyranosyl fluoride was used as

the donor sugar. One could envisage a hybrid strategy employing both metagenomic dicovery, to

first identify candidate GHs, and directed evolution to improve or modify their activities before

conversion to a glycosynthase.

Glycosyl transferases have also been used to incorporate modified glycosides. Using a method

they have termed glycorandomization, Jon Thorson and collegues have been able to repurpose GTs
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to transfer amino and azido glycosides [182]. This technique employs a promiscuous nucleotidyl

transferase to first synthesize modified nucleotide diphospho-sugars, which are then used as sub-

strates for GTs. A number of different glucose analogues have been glycosylated using this method,

including 3-, 4- and 6- amino glucose [97, 182]. Additionally 3-,4- and 6-azidoglucosyl moieties could

be attached to erythromycin analogues [337] or vancomycin analogues [97].

5.2 Limitations and Future Directions

5.2.1 Diverse Searching

The functional metagenomic screening methods used in this thesis have enabled the identification

of hundreds of new GH genes from diverse environments. This process is, however, susceptible

to false negatives. Not every gene can be expressed in E. coli and not every glycoside hydrolase

will be detected with our substrates. This invites the obvious question – how can we improve our

functional screening to give ourselves a better chance of finding diverse plant biomass-degrading

genes from an environment?

One problem affecting our ability to uncover biomass-degrading genes, discussed in Chapter 3,

is under-sampling. This leads to poor representation of the rare taxa within the resulting library,

decreasing the diversity of recovered hits. One solution to this problem is to simply create larger

and larger libraries. This however leads to wasted resources as the most abundant hits are found

over and over again. Also, there are technical limitations on the size of library that can be screened

via plate-based methods within reasonable time frames and costs. Microfluidic technologies offer

an alternative to plate-based screens and are able to more rapidly screen clone libraries [211].

Another potential solution to this problem could be to employ fluorescence activated cell sorting

(FACS), which can be used to rapidly isolate sub-populations based on size, morphology or binding

to specific probes. Alternatively, stable isotope probing, could be used to isolate the DNA from

sub-populations. This technique relies on isotopic labelling of substrates, that when metabolized

by bacteria are incorporated into their genomic DNA. This isotopically labelled DNA can then be

separated via ultracentrifugation, and used to create metagenomic libraries.

The improvement of heterologous expression is another avenue which promises to improve func-
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tional metagenomic screening. The screens performed in this thesis were conducted entirely in the

E. coli EPI300 strain. This strain has several benefits: it grows rapidly, is genetically tractable and

allows for copy number induction of fosmids. However, the sequence space that can be explored

by this host is certainly limited. E. coli are limited to mesophilic growth, hindering access to ther-

mophilic or psychotrophic enzymes, have comparatively few σ-factors and have biased codon usage

[179, 302]. This has led to an exploration of alternative expression hosts and has spurred research

into the creation of multiple host vectors. The Proteobacteria have been a particular area of interest

with E. coli, Agrobacterium tumefaciens,[69] Caulobacter vibrioides,[69] Rhizobium leguminosarum,

[178] Ralstonia metallidurans,[69] Pseudomonas fluorescens, [1] Pseudomonas putida,[53, 69] Xan-

thomonas campestris,[1] Burkholderia graminis, and [69] Sinorhizobium meliloti [263] all being used

as screening hosts. Other bacterial hosts include Thermus thermophilus [170], belonging to the

Deinococcus-Thermus phylum, the Firmicute Bacillus subtilis [26] and the Actinobacterium Strep-

tomyces albus[136]. Although the number of hosts appears extensive, they lack phylogenetic di-

versity. Only 4 of the 30 accepted bacterial phyla have had a representative used in a functional

metagenomic screen. Future advancement of functional metagenomic screening should lie in the

development of new expression systems in hitherto under-utilized phyla.

Conspicuous by their absence from the list of functional metagenomic hosts are the Bac-

teroidetes. This phyla, as noted previously, have colonized virtually all types of environments

and are well known for their ability to degrade complex carbohydrates [204]. Although I have been

able to identify many fosmids with Bacteroidetes origins, expression of metagenomic DNA within

a member of this phylum should increase our ability to detect carbohydrate degrading genes and

PULs. One potential complication with using a Bacteroidetes as a host may be the presence of

endogenous genes. Careful selection of a host with low background hydrolysis rates or creation of

knock-out strains tuned to the specific screen should enable the use of a strain from this phylum.

In addition to developing hosts throughout the tree of life, it will be important to develop hosts

that allow access to specific chemistries. Two recent publications have identified the role of hydrogen

peroxide (H2O2) in the oxidative cleavage of carbohydrates [25, 161]. Detection of this activity

in culture would likely require the presence of H2O2, however many bacteria (including E. coli)

possess the enzyme catalase which functions to degrade hydrogen peroxide. The implementation of
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functional screening in hosts known to produce hydrogen peroxide, such as Lactobacillus acidophilus

[119], could enable the detection of such enzymes. Furthermore these strains may also be useful for

the discovery of enzymes, such as lignin-peroxidases [322], which require reactive oxygen species.

It may also be beneficial to screen in hosts that are able to use uncommon amino-acids. Both

selenocysteine and pyrolysine, thought of as the 21st and 22nd proteinogenic amino-acids, are es-

sential to catalysis in certain enzymes [30, 258]. However, the synthesis and use of these amino acids

does not occur in every branch of the tree of life. E. coli possess the machinery to incorporate se-

lenocysteine, and they express several selenoproteins, yet they are unable to incorporate pyrolysine.

Desulfitobacterium hafniense, an anaerobic Firmicute, is perhaps the only known bacterium that

has both been isolated and is known to use both selenocysteine and pyrolysine [152, 283]. Use of D.

hafniense as a metagenomic host would enable the detection of proteins incorporating these amino

acids, which would otherwise go unseen. Although the development of metagenomic systems in new

hosts may be technically difficult, it offers the potential to provide access to unexplored sequence

space and new biocatalysts.

Another route forward, which circumvents the need for heterologous expression, is direct func-

tional screening of environmental cells. This tactic also frees the researcher from the need to first

purify and then insert metagenomic DNA into a vector and host strain. Two studies employing

rapid screening technologies have made progress towards such direct functional screening of envi-

ronmental cells [211, 250]. The first of these studies screened cells from a wheat stubble field in

the North of France [211]. They used a microfluidic system to encapsulate cells in 20 pL droplets

with a fluorogenic reporter (6,8-difluoro-7-hydroxycoumarin-4-methanesulfonate cellobioside) for

cellobiosidase activity. Fluorescent droplets were then sorted on chip at a rate of over 100,000 bac-

teria in less than 20 min. DNA from the resulting cells was then used for 16S sequencing to reveal

phylogeny of the hits and the sorted population was grown on agar. The second study screened

surface water from Damariscotta Lake in the North-Eastern United States using a FACS-based

method [250]. In this study fluoresceinamine-labeled laminarin was incubated with environmental

cells, then FACS was used to sort those cells which bound to this substrate. The resulting hits were

then subjected to single-cell whole-genome amplification, a powerful technique for revealing the ge-

netic potential of environmental cells without prior culturing. This revealed 121 laminarin-binding
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single amplified genomes (SAGs), five of which were sequenced. The SAG with the highest coverage

(SAG AAA168-F10) contained 58 putative glycoside hydrolases and a host of other carbohydrate

modifying enzymes.

The future of direct functional metagenomic screening should incorporate methodologies from

both these studies. The use of droplet-based microfluidic screening with a reporter substrate

offers the ability to directly detect a functional activity, which is a superior method to the FACS-

based screen. This is because it offers a direct connection between a cell and its activty, unlike

the FACS based screen which relied on the assumption that cells bound to substrates could also

also contain the enzymes to hydrolyse them. Although the authors of the microfluidics-based

study were able to sequence the 16S of the resulting hits, they failed to identify which genes

were responsible for activity. Coupling microfluidics based screening and sorting to single-cell

whole-genome amplification and sequencing will allow both rapid screening for activities and the

identification of responsible genes.

5.2.2 Enzyme Profiling

Many of the hits identified throughout this thesis were subjected to plate-based assays to reveal the

pH-dependence, thermal stability and substrate range of activity. This information is limited to

relative values of initial rates as it is difficult to determine the exact concentration of an enzyme in

crude lysate. To determine kinetic constants (kcat & KM ) the concentration of the active enzyme

must be known. Active site titrating reagents, such as chromogenic or fluorogenic 2-fluoro sugars

[82, 101], offer one possible avenue towards determining enzyme concentration in crude lysate,

however these substrates can only be effectively employed with retaining enzymes. The future of

high-throughput enzyme characterization may therefore hinge on the rapid sub-cloning, expression

and purification of proteins. As discussed in Chapter 4, robotic automation gene synthesis, protein

expression and purification has been accomplished with a standalone system [32]. However for this

technology to be routinely employed, throughput must be expanded and costs decreased.

The use of activated fluorogenic probes, such as the the chlorocoumarin glycosides employed in

this thesis, enable rapid and sensitive screening. These substrates contain a fluorogenic molecule

which is thought to occupy the +1 subsite of the active enzyme. However, positive subsite in-
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teractions are undoubtedly important for catalysis. Furthermore, the identified enzymes likely

have specificity towards different linkages, (β-1,2, β-1,3, β-1,4 etc.) and this information is not

conveyed when the substrate contains a reporter molecule. As natural carbohydrates do not con-

tain leaving groups that can be detected with the sensitivity of fluorophores, less sensitive and

more time-consuming methods (Such as TLC, reducing sugar assays and HPAEC) must be used

to characterize their activity. The use of such technologies becomes unreasonable as the number of

enzymes being assayed approaches the hundreds or thousands.

The development of rapid, sensitive assays that utilize more natural substrates, that maintain

+1 subsite interactions, will be an area of future research. Technologies based on Förster resonance

energy transfer (FRET), biosensors, mass spectrometry and capillary electrophoresis show poten-

tial for rapid high-throughput characterization of activities. For example, a study by Yang and

coworkers used FRET probes, containing two fluorophores installed on either side of a ganglioside,

to interrogate endo-active hydrolases [329]. Generation of a suite of FRET-based probes which

incorporate plant-biopolymer oligomers would allow for the rapid profiling of endo-acting enzymes.

The development of biosensors has also been a topic of recent research, [123, 339] particularly in the

context of metabolic engineering [338]. Recently, a biosensor has been developed for the detection of

cellulases [162]. This work uses a genetic circuit that responds to the presence of cellobiose. When

present, cellobiose derepresses the transcription of a fluorescent protein, resulting in a detectable

readout. One could imagine biosensors being able to detect any molecule including the metabolites

generated from plant biomass degradation. Future biosensor development will involve expanding

the range of substrates that can be detected and improving the dynamic range of biosensors.

Another high-throughput characterization method is the use of Nanostructure initiator mass

spectrometry (NIMS) to rapidly profile enzyme activity [108]. This method employs glycans con-

taining fluorous tags with varying mass attached to the reducing end that are used to assay enzyme

activity [222]. Accoustic deposition is then used to transfer small volumes (1 nL) of the reaction

mixtures onto a chip containing a fluorous initiator. Matrix-assisted laser desorption/ionization

(MALDI) is then used to detect the fluorous glycans depositied into this chip. This method has

been used by Heins and coworkers [117] to detail the activity of the same panel of GH1 glycoside

hydrolases used in Chapter 4 of this thesis. This work used a NIMS chip and acoustic deposition to

139



5.3. Closing

examine 10,080 experimental conditions with 4 different substrates. This revealed substrate prefer-

ences and temperature dependences for each of the 105 active enzymes that they assayed. Capillary

electrophoresis has also been recently used to characterize enzymatically-released oligosaccharides

[177]. This method re-purposed a DNA sequencer which can analyse 96 samples simultaneously to

rapidly quantify sugars. This allowed the detection of sugars released from the action of xylanases

on wheat flour arabinoxylan down to femtomolar ranges while differentiating between the activities

of GH10 and GH11 xylanases. Future development of these methods promises to allow the rapid

characterization of thousands of enzyme hits derived from metagenomic screening.

5.3 Closing

Functional metagenomic screening has the power to reveal those active genes within a microbial

community that are used to shape their chemical landscape. In this thesis functional metagenomic

screening has enabled the cataloging of new genes identified from diverse environments that degrade

plant matter. It has also given us insight into complex carbohydrate metabolism within the beaver

gut and feces. The diversity of genes discovered can serve as a starting point for both the profiling

of enzyme promiscuity and the development of new catalysts. In this respect I have created 8 new

competent glycosynthases from both metagenomic and synthetic gene libraries. Further refinement

of these discovered and engineered catalysts will expand our carbohydrate synthesis and degradation

toolkit. This, in turn, promises to open doors to more efficient degradation of plant biomass and

the creation of complex molecular probes and inhibitors for carbohydrate-active enzymes.
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Methods

6.1 General Methods

All buffers and reagents were from Sigma-Aldrich Chemical Company unless otherwise stated.

Custom DNA oligos used for sub-cloning and mutagenesis were synthesized by Integrated DNA

Technologies. Sequence verification by means of targeted Sanger sequencing of mutants and sub-

cloned genes was performed by Genewiz.

6.2 Data Accessioning

Nucleotide sequences for fosmids described in Chapter 2 have been deposited in Genbank (Ac-

cession ID: MH105917 - MH106139). Beaver feces data has been deposited in the NCBI Bio-

Project portal (Bioproject ID: PRJNA261082), for assembled metagenomic reads (BioSample ID:

SAMN04122864), unassembled metagenomic reads (BioSample ID: SAMN03389401), functionally

identified fosmids (Biosample ID: SAMN03389402) and pyrotags (Biosample ID: SAMN03389403).

Functionally identified beaver gut fosmids have been deposited in Genbank (Accession ID: MH106140

- MH106387).

6.3 Chapter 2 Experimental

6.3.1 Sampling

Soil

Soil samples were collected by Dr. Marcus Taupp from the long-term soil productivity site at

Skulow Lake, British Columbia. Soil from the organic layer, mineral layer of eluviation, mineral

141



6.3. Chapter 2 Experimental

transition layer and mineral layer of accumulation at both undisturbed (Libraries: NO, NA, NB

and NR) and harvested sites (Libraries: CO, CA, CB and SCR) were used to create fosmid libraries

[114].

Ocean

Ocean water from the North-Eastern sub-Arctic Pacific Ocean was collected by Dr. Jody Wright.

Water from Line P stations 4 and 12 was collected in February 2010 at depths between 10 and 2000

meters, and used to create fosmid libraries [326].

Coal Bed

Sampling of Hydrocarbon resource environments was a result of the Hydrocarbon Metagenomics

Project (http://hydrocarbonmetagenomics.com/). Four separate samples were collected and used

to create fosmid libraries. Two samples were derived from cuttings of coal bed cores sourced from

Rockyford Standard (CO182) and Basal (CO183) coal zones in Alberta. Another two samples

(CG23A and PWCG7) were collected from co-produced water from coal bed methane well heads

located in the San Juan Basin, New Mexico [8].

Bioreactors

Three additional samples were derived from bioreactors. The first, a methanogenic naptha-degrading

community (NapDC) was initially inoculated with mature fine tailings from the Syncrude Mildred

Lake Settling Basin (Alberta, Canada). This culture was enriched for naphtha-degrading consortia

by growing the culture with 0.2 % (v/v) hydrocarbon mixture naphtha as a sole carbon source

[288]. The second enrichment culture was a methanogenic toluene-degrading culture (TolDC) de-

rived from a shallow gas condensate-contaminated aquifer located beneath a natural gas production

site in Weld County (Colorado, USA). This culture was enriched for toluene-degrading consortia by

propagating the culture with 0.01 % toluene (v/v) as a sole carbon source, prior to DNA isolation

[93, 104, 288]. The final sampled bioreactor (FOS62) was an designed for remediation of metal con-

taminated effluent from smelting operations. The bioreactor is located in Trail, British Columbia

and contains a mixture of limestone, quartz sand and Celgar biosolids, a by-product of the pulp
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and paper industry. The biosolids were used in an anaerobic digester by the Zellstoff Celgar mill

company and therefore include bacterial biomass and partially degraded and composted cellulose

and hemicellulose [4]. A homogenized core sample was collected, as described by Mewis et al [201].

6.3.2 Library Creation

Fosmid Libraries were created by Dr. Sangwon Lee. Once environmental DNA had been isolated

and purified, fosmid libraries were generated. Fosmid library creation was performed as previously

described using the CopyControl Fosmid Library Production Kit with pCC1FOS Vector Kit (Epi-

Centre) [292]. Briefly, the DNA was end repaired to create 5 -phosphorylated blunt ends and then

subjected to pulsed-field gel electrophoresis (PFGE) to size-select 35-60 kb DNA fragments. The

DNA was recovered by gel extraction and ligated into the pCC1 vector. Linear concatemers of pCC1

and insert DNA were packaged into a phage and transduced into phage-resistant E. coli EPI300

cells. The successfully transduced clones were recovered on LB agar plates containing chloram-

phenicol (12.5 µg/mL) and picked into 384-well plates, containing 100 µL of LB chloramphenicol

(12.5 µg/mL) and 10 % glycerol, with an automated colony-picking robot (Qpix2, GENETIX).

Clones were grown overnight at 37 ◦C then stored at -80 ◦C. In total, fosmid library construction

produced 309,504 individual clones from a diverse set of environments (Table 2.1).

6.3.3 Fosmid End-Sequencing

Bi-directional Sanger end-sequencing was performed on a subset of the libraries using the ABI

BigDye kit (Applied Biosystems, Carlsbad, Ca) on all clones at Canada’s Michael Smith Genome

Sciences Centre, Vancouver, B. C. Canada. The primers used were pCC1 sequencing primers (for-

ward: GGATGTGCTGCAAGGCGATTAAGTTGG, reverse: CTCGTATGTTGTGTGGAATTGT-

GAGC).

6.3.4 Annotation of End-Sequences

Open reading frames (ORFs) from fosmid end-sequences were predicted using Prodigal [134] imple-

mented in the MetaPathways pipeline [155]. The 352,994 end-sequences yielded 400,561 ORFs >180
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nucleotides in length which were annotated using LAST [150] implemented in the MetaPathways

pipeline based on queries of the CAZy database [181] (retrieved 2014,09,04).

6.3.5 Functional Screening

Screening was performed generally according to procedures by Mewis et al. [201] with modifications.

384-well master plates were thawed at 37 ◦C for 20 minutes, after which they were replicated into

384-well plates (Corning 3680) containing 40 µL per well of LB chloramphenicol (12.5 µg/mL)

with arabinose (100 µg/mL). Replicated plates were then incubated in a humid chamber at 37

◦C for 16-18 hours. Plates were removed from the incubation chamber and 40 µL of Assay mix

(1 % Triton X-100, 1 mM 4-methylumbelliferyl cellobioside, 100 mM potassium acetate, pH 5.5)

was then added to each well. These plates were incubated at 37 ◦C for a further 16-18 hours in a

humid chamber. Fluorescence was subsequently measured using a Varioskan (ThermoFisher) plate

reader with the excitation wavelength = 365 nm and the emission wavelength = 450 nm. Fosmids

chosen for sequencing (>3 standard deviations above the mean for each substrate) were validated

by rescreening each clone in triplicate. These clones were rearrayed using an automated colony-

picking robot (Qpix2, Molecular Devices), into a 384 well plate (Corning 3680) containing 80 µL

of LB chloramphenicol (12.5 µg/mL) and 10% glycerol. This master plate was incubated overnight

at 37 ◦C and then stored at -80 ◦C.

6.3.6 Fosmid DNA Isolation and Sequencing

The 384 well master plate was used to streak cultures onto LB chloramphenical (12.5 µg/mL) agar

plates. Individual colonies were inoculated into 5 mL of terrific broth (TB) media and incubated

with shaking for 18 hours at 37 ◦C. Fosmids were purified with a QIAprep Spin Miniprep Kit

(QIAGEN), treated with PlasmidSafe ATP-dependent DNAse (Epicentre) and quantified using a

Qbit fluorimeter (ThermoFisher). Purified DNA was prepared for sequencing on the Illumina MiSeq

platform using Nextera XT library preparation kit and 96 sample Nextera V1 index kit. Bead-based

normalization was used before pooling samples, and samples were sequenced using paired end 150

bp reads (2 x 150 bp mode). Fastq sequences were obtained from the sequencer and quality was

assessed using FastQC. Raw sequences were trimmed to Q30 quality, and residual contaminating
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E. coli genomic DNA was removed by alignment to the E. coli K12 reference genome using the

bwa aligner [174]. Trimmed reads were assembled at a range of kmer values (64 to 160) using

ABySS [275] and the kmer value that produced the fewest contigs of appropriate size (25 - 40 kb)

was selected. The presence of pCC1 vector sequence at ends of fosmids signalled the proper contig

to select. Wells that did not produce contigs with pCC1 vector present were end-sequenced and

compared to all contigs produced from that well to identify the correct sequence. Assembly and

quality control were done in part by Dr. Keith Mewis and Connor Morgan-Lang.

6.3.7 Fosmid Annotation

Open reading frames (ORFs) were predicted using Prodigal [134] implemented in the MetaPathways

pipeline [155]. The 188 assembled fosmids yielded 4,969 ORFs >180 nucleotides in length which

were annotated using LAST [150] implemented in the MetaPathways pipeline based on queries of

the CAZy [181] (retrieved 2014-09-04), COG [291] (retrieved 2016-10-20), KEGG [146] (retrieved

2011-06-18) and refseq-nr [246] (retrieved 2014-01-18) databases.

6.3.8 GH Family Trees

All characterized protein sequences from GH1, GH3, GH5, GH8 and GH9 were downloaded from

the CAZy database [295] in May of 2017 (Table 6.1). Sequences were clustered at 95% similarity

with UCLUST [84]. Fosmid encoded proteins from the same families as above were compiled and

clustered as for the characterized CAZy proteins. Representative sequences from both sets for

proteins were aligned with COBALT [230] and poorly aligned regions were removed with trimAL

[45] using a gap threshold of 0.95 and a conservation threshold of 0.8. The trimmed multiple

sequence alignments were then used to generate phylogenetic trees based on maximum likelihood

analysis using RAxML [284]. One hundred bootstrap cycles were performed using the Whelan and

Goldman substitution model [316] and Γ distribution of heterogeneity as parameters. Trees were

rerooted at the tree midpoint and visualised with the phytools [251] package in R.
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Table 6.1: Sequences Used To Generate Trees
CAZy Characterized Fosmid Encoded

CAZy Family Sequences Clusters (95%) Sequences Clusters (95%)

GH1 277 247 28 18
GH3 286 256 129 74
GH5 536 451 50 29
GH8 73 50 7 2
GH9 167 143 6 4

6.3.9 Fosmid-Encoded Activity Characterization

Colonies that were selected for characterization were inoculated into a 96 deep-well plate (Costar

3960) containing 800 µL of LB with chloramphenicol (12.5 µg/mL) and arabinose (100 µg/mL).

After 18 hours of growth at 37◦ C with shaking, cells were harvested by centrifugation at 3,200 x

g for 20 min. The supernatant was decanted, cell pellets were re-suspended in 100 µL of buffer (20

mM NaOAc, 10 mM NaCl, pH 6.0) and OD600 was recorded. The cell suspension was added to

100 µL of 2x lysis buffer (20 mM NaOAc, 10 mM NaCl, 2 % Triton X-100, 0.5 mg/mL lysozyme,

cOmplete Protease Inhibitor-EDTA free(Sigma-Aldrich), pH 6.0) and incubated for 2 hours at 20

◦C.

General Assay Procedure

To initiate reactions 20 µL of lysate was added into a 96-well plate containing 100 µL of buffer

with substrate (20 mM sodium acetate, 10 mM NaCl, 240 µM substrate, pH 6.0). Reactions

were performed using a Beckman Coulter Biomek FX workstation and run in triplicate at 20 ◦C.

Samples (10 µL) were taken after set intervals and quenched by addition to 100 µL of stop buffer

(1 M glycine, pH=10.4). The fluorescence of quenched reactions was determined with a Beckman

Coulter DTX-880 Multimode Detector (λexex = 365 nm, λem = 465 nm). Initial rates, below 10

% of substrate consumption, were used to quantify enzyme activity.

Substrate Preference

To asses substrate preference assays were setup according to the general protocol, with eight 4-

methylumbelliferyl (MU) glycoside substrates (MU cellobioside, MU lactoside, MU β-D-glucopyranoside,
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MU β-D-galactopyranoside, MU β-D-xyloside, MU α-L-arabinoside, MU β-D-mannopyranoside and

MU β-D-N -acetylglucosaminide).

pH Dependence

pH dependence assays with the optimal substrate, as determined by the substrate specificity assay,

were conducted using the general protocol with buffer replaced by a one of a set of eight citrate-

phosphate buffers (50 mM sodium phosphate, 25 mM sodium citrate, 10 mM NaCl) at a pH

between 4-7.7, and repeated in pH 7-9.8 Glycyl-glycine buffers (20 mM) when necessary. Assays

were conducted at 20 ◦C with sampling after 1, 4 and 16 hours or when appropriate they were

incubated at at 37 ◦C for 2.5 hours. The optimum pH was recorded as the pH where the maximum

velocity was observed.

Thermal Stability

The lysates were aliquoted and pre-incubated for 10 minutes at different temperatures using a

gradient incubation protocol on a 96-well MyCycler thermal cycler (Biorad), at 37, 39, 42, 46, 52,

57, 60, 62 ◦C, and repeated at 37, 42, 52, 60, 65, 70, 80.4, 90 ◦C if found necessary. Assays with the

best substrate, as determined by the substrate specificity assay, were then setup according to the

general protocol, and conducted at 20 ◦C with sampling after 1, 4 and 16 hours or when appropriate

they were incubated at at 37 ◦C for 2.5 hours. Data were fit to the van’t Hoff equation (6.1) to

deduce the denaturation midpoint temperature (Tm).

lnKD =
∆S◦D
R
−

∆H◦D
RT

(6.1)

Where KD is the is the equilibrium constant of denaturation, ∆S◦D is the standard-state entropy

of denaturation, ∆H◦Dis the standard-state enthalpy of denaturation, R is the ideal gas constant

and T is absolute temperature.
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6.4.1 Sample Collection

Fecal samples were collected by Dr. Kevin Mehr and myself on April 24th, 2012 from two beaver

that were being cared for at the Critter Care Wildlife Society located in Langley, British Columbia,

Canada. Animals were fed branches from a variety of woody plant species, native to the Pacific

Northwest. Due to the difficulty of obtaining fresh fecal matter, as beavers defecate underwater,

samples were collected from material that had accumulated at the enclosure water outflow grating,

within 12 hours of cleaning. The enclosure was open to the environment and not heated. The

temperature fluctuated between 7 and 15 ◦C in the time before sample collection. As both beavers

shared the same enclosure, it was not possible to identify which animal the samples came from.

Samples were frozen in a slurry of dry-ice and ethanol and transported to the laboratory on dry-ice

and were stored at -80 ◦C.

Intestinal samples were collected by Dr. Keith Mewis and myself from beavers freshly trapped

(< 24 hours) by Allan Starkey in Maple Ridge, British Columbia, Canada between January 18th,

2014 and April 14th, 2014. Six beavers were dissected in Maple Ridge to remove the entire digestive

tract (esophagus to rectum) and transported on ice to UBC. Beaver 1 had suffered trauma that

resulted in rupture of the stomach and possible contamination from other gut sites. Digestive tracts

were dissected and chyme or feces was collected from five locations (stomach, small intestine, cecum,

proximal colon, and rectum). Collected samples were frozen in a slurry of dry-ice and ethanol and

stored at -80 ◦C.

6.4.2 DNA Extraction

High molecular weight DNA was extracted as described previously [169]. Four grams of beaver feces

or chyme was thawed and extracted in two gram duplicates. The samples were ground by mortar

and pestle under liquid nitrogen, and extracted three times with extraction buffer (100 mM sodium

phosphate pH 7.0, 100 mM Tris-HCl, 100 mM EDTA, 0.5 M NaCl, 1 % hexadecyltrimethylammo-

nium bromide, 2 % sodium dodecyl sulfate) at 65 ◦C with rotation. The resulting supernatant was

washed with chloroform-isoamyl alcohol. Finally, DNA was purified by isopropanol precipitation
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and quantified using the PicoGreen assay (Invitrogen).

6.4.3 PCR Amplification of Ribosomal SSU Gene Sequences

Following DNA isolation, the V6-V8 region of the small subunit ribosomal RNA (rRNA) gene was

PCR amplified with the universal three-domain primers 926F (5-AAA CTY AAA KGA ATT GAC

GG-3) and 1392R (5-ACG GGC GGT GTG TRC-3). Reverse primer sequences were modified to

include the 454 adaptor sequence and a 5 base-pair (bp) barcode for multiplexing during sequencing.

Reactions were run in duplicate under the following PCR conditions: initial denaturation cycle at

95◦C for 3 minutes; 25 cycles of 95◦C for 30 seconds, primer annealing at 55◦C for 45 seconds,

and extension at 72 ◦C for 90 seconds; and a final extension cycle at 72◦C for 10 minutes. Each

50 µL reaction contained: 1-10 ng template DNA, 0.6 µL Taq polymerase (Bioshop Canada Inc.,

5 U/µL), 5 µL 10X reaction buffer, 4 mM MgCl2, 0.4 mM of each dNTP (Invitrogen), 200 nM

each of forward and bar-coded reverse primers, and 33.4 µL nuclease free water (Fisher). Duplicate

reactions were pooled and purified using a QIAquick PCR Purification Kit (Qiagen) and quantified

using the PicoGreen assay (Invitrogen). Samples were diluted to 10 ng/µL and pooled in equal

concentrations.

6.4.4 Sequencing and Assembly

Amplicon pools from both the fecal and intestinal samples were sent to The McGill University and

Génome Québec Innovation Centre for 454 pyrosequencing using the Roche 454 GS FLX Titanium

(454 Life Sciences, Branford, CT, USA) technology according to the manufacturer’s instructions.

Metagenomic DNA from the beaver feces was sent to the same facility and was sequenced with

the same platform. This resulted in 616,811 reads of average length 761 bp, and total length of

469.2 Mbp. Sequences were trimmed by Dr. Keith Mewis to Q30 quality score using prinseq lite+

[265] and assembled using MIRA [54], resulting in 75,523 contigs with an N50 of 1787 bp and 130.5

Mbp of consensus sequence.

Metagenomic DNA from intestinal samples was sequenced at the UBC Pharmaceutical Sciences

Sequencing Center on an Illumina MiSeq using paired-end, 300 bp Nextera XT chemistry (Illumina,

San Diego, CA). Fifteen samples (five sites from three different beavers) were indexed and pooled
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for sequencing. DNA sequences from intestinal samples was trimmed by Dr. Keith Mewis to

Q30 quality score prinseq lite+ [265]. Dr. Keith Mewis and Connor Morgan-Lang attempted to

assemble this data with ABySS [275], IDBA-UD [235] and SPAdes [18], however all assemblies

generated contained less than 5 % of the unassembled data. Paired-end reads were merged by Dr.

Keith Mewis using FLASH [189], with parameters specifying a minimum 20 base pair overlap with

95 % similarity, to generate reads up to 580 bp of high quality. Assembly attempts with these

combined reads remained poor, with no samples showing N50 values (a weighted median statistic

such that 50 % of the entire assembly is contained in contigs equal to or larger than this value)

above 1000 bp.

6.4.5 Analysis of Pyrotag Data

The software package Quantitative Insights Into Microbial Ecology (QIIME) [46] was used to an-

alyze both the fecal and gut pyrotag sequences. As a quality control step, sequences with quality

scores less than Q25, those containing ambiguous bases, or identified homopolymer runs, or chimeric

sequences, or with length less than 200 bp were removed. The remaining high quality sequences (see

Table 6.2 for breakdown by sample) were clustered at the 97% identity threshold with a maximum

e-value cut-off of 1 x 10−10 using UCLUST, implemented in QIIME software [46]. Singletons were

omitted from downstream analyses, leaving a total of 1,044 operational taxonomic units (OTUs)

made up of 154,028 pyrotag sequences from both fecal and gut samples. Taxonomic assignment

for each OTU cluster was performed using the Basic Local Alignment Tool (BLAST) [7] and the

SILVA database version 111 (www.arb-silva.de) [248] with a confidence level of 0.8 and a maximum

e-value cut-off of 1 x 10−3. OTU abundance was normalized to the total number of reads recovered,

and expressed as a normalized percentage for analysis.

6.4.6 Analysis of Metagenomic Sequences

Genes from the beaver fecal metagenome were predicted from both assembled and unassembled

data using Prodigal [134] within the MetaPathways software package. The assembled metagenome

yielded 151,180 open reading frames (ORFs) larger than 60 amino acids. Using the LAST algorithm

[150] within MetaPathways [155], these ORFs were compared to the KEGG [146], COG [291],
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RefSeq [246], and MetaCyc [49] databases. The unassembled intestinal metagenomes were queried

in an identical fashion, revealing a total of 4,910,871 predicted ORFs larger than 60 amino acids,

Table 6.3

6.4.7 Fosmid Library Creation

For large insert library construction, DNA was further purified by cesium chloride gradient ul-

tracentrifugation [325]. The large insert libraries were constructed as described previously [292]

using the CopyControl Fosmid Library Production Kit with pCC1FOS Vector Kit (EpiCentre). A

library of 12 x 384-well plates of clones (4,608 individual clones) was generated for the Fecal library.

Additionally, DNA from the intestinal tract of beaver 2 was used to make libraries derived from the

cecum (17 x 384-well plates, 6,528 clones), the proximal colon (39 x 384-well plates, 14,976 clones)

and the rectum (58 x 384 well plates, 22,272 clones). We also attempted to make libraries from the

stomach and small intestine DNA from beaver 2, however this DNA was highly fragmented and I

was unsuccessful.

Clones were picked with an automated colony picking robot (Qpix2, Molecular Devices) and

inoculated into plates containing 100 µL of LB chloramphenicol (12.5 µg/mL) and 10% glycerol.

These plates were incubated overnight at 37 ◦C then stored at -80 ◦C.

6.4.8 Functional Screening

Screening was performed generally according to procedures by Mewis et al. [201] with modifications.

Screening was carried out in phosphate buffer (final concentration 25 mM sodium phosphate pH

6.0), with 100 µM each of three fluorogenic substrates (6-chloro-4-methylumbelliferyl cellobioside,

6-chloro-4-methylumbelliferyl xylobioside, and 6-chloro-4-methylumbelliferyl β-D-xylopyranoside)

were pooled to screen for multiple activities simultaneously. Screening was performed at a temper-

ature of 37 ◦C, which is the body temperature of Castor canadensis [83]. Wells with fluorescence

above a specific threshold (z-score > 3 for the fecal library, and robust z-score > 40 for the gut

libraries) were selected for validation and re-screening of these clones was performed in triplicate.

Fosmid containing clones chosen for sequencing (validated with a z-score >3 for each substrate)

were rearrayed using an automated colony-picking robot (Qpix2, Molecular Devices), into a 96 well
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plate (Costar 3370) containing 200 µL of LB chloramphenicol (12.5 µg mL−1) and 10 % glycerol.

This master plate was incubated overnight at 37 ◦C and then stored at -80 ◦C.

Screening was performed similarly for the beaver intestinal fosmids, except for the use 6-chloro-4-

methylumbelliferyl β-D-mannoside in the place of 6-chloro-4-methylumbelliferyl β-D-xylopyranoside.

6.4.9 Fosmid Preparation and Sequencing

The 96 well master plate was used to inoculate a 96 deep-well plate (Costar) containing 1.65 mL LB

with chloramphenicol (12.5 µg/mL) and arabinose (100 µg/mL). This deep-well plate was incubated

with shaking (37 ◦C, 320 rpm) for 20 hours, after which the plate was centrifuged at 1500 × g for

10 minutes and the supernatant was decanted. Fosmids were purified from the pelleted cells using

a Montage Plasmid MiniprepHTS 96 Kit (Millipore), treated with PlasmidSafe ATP-dependent

DNAse (Epicentre) and quantified using the PicoGreen assay (Invitrogen).

Purified DNA was prepared for sequencing on the Illumina MiSeq platform using Nextera XT

library preparation kit and 96 sample Nextera V1 index kit. Bead-based normalization was used

before pooling samples, and samples were sequenced using paired end 150 bp reads (2 x 150 bp

mode). FastQ sequences were obtained from the sequencer and quality was assessed using FastQC.

Raw sequences were trimmed to Q30 quality, and residual contaminating E. coli genomic DNA was

removed by alignment to the E. coli K12 reference genome using the bwa aligner [174]. Trimmed

reads were assembled at a range of kmer values (64 to 160) using ABySS [275] and the kmer value

that produced the fewest contigs of appropriate size (25 - 40 kb) was selected. The presence of pCC1

vector sequence at ends of fosmids signalled the proper contig to select. Wells that did not produce

contigs with pCC1 vector present were end-sequenced and compared to all contigs produced from

that well to identify the correct sequence.

6.4.10 Fosmid Annotation

Open reading frames (ORFs) were predicted using Prodigal [134] implemented in the MetaPathways

pipeline [155]. The assembled metagenome yielded 151,180 ORFs >180 nucleotides in length which

were annotated using LAST [150] implemented in the MetaPathways pipeline based on queries of

the CAZy [181] (retrieved 2014,0904), COG [291] (retrieved 2016-10-20), KEGG [146] (retrieved
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2011-06-18) and refseq-nr [246] (retrieved 2014-01-18) databases.

6.4.11 Fosmid Encoded Enzyme Specificities

Fosmid hits from the fecal library were further characterized once chosen for sequencing. The frozen

master plate was used to inoculate a deep well plate (Costar) containing 0.8 mL of LB containing

chloramphenicol (12.5 µg/mL) and arabinose (100 µg/mL). This expression plate was incubated

at 37 ◦C for 18 hours with shaking at 225 rpm. Cells were harvested by centrifugation at 3220 x g

for 20 min. After supernatant was decanted, cell pellets were re-suspended in 200 µL of buffer (50

mM sodium phosphate, 10 mM NaCl, pH 6.0) and OD600 was recorded. This cell suspension was

added the same volume of lysis buffer (50 mM sodium phosphate, 10 mM NaCl, 2 % triton, 0.5

mg/mL lysozyme, cOmplete Protease Inhibitor- EDTA free (Roche), pH 6.0) and incubated for 1h

at 20 ◦C.

Activity assays were performed in 96-well plates (Costar) which contained 40 mM sodium

phosphate, 200 µM substrate and 20 µL of cell lysis. Substrates assayed for activity were: 6-

chloro-4-methylumbelliferyl cellobioside, 6-chloro-4-methylumbelliferyl xylobioside, and 6-chloro-

4-methylumbelliferyl β-D-xylopyranoside, methylumbelliferyl cellobioside, methylumbelliferyl β-D-

glucopyranoside, methylumbelliferyl xylobioside, methylumbelliferyl β-D-xylopyranoside, methy-

lumbelliferyl lactopyranoside, methylumbelliferyl β-D-galactopyranoside, methylumbelliferyl β-D-

mannopyranoside, methylumbelliferyl α-L-arabinofuranoside and methylumbelliferyl N -acetyl-β-D-

glucosaminide. Reactions were setup on a Beckman Coulter Biomek FX workstation and run in

triplicate at 20 ◦C. Samples (10 µL) were taken after 1, 2, 4, 6 hours and quenched with stop buffer

(1 M glycine, pH=10.4) and analyzed by fluorescence spectroscopy on a Beckman Coulter DTX-880

Multimode Detector (λex = 365, bandwidth 25 nm, λem = 465, bandwidth 35 nm).

6.4.12 Sub-Cloning of Genes

To further investigate the GH43 genes belonging to uncharacterized subfamilies present on the

beaver fecal fosmids I sub-cloned and expressed the protein products. One GH43 gene from each of

the uncharacterized subfamilies 2, 7 and 28 was chosen for cloning, expression and characterization.

The three genes (12 H03-12, 12 H03-13, 12 J03-18), were inserted into a pET28 vector by use of the
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Polymerase Incomplete Primer Extension method [154]. Purified fosmids were used as a template

for insert amplifications, while purified pET28 was used as the vector template. Each PCR reaction

contained 10 µL of Phusion reaction buffer, 1.5 µL of dNTPs (10 mM), 1 µL forward primer (10

µM), 1 µL reverse primer (10 µM) 2 µL of template DNA (5 ng/µL) 0.5 µL Phusion polymerase and

34 µL of water. The insert PCR was performed with the following parameters: Initial denaturation

at 95 ◦C for 2 minutes followed by 25 cycles of denaturation at 95 ◦C (30 s), annealing between 57

◦C and 70 ◦C (30 s) and extension at 72 ◦C (1 min). Vector PCR was performed as above, except

the annealing temperature was 55 ◦C and the extension time was 3.5 minutes. The primers used

are detailed in Table 6.4. PCR products were mixed and transformed into DH5α cells, plasmids

were sequence verified, then transformed into BL21(DE3) cells for expression.

6.4.13 Mutagenesis

The variant enzymes H03-13 E507A and H03-13 E209A were produced by means of modified

QuikChange mutagenesis [180]. PCR was first performed for 12 cycles with one of the sense

or anti-sense primers these two reactions were subsequently pooled and an additional 16 cycles of

PCR were performed. Each PCR reaction contained 10 µL of Phusion GC reaction buffer, 2.5

µL of dNTPs (10 mM), 2.5 µL sense or anti-sense primer (10 µM), 10 µL of template DNA (5

ng/µL) 1 µL Phusion polymerase and 24 µL of water. The PCR cycling parameters were: Initial

denaturation at 98 ◦C for 30 s followed cycles of denaturation at 98 ◦C (10 s), annealing between 60

◦C and 70 ◦C (30 s) and extension at 72 ◦C (3 min and 15 seconds). The primers used are detailed

in Table 6.5. PCR reactions were digested with the endonuclease DpnI (ThermoFisher) for 1 hour

at 37 ◦C. This digestion reaction was subsequently cleaned up with a GeneJet PCR purification

kit (ThermoFisher) and DNA was eluted into water. The cleaned up DNA (10 µL) was then used

to transform DH5α cells, plasmids were sequence verified, then transformed into BL21(DE3) cells

for expression.

6.4.14 Protein Expression and Purification

Proteins were purified with use of polyhistidine tags and Ni-NTA resin columns. Cultures of 50

mL LBE-5052 [285], containing 50 µg/L of kanamycin were inoculated with the expression host
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and cells were grown for 18 hours at 37 ◦C (12 H03-12 and 12 J03-18) or 30 ◦C (12 H03-13, H03-

13 E507A and H03-13 E209A) with shaking. Cultures were centrifuged (3,200 x g, 4 ◦C, 20 min),

the supernatant was removed and cell pellets were stored at -80 ◦C until purification. To purify

proteins 2.5 mL of lysis mix (1 x BugBuster [Novagen], 20 mM HEPES, 300 mM NaCl, 20 mM

Imidazole, pH 7.0) was used to resuspend thawed cell pellets. This suspension was incubated at

20 ◦C for 20 minutes, after which the lysate was clarified by centrifugation (3220 x g, 4 ◦C, 20

min) and loaded onto columns containing 1 mL of HisPur resin (ThermoScientific). Columns were

washed with 20 mL of Buffer A (20 mM HEPES, 300 mM NaCl, 20 mM Imidazole, pH 7.0) and

protein was eluted with 4 mL of Buffer B (20 mM HEPES, 300 mM NaCl, 500 mM Imidazole, pH

7.0). Proteins were buffer-exchanged into storage buffer (20 mM HEPES, 300 mM NaCl, pH 7.0)

with Amicon 30 kDa filter columns and stored at 4 ◦C. Protein concentrations were determined

based on absorbance at 280 nm.

6.4.15 Protein Characterization

Each purified enzyme was tested for activity on the following model substrates: p-nitrophenyl

β-D-xylopyranoside,, p-nitrophenyl β-D-xylopyranoside, p-nitrophenyl α-L-arabinofuranoside, 4-

methylumbelliferyl β-D-xylopyranoside, 6-chloro-4-methylumbelliferyl β-D-xylopyranoside and 4-

methylumbelliferyl α-L-arabinofuranoside. Purified enzyme was added (final concentrations of 200

nM) to a solution of 100 µM substrate, 50 mM HEPES, 50 mM NaCl, pH 7.0. These assays were

incubated at 37 ◦C for 18 hours after which absorbance (λ = 400 nm) and fluorescence (λex = 365

nm, λem = 450 nm) were detected with a BioTek synergy H1 plate reader.

Kinetic parameters were determined using 6-chloro-4-methylumbelliferyl β-D-xylopyranoside.

Assays were performed in 96 well plates (Corning 3370) containing the substrate (2.5 µM - 100

µM), buffer (50 mM HEPES, 50 mM NaCl, pH 7.0) and purified enzyme. Reactions were performed

at 30 ◦C and fluorescence (λex= 365 nm and λem= 450 nm, gain = 65) was monitored using

a Synergy H1 plate reader (BioTek). The quantity of fluorophore generated was determined by

means of a calibration curve of 6-chlorocoumarin within an identical buffer system. All reactions

were performed in triplicate. Rate measurements were used to calculate kinetic parameters with

the software program GraFit 7.0 software.
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Enzyme activity was also determined on the oligosaccharides, 32-α-L-arabinofuranosyl-xylobiose

(A3X), 23-α-L-arabinofuranosyl-xylotriose (A2XX) and a mixture of both 23-α-L-arabinofuranosyl-

xylotetraose and 33-α-L-arabinofuranosyl-xylotetraose (XA3XX/XA2XX). Purified enzymes (final

concentration of 0.5 µM per enzyme) were added to a solution of 4 mM substrate in HEPES

buffer (50 mM HEPES, 50 mM NaCl, pH 7.0). Assays were incubated at 25 ◦C for 18 hours,

then subsequently boiled for 10 min to inactivate the enzymes. Products were analyzed with the

use of a high performance anion-exchange chromatography equipped with a pulsed amperometric

detector (HPAEC-PAD). This system was quipped with a CARBOPACTM PA-200 analytical anion

exchange column (Dionex). The elution conditions were: 0-4 min 20 mM NaOH; 4-13 min, 20 mM

NaOH with a 0 - 84 mM sodium acetate gradient; 13-14 min, 20 mM NaOH with a 84-120 mM

sodium acetate gradient; 14-16 min with 20 mM NaOH and 120 mM sodium acetate. The standards

used to identify the chromatographic peaks were arabinose, xylose, xylobiose, and xylotetraose.
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Table 6.2: Beaver Pyrotag Counts.
Number of Sequences

Beaver Site High-quality Singletons Removed OTUs*

0 Feces 12,250 11,575 355

1

Stomach 3,874 3,659 431
Small Intestine 2,167 2,115 299
Cecum 2,784 2,593 370
Proximal Colon 5,584 5,222 478
Rectum 15,708 15,015 588

2

Stomach 4,904 3,594 288
Small Intestine 5,332 5,178 357
Cecum 251 241 105
Proximal Colon 17,078 16,367 512
Rectum 3,889 3,690 344

3

Stomach 3,595 3,580 53
Small Intestine 7,899 7,718 272
Cecum 1,352 1,264 178
Proximal Colon 3,180 3,163 165
Rectum 4,081 4,033 271

4

Stomach 3,574 3,564 36
Small Intestine 4,351 4,339 27
Cecum 4,879 4,818 281
Proximal Colon 4,408 4,300 280
Rectum 4,215 4,130 294

5

Stomach 5,425 4,482 120
Small Intestine 2,626 2,620 21
Cecum 5,272 5,050 392
Proximal Colon 4,558 4,290 372
Rectum 5,532 5,412 373

6

Stomach 5,055 3,927 104
Small Intestine 8,087 8,066 31
Cecum 2,077 2,028 276
Proximal Colon 4,341 4,156 370
Rectum 3,966 3,839 319

Total 162,294 154,028 1,044
*singletons and mitochondria/chloroplasts removed from OTUs
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Table 6.3: Beaver Intestinal Metagenomes
Beaver Site File Size (Mbp) Predicted ORFs

1

Stomach 101.8 1,203,77
Small Intestine 69.5 47,018
Cecum 385.4 689,640
Proximal Colon 295.0 545,684
Rectum 360.4 597,864

2

Stomach 47.1 23,566
Small Intestine 282.2 178,664
Cecum 390.4 592,572
Proximal Colon 240.8 377,942
Rectum 334.2 338,381

3

Stomach 393.1 179,079
Small Intestine 333.0 170,004
Cecum 243.8 325,306
Proximal Colon 278.4 335,192
Rectum 374.8 509,959

Total 4,129.9 4,910,871

Table 6.4: Sub-Cloning Primers
Primer Sequence
H03 12 ∆1-23 IPF CTTTAAGAAGGAGATATACCATGCAGGTGGGGCAACCCTGGAT
H03 12 ∆1-23 IPR GATCTCAATGGTGATGGTGATGGTGAGGTTCCCTCCTCATCCTCC
H03 12 ∆1-23 VPF AGGATGAGGAGGGAACCTCACCATCACCATCACCAT
H03 12 ∆1-23 VPR AATCCAGGGTTGCCCCACCTGCATGGTATATCTCCTTCTTAAAG
H03 13 ∆1-21 IPF CTTTAAGAAGGAGATATACCATGCAAAACCCGCTCATCCACTC
H03 13 ∆1-21 IPR GATCTCAATGGTGATGGTGATGGTGTTTTACATCCACAGTGATATTCC
H03 13 ∆1-21 VPF ATCACTGTGGATGTAAAACACCATCACCATCACCAT
H03 13 ∆1-21 VPR CGAGTGGATGAGCGGGTTTTGCATGGTATATCTCCTTCTTAAAG
12 J03 IPF CTTTAAGAAGGAGATATACCATGAAAACCTACTGCAACCCG
12 J03 IPR GATCTCAATGGTGATGGTGATGGTGGCCCTCCATCTTTACAATTTC
12 J03 VPF ATTGTAAAGATGGAGGGCCACCATCACCATCACCAT
12 J03 VPR GCGGGTTGCAGTAGGTTTTCATGGTATATCTCCTTCTTAAAG

Table 6.5: Mutagenesis Primers
Primer Sequence

H03 13 E507A F GATGTGCGCACCGCCGGAATGTCATAC
H03 13 E507A R GTATGACATTCCGGCGGTGCGCACATC
H03 13 E209A F CGAAGGCTTCAAGGCAGGGCCCTTCGCCTTC
H03 13 E209A R GAAGGCGAAGGGCCCTGCCTTGAAGCCTTCG
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6.5 Chapter 4 Experimental

6.5.1 Screening: Metagenomic Hit Library

Screening was performed using master-plates generated from the screening of numerous libraries

(including all of those detailed in Chapter 2 and the fecal library generated in Chapter 3).

Screening methods followed the procedures detailed in section 6.3.5, with no modifications ex-

cept for the substrate used. Instead of the substrates used to originally identify the clones

a panel of azido-, amino- and methoxy glycosides were used. The fluorogenic substrates used

were the amino-glycosides: 4-methylumbelliferyl 3-amino-3-deoxy-β-D-glucopyranoside (MU-3-

NH2-Glc ), 4-methylumbelliferyl 4-amino-4-deoxy-β-D-glucopyranoside (MU-4-NH2-Glc), and 4-

methylumbelliferyl 6-amino-6-deoxy-β-D-glucopyranoside (MU-6-NH2-Glc); the azido-glycosides:

4-methylumbelliferyl 3-azido-3-deoxy-β-D-glucopyranoside (MU-3-N3-Glc), 4-methylumbelliferyl

4-azido-4-deoxy-β-D-glucopyranoside (MU-4-N3-Glc), 4-methylumbelliferyl 6-azido-6-deoxy-β-D-

glucopyranoside (MU-6-N3-Glc), and 4-methylumbelliferyl 6-azido-6-deoxy-β-D-galactopyranoside

(MU-6-N3-Gal); and the methoxy-glycosides: 3-methoxy-β-D-galactopyranoside (MU-3-O-Me-Gal)

and 3-methoxy-β-D-glucopyranoside (MU-3-O-Me-Glc).

6.5.2 Sub-Cloning of Genes

The genes selected for further investigation were inserted into a pET28 vector with a C-terminal

His-tag by use of the Polymerase Incomplete Primer Extension method [154]. Signal sequences were

predicted using SignalP [218] and primers were designed to exclude these amino acids. Purified

fosmids were used as a template for insert amplifications, while purified pET28 was used as the

vector template. Each PCR reaction contained 10 µL of Phusion reaction buffer, 1.5 µL of dNTPs

(10 mM), 1 µL forward primer (10 µM), 1 µL reverse primer (10 µM) 2 µL of template DNA

(5 ng/µL) 0.5 µL Phusion polymerase and 34 µL of water. The insert PCR was performed with

the following parameters: Initial denaturation at 95 ◦C for 2 minutes followed by 25 cycles of

denaturation at 95 ◦C (30 s), annealing between 57 ◦C and 70 ◦C (30 s) and extension at 72 ◦C

(1 min). Vector PCR was performed as above, except the annealing temperature was 55 ◦C and

the extension time was 3.5 minutes. The primers used are detailed in Table 6.6. PCR products
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were mixed and transformed into DH5α cells, plasmids were sequence verified, then transformed

into BL21(DE3) cells for expression.

Table 6.6: Primers Used for Sub-Cloning Fosmid Derived Genes
Primer Sequence

C11 GH1 pET28 fwd GTACCATATGGTGGCTTTTTCGGATAAATTTTTGTG
C11 GH1 pET28 rev GTACCTCGAGTTACAGATTTTTTCCGTTCCTGCTG
Beaver 09 O03 GH42 IPF CTTTAAGAAGGAGATATACCATGTACGAAAAAGTATGGAAACAGG
Beaver 09 O03 GH42 IPR GATCTCAATGGTGATGGTGATGGTGTATCGCCGTCTTCACGATCG
Beaver 09 O03 GH42 VPF ATCGTGAAGACGGCGATACACCATCACCATCACCAT
Beaver 09 O03 GH42 VPR GTTTCCATACTTTTTCGTACATGGTATATCTCCTTCTTAAAG
FOS62 40 O22-25 IPF CTTTAAGAAGGAGATATACCATGAAACACAACATTGAAGAAATC
FOS62 40 O22-25 IPR GATCTCAATGGTGATGGTGATGGTGATTACTGAGTCCCAAAGA
FOS62 40 O22-25 VPF TCTTTGGGACTCAGTAATCACCATCACCATCACCAT
FOS62 40 O22-25 VPR TTCTTCAATGTTGTGTTTCATGGTATATCTCCTTCTTAAAG
NapDC 14 D08-33 IPF CTTTAAGAAGGAGATATACCATGTCCGATTCTGTGCTATCCA
NapDC 14 D08-33 IPR GATCTCAATGGTGATGGTGATGGTGAGCCTGGCTGTGCACCTG
NapDC 14 D08-33 VPF CAGGTGCACAGCCAGGCTCACCATCACCATCACCAT
NapDC 14 D08-33 VPR GGATAGCACAGAATCGGACATGGTATATCTCCTTCTTAAAG
TolDC 15 C08-23 IPF CTTTAAGAAGGAGATATACCATGCTTCATTACCTTTCCCGC
TolDC 15 C08-23 IPR GATCTCAATGGTGATGGTGATGGTGCATCTCCAAGCGCAGGCT
TolDC 15 C08-23 VPF AGCCTGCGCTTGGAGATGCACCATCACCATCACCAT
TolDC 15 C08-23 VPR GCGGGAAAGGTAATGAAGCATGGTATATCTCCTTCTTAAAG
C24 GH3-1 ∆40 IPF CTTTAAGAAGGAGATATACCATGAAGTTTGCACATGATTTTC
C24 GH3-1 ∆40 IPR GATCTCAATGGTGATGGTGATGGTGGAGATCTTCCCCACGATT
C24 GH3-1 ∆40 VPF AATCGTGGGGAAGATCTCCACCATCACCATCACCAT
C24 GH3-1 ∆40 VPR AAAATCATGTGCAAACTTCATGGTATATCTCCTTCTTAAAG
C24 GH3-2 ∆34 IPF CTTTAAGAAGGAGATATACCATGGAACACGATGAAAAGC
C24 GH3-2 ∆34 IPR GATCTCAATGGTGATGGTGATGGTGTTTCCCGTTGATTAGAAT
C24 GH3-2 ∆34 VPF ATTCTAATCAACGGGAAACACCATCACCATCACCAT
C24 GH3-2 ∆34 VPR CTGCTTTTCATCGTGTTCCATGGTATATCTCCTTCTTAAAG
C24 GH3-3 ∆31 IPF CTTTAAGAAGGAGATATACCATGAGCGCGGCTTCTTTTG
C24 GH3-3 ∆31 IPR GATCTCAATGGTGATGGTGATGGTGGGTGAATTCCAGGTAATCGAG
C24 GH3-3 ∆31 VPF GATTACCTGGAATTCACCCACCATCACCATCACCAT
C24 GH3-3 ∆31 VPR TGCAAAAGAAGCCGCGCTCATGGTATATCTCCTTCTTAAAG
C24 GH3-4 ∆29 IPF CTTTAAGAAGGAGATATACCATGAAACACAACATTGAAGAAATC
C24 GH3-4 ∆29 IPR GATCTCAATGGTGATGGTGATGGTGATTACTGAGTCCCAAAGA
C24 GH3-4 ∆29 VPF TCTTTGGGACTCAGTAATCACCATCACCATCACCAT
C24 GH3-4 ∆29 VPR TTCTTCAATGTTGTGTTTCATGGTATATCTCCTTCTTAAAG

6.5.3 Protein Expression and Purification: Metagenome Hit Library

Proteins were purified with use of polyhistidine tags and Ni-NTA resin columns. Cultures of 50 mL

LBE-5052 [285], containing 50 µg/L of kanamycin were inoculated with the expression host and

cells were grown for either 18 hours at 37 ◦C (O03 GH42 His6, C11 GH1 His6, D08 GH3 His6) or

at 30 ◦C for 6 hours followed by 48 hours at 18 ◦C (O22 GH3 His6, C08 GH3 His6, C24 GH3-1 ∆1-

40 His6, C24 GH3-3 ∆1-31 His6, C24 GH3-4 ∆1-29 His6) with shaking. Cultures were centrifuged

(3,200 x g, 4 ◦C, 20 min), the supernatant was removed and cell pellets were stored at -80 ◦C until
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purification. To purify proteins 2.5 mL of lysis mix (1 x BugBuster [Novagen], 20 mM HEPES, 300

mM NaCl, 50 mM Imidazole, pH 7.0) was used to resuspend thawed cell pellets. This suspension

was incubated at 20 ◦C for 20 minutes, after which the lysate was clarified by centrifugation (3220

x g, 4 ◦C, 20 min) and loaded onto columns containing 1 mL of HisPur resin (ThermoScientific).

Columns were washed with 20 mL of Buffer A (20 mM HEPES, 300 mM NaCl, 50 mM Imidazole,

pH 7.0) and protein was eluted with 4 mL of Buffer B (20 mM HEPES, 300 mM NaCl, 500 mM

Imidazole, pH 7.0). Proteins were buffer-exchanged into storage buffer (20 mM HEPES, 300 mM

NaCl, pH 7.0) with Amicon 30 kDa filter columns and stored at 4 ◦C. Protein concentrations were

determined based on absorbance at 280 nm. The extinction coefficients used were: C11 GH1 ε

= 128,480 M−1cm−1, C08 GH3 ε = 134,105 M−1cm−1, C24 GH3-1 ∆1-40 ε = 113,680 M−1cm−1,

C24 GH3-2 ∆1-34 ε = 84,925 M−1cm−1, C24 GH3-4 ∆1-29 ε = 89,395 M−1cm−1, D08 GH3 ε =

82,655 M−1cm−1, O03 GH42 ε = 170,225 M−1cm−1, O22 GH3 ε = 79,355 M−1cm−1. All variant

enzymes were expressed and purified as for the wild-type enzymes.

Both E. coli ATP-Dependent Glucokinase (EcGlk)[203] and Klebsiella pneumoniae β-glucoside

kinase (BglK) [296] were expressed on a 50 mL scale, as above, and purified using the same his-

tag/Ni-NTA procedure as above.

6.5.4 Wild-Type Enzyme Kinetics: Metagenomic Hit Library

Kinetic parameters for wild-type enzymes were determined using the fluorogenic screening sub-

strates. Assays were performed in 96-well plates (Corning 3370) containing the fluorogenic glyco-

side (0.5 µM - 1 mM), buffer (20 mM HEPES, 300 mM NaCl, pH 7.0) and purified enzyme. Assays

for I01-GH1 were performed both with and without the presence of EcGlk [203], ATP (10 mM)

and MgSO4 (10 mM). Reactions were performed at 37 ◦C and fluorescence (λex=365 nm and λem=

450 nm) was monitored using a Synergy H1 plate reader (BioTek). The quantity of fluorophore

generated was determined by means of a calibration curve of 4-methylumbelliferyl within an iden-

tical buffer system. All reactions were performed in triplicate. Rate measurements were used to

calculate kinetic parameters with the software program GraFit 7.0 software.
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6.5.5 Production of Mutants: Metagenomic Hits

All mutants were generated using a modified QuikChange mutagenesis protocol [180]. For each vari-

ant generated, PCR was first performed for 12 cycles with one of the sense or anti-sense primers.

These two reactions were subsequently pooled and an additional 16 cycles of PCR were performed.

Each PCR reaction contained 10 µL of Phusion GC reaction buffer, 2.5 µL of dNTPs (10 mM),

2.5 µL sense or anti-sense primer (10 µM), 10 µL of template DNA (5 ng/µL) 1 µL Phusion poly-

merase and 24 µL of water. The PCR cycling parameters were: Initial denaturation at 98 ◦C for 30 s

followed by cycles of denaturation at 98 ◦C (10 s), annealing between 60 ◦C and 70 ◦C (30 s) and ex-

tension at 72 ◦C (3 min and 15 seconds). Wild-type plasmids were used as the template to generate

all nucleophile variants. The double mutants (O22 GH3 D321S W232F, D08 GH3 D229S W230F,

C24 GH3-1 D271S W272F and C08 GH3 D235S W236F) were generated using the serine nucle-

ophile mutant as PCR template. The primers used for PCR are detailed in Table 6.7. After PCR,

reactions were digested with the endonuclease DpnI (ThermoFisher) for 1 hour at 37 ◦C. This

digestion reaction was subsequently purified with a GeneJet PCR purification kit (ThermoFisher)

and DNA was eluted into water. The purified DNA (10 µL) was then used to transform DH5α

cells, plasmids were sequence verified, then transformed into BL21(DE3) cells for expression.

6.5.6 Acceptor Specificity: Metagenomic Hits

Acceptor specificity screening generally followed the procedures detailed by Blanchard et. al. [29]

First, between 0.5 and 3 nanomoles of purified wild-type enzyme was incubated with 1 mM of

2,4-dinitrophenyl 2-deoxy-2-fluoro-β-D-glucopyranoside (DNP 2F-Glc). In the case of O03-GH42

the inactivator 2,4-dinitrophenyl 2-deoxy-2-fluoro-β-D-galactopyranoside was used as this enzyme

is not inactivated with the glucoside. These reactions were incubated at 20 ◦C until the wild-type

enzyme displayed less than 95 % activity (typically 30 min). The inactivated enzyme was then

washed three times with storage buffer to remove excess inactivator using a Viva spin 500 (10k)

centrifugal filter unit (Vivaproducts). An aliquot of the inactivated enzyme was then transferred to

a 96 well plate containing an array of potential reactivators at concentrations of 20 mM or 40 % of

a saturated solution. This reactivation plate was then incubated for 1 hour at 25 ◦C. Reactivation
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rates were then assessed by adding para-nitrophenyl glucoside (pNP-G) to a final concentration

of 1 mM to each reaction and monitoring absorbance at 400 nm using a Synergy H1 plate reader

(BioTek). For the O03-GH42 enzyme MU-3-O-Me-Gal was used instead of pNP-Glc to determine

reactivation rates and the resulting fluorescence (λex = 365, λem = 450 nm) was detected using a

Synergy H1 plate reader (BioTek). Acceptor specificity assay was not performed for I01-GH1 as

this enzyme wasn’t inhibited by DNP 2F-Glc.

The acceptors used were: 1-Adamantanemethanol, α,α-D-trehalose, α-lactose, α-L-rhamnose,

β-gentiobiose, 1,3-propanediol, 1,5-anhydro-D-glucitol, 1-butanol, 1-ethynylcyclohexanol, 1-

hexanol, 1-naphthol, 1-octanol, 1-pentanol, 1-propanol, 1-pyrenemethanol, 2-mercaptoethanol,

2-methoxyethanol 2-naphthol, 2-propanol, 3-mercapto-1-propanol 4-(hexyloxy)phenol, 4-

methylumbelliferyl cellobioside, 4-methylumbelliferyl β-D-galactopyranoside, 4-methylumbelliferyl

β-D-glucopyranoside, 4-methylumbilliferyl β-D-xylopyranoside, 4-vinylphenol, 5-hexyne-1-

ol, asparagine, caffeic acid, cyclohexanol, D/L-threitol, D-allose, D-arabitol, D-cellobiose,

D-fructose, D-galactose, D-lyxose, D-mannitol, D-mannose, D-ribose, D-tagatose, D-xylose,

ethanediol, ethanol, galactal, galactitol, gallic acid, glucal, glucose, inositol, L-arabinose,

L-arabitol, L-arginine, L-cysteine, L-erythritol, L-fucose, L-serine, L-sorbose, L-threonine, L-

tyrosine, maltose, maltotriose, methanol, o-Phenylphenol, p-nitrophenyl α-D-galactopyranoside

p-nitrophenyl α-D-mannopyranoside, p-nitrophenyl α-D-xylopyranoside, p-nitrophenyl α-L-

arabinopyranoside, p-nitrophenyl β-D-cellobioside, p-nitrophenyl β-D-fucopyranoside, p-

nitrophenyl β-D-galactopyranoside, p-nitrophenyl β-D-glucopyranoside, p-nitrophenyl β-

D-glucuronide, p-nitrophenyl β-D-lactopyranoside, p-nitrophenyl β-D-mannopyranoside, p-

nitrophenyl β-D-xylopyranoside, phenethyl alcohol, phenol, phenyl β-D-galactopyranoside, phenyl

β-D-glucopyranoside, phloroglucinol, p-methoxyphenol, p-phenylphenol, raffinose, resorcinol,

sorbitol, and sucrose.

6.5.7 Glycosynthase Reactions: Metagenomic Hits

Glycosynthase activity for each of the generated nucleophile variants was first assessed with the

unmodified α-glycosyl fluoride as a donor. In the case of the nucleophile variants derived from

C08-GH3, C24-GH3-1, D08-GH3 and O22-GH3 the donor used was α-D-glucopyranosyl fluoride
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(αF-Glc), while the donor used for C11-GH1 and O03-GH42 was α-D-galactopyranosyl fluoride

(αF-gal). The donor sugar used for I0S-GH1, 6-phospho-α-D-glucopyranosyl fluoride (6-PO4-αF-

Glc) was generated in situ by Escherichia coli ATP-Dependent Glucokinase (EcGlk) [203] in the

presence of ATP (10 mM) and MgSO4 (10 mM). The acceptors used in the assay were chosen as

the top three hits from the acceptor specificity assay. Reactions were performed on a 100 µL scale

with 10 mM donor sugar and 10 mM acceptor in reaction buffer (100 mM HEPES, 100 mM NaCl,

pH 7.0). Reactions were incubated at 37 ◦C for 18 hours, after which point they were monitored

by thin-layer chromatography (TLC). TLC was performed on aluminum-backed sheets of Silica

Gel 60F254 (E. Merck) of thickness 0.2 mm. The plates were visualised using UV light (254nm)

and/or by exposure to 10% ammonium molybdate (2M in H2SO4) followed by charring. Reactions

displaying product spots were sent for mass spectrometry analysis and selected for multi-milligram

scale reactions. Enzymes which displayed activity were then assayed with the appropriate amino-,

azido- or methoxy-α-fluorosugar as a donor.

6.5.8 Multi-milligram Scale Reactions: Metagenomic Hits

Large-scale reactions contained 1.5 µM of the applicable glycosynthase, 2 mM donor sugar (α-D-

glucopyranosyl fluoride (αF-Glc), 6-azido-6-deoxy-α-D-galactoyranosyl fluoride (αF-6-N3-Gal) or

6-azido-6-deoxy-α-D-glucopyranosyl fluoride (αF-6-N3-Glc), 10 mM acceptor molecule (pNP β-D-

glucopyranoside (pNP-Glc), or pNP α-D-xylopyranoside (pNP-α-xyl) and buffer (100 mM Hepes,

100 mM NaCl, pH 7.0). These reactions were set up on a 25 mL scale and incubated at 25 ◦C

for 18 hours with gentle agitation. Reactions were terminated by boiling for 10 minutes. This

was followed by centrifugation to remove precipitated protein and storage at -80 ◦C. Reactions

were then lyophilized. Solid products were suspended in 500 µL of 5 % acetonitrile in water,

passed through a Millipore Ultrafree MC centrifugal column (PVDF, 0.22 µM), then loaded on

a C-18 column (ZORBAX Eclipse XDB-C18, 9.4 mm x 250 mm, Agilent). A gradient of 5-10%

acetonitrile in water was used to elute the product. Absorbance at 300 nm was monitored and

fractions corresponding to major products were pooled. Products were lyophilized then prepared

appropriately for mass spectrometry and NMR

164



6.5. Chapter 4 Experimental

6.5.9 Screening: GH1 library

Two 96 deep well plates containing 800 µL of LBE-5052 [285] (50 µg/L of carbenicilin) were inoc-

ulated with (5 µL per well) the library of GH1 enzymes described in Heins et al [117]. Plates were

incubated at 37 ◦C for 18 hours with shaking at 225 rpm. Cells were harvested by centrifugation

at 3220 x g for 30 minutes. The supernatant was then removed and 300 µL of lysis buffer (0.3

mg/mL lysozyme, 1 % triton X-100, cOmplete protease inhibitor [1 tablet/50 mL] and benzonase),

was added to each well. The plates were incubated, with shaking for 2 hours at 25 ◦C. Lysate from

each well (20 µL) was added to 96 well plates containing 280 µL of reaction buffer (20 mM sodium

acetate, pH 6.0 and 107 µL of a fluorogenic substrate). The fluorogenic substrates used were:

MU-3-NH2-Glc, MU-4-NH2-Glc, MU-6-NH2-Glc, 3-N3-MU-Glc, MU-4-N3-Glc, MU-6-N3-Glc, and

MU-Glc. After 18 hours reactions were terminated by diluting 20 µL with 100 µL of stop buffer

(1 M Glycine, pH 10.0). Fluorescence (λex=360 nm and λem= 465 nm) was then measured with a

Synergy H1 plate reader (BioTek).

6.5.10 Protein Purification: GH1 Library

Both variant and wild-type enzymes were purified with polyhistidine tags and Ni-NTA resin

columns. Cultures of 50 mL LBE-5052[285] containing 50 µg/L of carbenicilin were inoculated

with 5 µL of the expression host. Reactions were incubated with shaking (250 rpm) at 37 ◦C for 18

hours. Cultures were centrifuged (3220 x g, 4 ◦C, 20 min), the supernatant was removed and cell

pellets were stored at -80 ◦C until purification. To purify proteins 2.5 mL of lysis mix (1 x Bug-

Buster [Novagen], 20 mM HEPES, 300 mM NaCl, 20 mM Imidazole, pH 7.0) was used to resuspend

thawed cell pellets. This suspension was incubated at 20 ◦C for 20 minutes, after which the lysate

was clarified by centrifugation (3220 x g, 4 ◦C, 20 min) and loaded onto columns containing 1 mL

of HisPur resin (ThermoScientific). Columns were washed with 20 mL of Buffer A (20 mM HEPES,

300 mM NaCl, 20 mM Imidazole, pH 7.0) and protein was eluted with 4 mL of Buffer B (20 mM

HEPES, 300 mM NaCl, 500 mM Imidazole, pH 7.0). Proteins were buffer-exchanged into storage

buffer (20 mM HEPES, 300 mM NaCl, pH 7.0) with Amicon 30 kDa filter columns and stored at 4

◦C. Protein concentrations were determined based on absorbance at 280 nm. Extinction coefficients
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are as follows : Ali GH1: ε = 121,365 M−1cm−1, Dei GH1: ε = 110,365 M−1cm−1, Exi GH1: ε =

113,135 M−1cm−1, Lac GH1: ε = 113,470 M−1cm−1, Myx GH1: ε = 108,540 M−1cm−1, Pha GH1:

ε = 125,375 M−1cm−1, Sac GH1: ε = 123,675 M−1cm−1, The GH1: ε = 108,540 M−1cm−1.

6.5.11 Acceptor Specificity Screening: GH1 Library

Acceptor specificity screening generally followed the procedures detailed by Blanchard et. al. [29]

First, between 0.5 and 3 nanomoles of purified wild-type enzyme was incubated with 1 mM of

dintrophenyl 2-deoxy-2-fluoro-β-D-glucopyranoside (DNP 2F-Glc). This reaction was incubated at

20 ◦C until the wildtype enzyme displayed greater than 95 % inhibition. The inactivated enzyme

was then washed with storage buffer to remove excess inactivator using a Viva spin 500 (10 k)

centrifugal filter unit (Vivaproducts). An aliquot of the inactivated enzyme was then transferred to

a 96 well plate containing an array of potential reactivators at concentrations of 20 mM or 40 % of

a saturated solution. This reactivation plate was then incubated for 1 hour at 25 ◦C. Reactivation

rates were then assessed by adding para-nitrophenyl glucoside (pNP-G) to a final concentration

of 1 mM to each reaction and monitoring absorbance at 400 nm using a Synergy H1 plate reader

(BioTek)

The acceptors used were: 1-propanol, 2-Naphthol, 2-propanol, 4-hydroxycoumarin, 4-

methylumbelliferyl β-D-xyloside, 4-methylumbelliferyl a-D-glucopyranoside, 4-methylumbelliferyl

α-L-arabinopyranoside, 4-methylumbelliferyl β-D-cellobiopyranoside, 4-methylumbelliferyl

β-D-galactopyranoside, 4-methylumbelliferyl β-D-glucopyranoside, 4-methylumbelliferyl β-

D-glucuronide dihydrate, 4-methylumbelliferyl lactoside, 4-methylumbelliferyl N -acetyl-

glucosaminide, 8-hydroxy-quinoline, α-L-fucose, α-L-rhamnose, β-gentiobiose, caffeic acid,

citric acid, cyclohexanol, D-araboascorbic acid, D-galactose, D-glucosamine, D-maltose,

D-trehalose, D-xylose, D-arabitol, cellobiose, D-galactosamine, D-fructose, D-fructose 1,6-

diphosphate, D-galactal, D-galacturonic acid, D-glucoheptose, D-gluconic acid, D-gluconic acid

lactone, D-glucose, D-glucose 6-phosphate, D-glucuronic acid, D-gulonic-γ-lactone, D-lyxose,

D-mannitol, D-mannose, D-mannose-6 phosphate, D-tagatose, dithiothreitol, gallic acid, geran-

iol, glycine, inositol, L-fucose, L-arabinose, L-ascorbic acid, lactose, L-cysteine, levulinic acid,

L-xylose, maltotriose, methyl α-D-mannopyranoside, methyl α-L-rhamnoside, methyl β-D-
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galactopyranoside, methyl β-D-xylopyranoside, N -acetyl-D-glucosamine, N -acetyl-mannosamine,

N -acetylneuraminic acid, octyl-β-D-glucopyranoside, palatinose, phenethyl alcohol, phenyl

β-D-galactoside, phenyl β-D-glucopyranoside, p-nitrophenyl β-D-glucuronide, p-nitrophenyl α-D-

mannopyranoside, p-nitrophenyl β-D-fucopyranoside, p-nitrophenyl N -acetyl-β-D-glucosaminide,

p-nitrophenyl α-L-arabinopyranoside, p-nitrophenyl β-D-glucopyranoside, p-nitrophenyl β-D-

xylopyranoside, p-nitrophenyl β-cellobioside, p-nitrophenyl β-D-galactopyranoside, p-nitrophenyl

α-D-galactopyranoside, p-nitrophenyl α-D-glucopyranoside, quercetin, raffinose hydrate, sialic acid,

and sodium azide.

6.5.12 Wild-Type Enzyme Kinetics: GH1 Library

Kinetic parameters for wild-type enzymes were determined using fluorogenic or chromogenic sub-

strates. Assays with fluorogenic substrates were performed in 96 well plates (Corning 3370) contain-

ing the 4-methylumbelliferyl glycoside (0.5 µM - 1 mM), buffer (20 mM HEPES, 300 mM NaCl, pH

7.0) and purified enzyme. Reactions were performed at 30 ◦C and fluorescence (λex=360 nm and

λem= 465 nm, gain = 75) was monitored using a Synergy H1 plate reader (BioTek). The quantity

of fluorophore generated was determined by means of a calibration curve of 4-methylumbelliferyl

alcohol within an identical buffer system. Rate measurements for chromogenic reagents (para-

nitrophenyl 6-deoxy-6-phospho-β-D-glucopyranoside, para-nitrophenyl β-D-glucopyranoside) were

performed using a Cary3000 spectrophotometer (Agilent). Reaction buffer was the same as for the

fluorogenic substrates and temperature was also maintained at 30 ◦C. Reactions were monitored

at 400 nm (ε = 9.42 mM−1 cm−1). All reactions were performed in triplicate. Rate measurements

for both chromogenic and fluorogenic substrates were used to calculate kinetic parameters with the

software program GraFit 7.0 software.

6.5.13 Production of Mutants: GH1 Library

Nucleophile mutants were generated using the same protocol used for the generation of mutants from

metagenome-sourced hydrolases. Table 6.8 details the primers used for QuikChange mutagenesis.
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6.5.14 Glycosynthase Reactions: GH1 Library

The inhibitor 2,4-dinitrophenyl 2-deoxy-2-fluoro-glucopyranoside were synthesized as previously

described [175, 320]. All modified and unmodified α-glycosyl fluorides were synthesized by Dr.

Hong-Ming Chen.

To determine the best nucleophile variant for each enzyme, glycosynthase reactions were per-

formed in triplicate, and analysed by HPLC. Glycosynthase reactions (50 µL scale) contained 20

µM enzyme, 5 mM α-glucosyl fluoride, 5 mM pNP-glucopyranoside or 5 mM pNP cellobioside in

reaction buffer (100 mM HEPES, 100 mM NaCl, pH 7.0). Reactions were incubated at 25 ◦C for

18 hours, after which point they were diluted with 500 µL of ethanol and centrifuged to remove

precipitated protein. An aliquot (1 µL) of the reaction was loaded on a C-18 column (Poroshell 120

EC-C18, 4.6 mm x 50 mm, Agilent). A gradient of 0-10% acetonitrile in water was used to elute

the product and the absorbance at 300 nm was monitored and peak area was quantified. Activity

with amino and azido donor sugars was performed on a 25 µL scale with 20 µM enzyme, 50 mM

donor sugar, 10 mM pNP-glucopyranoside or 10 mM pNP cellobioside in reaction buffer (100 mM

HEPES, 100 mM NaCl, pH 7.0). Reactions were incubated at 25 ◦C for 18 hours, after which point

they were monitored by thin-layer chromatography (TLC). TLC was performed on aluminium-

backed sheets of Silica Gel 60F254 (E. Merck) of thickness 0.2mm. The plates were visualised using

UV light (254nm) and/or by exposure to 10% ammonium molybdate (2M in H2SO4) followed by

charring. Reactions displaying product spots were sent for mass spectrometry analysis and selected

for multi-milligram scale reactions. Reactions with alternate acceptors were performed as above.

6.5.15 Multi-milligram Scale Reactions: GH1 Library

Large-scale reactions contained 20 µM of the applicable glycosynthase, 10 mM donor sugar (α-D-

glucopyranosyl fluoride (αF-Glc), 3-amino-3-deoxy-α-D-glucopyranosyl fluoride (αF-3-NH2-Glc), 4-

amino-4-deoxy-α-D-glucopyranosyl fluoride (αF-4-NH2-Glc), 6-amino-6-deoxy-α-D-glucopyranosyl

fluoride (αF-6-NH2-Glc), 3-azido-3-deoxy-α-D-glucopyranosyl fluoride (αF-3-N3-Glc), 4-azido-4-

deoxy-α-D-glucopyranosyl fluoride (αF-4-N3-Glc) or 6-azido-6-deoxy-α-D-glucopyranosyl fluoride

(αF-6-N3-Glc), 10 mM acceptor molecule (pNP glucopyranoside (pNP-Glc), pNP cellobioside (pNP-
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C), pNP xylopyranoside (pNP-xyl), n-octyl glucoside or DNP 2-deoxy-2-fluoro-glucopyranoside

(DNP 2F-Glc) and buffer (100 mM Hepes, 100 mM NaCl, pH 7.0). These reactions were set up

on a 3.2 mL scale and incubated at 25 ◦C for 18 hours with gentle agitation. Reactions were

terminated by boiling for 5 minutes. This was followed by centrifugation to remove precipitated

protein and storage at -80 ◦C. Reactions were then lyophilized. Solid products were suspended in

500 µL of 5 % acetonitrile in water, passed through a Millipore Ultrafree MC centrifugal column

(PVDF -.22 µM), then loaded on a C-18 column (ZORBAX Eclipse XDB-C18, 9.4 mm x 250 mm,

Agilent). A gradient of 5-10% acetonitrile in water was used to elute the product. Absorbance at

300 nm was monitored and fractions corresponding to major products were pooled. Products were

lyophilized then prepared appropriately for mass spectrometry and NMR

6.5.16 Mass Spectrometry and NMR Spectroscopy of Products

Proton and carbon NMR spectra were recorded on Bruker Advance 400inv, 400dir and a 300 Fourier

Transform spectrometer fitted with a 5mm BBI-Z probe. All spectra were recorded using an internal

deuterium lock and are referenced internally using the residual solvent peak. Carbon and proton

chemical shifts are quoted in parts per million (ppm) downfield of tetramethylsilane. Coupling

constants (J) are given in Hertz (Hz). Carbon NMR spectra were acquired with broadband proton

decoupling and were recorded with DEPT. Mass spectra were measured on a Waters/Micromass

LCT using electrospray ionisation (ESI) using methanol as solvent.
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Table 6.7: Primers Used for Mutagenesis of Metagenome Sourced Hydrolases
Primer Sequence

B09O03 GH42 E309A F GTTTCTGCTCATGGCGCAGACGCCGAGC
B09O03 GH42 E309A R GCTCGGCGTCTGCGCCATGAGCAGAAAC
B09O03 GH42 E309S F CGTTTCTGCTCATGAGCCAGACGCCGAGCGTG
B09O03 GH42 E309S R CACGCTCGGCGTCTGGCTCATGAGCAGAAACG
B09O03 GH42 E309G F GTTTCTGCTCATGGGCCAGACGCCGAGCG
B09O03 GH42 E309G R CGCTCGGCGTCTGGCCCATGAGCAGAAAC
FOS6240O22 GH3 D231A F GTTACGTGATGACGGCGTGGGGCGCAATGAAC
FOS6240O22 GH3 D231A R GTTCATTGCGCCCCACGCCGTCATCACGTAAC
FOS6240O22 GH3 D231S F GTTACGTGATGACGAGCTGGGGCGCAATG
FOS6240O22 GH3 D231S R CATTGCGCCCCAGCTCGTCATCACGTAAC
FOS6240O22 GH3 D231G F GTTACGTGATGACGGGCTGGGGCGCAATGAAC
FOS6240O22 GH3 D231G R GTTCATTGCGCCCCAGCCCGTCATCACGTAAC
FOS6241C11 GH1 E354A F CCTGCCGCTTATTATTACCGCAAACGGGATGGCGGACAACGAC
FOS6241C11 GH1 E354A R GTCGTTGTCCGCCATCCCGTTTGCGGTAATAATAAGCGGCAGG
FOS6241C11 GH1 E354S F CCTGCCGCTTATTATTACCTCAAACGGGATGGCGGACAACGAC
FOS6241C11 GH1 E354S R GTCGTTGTCCGCCATCCCGTTTGAGGTAATAATAAGCGGCAGG
FOS6241C11 GH1 E354G F CCTGCCGCTTATTATTACCGGAAACGGGATGGCGGACAACGAC
FOS6241C11 GH1 E354G R GTCGTTGTCCGCCATCCCGTTTCCGGTAATAATAAGCGGCAGG
NapDC14D08 GH3 D229A F GTTTTGTGGTTTCTGCGTGGGGAGCTGTGCATG
NapDC14D08 GH3 D229A R CATGCACAGCTCCCCACGCAGAAACCACAAAAC
NapDC14D08 GH3 D229S F GAAGGTTTTGTGGTTTCTAGCTGGGGAGCTGTGCATGAC
NapDC14D08 GH3 D229S R GTCATGCACAGCTCCCCAGCTAGAAACCACAAAACCTTC
NapDC14D08 GH3 D229G F GTTTTGTGGTTTCTGGCTGGGGAGCTGTGCATG
NapDC14D08 GH3 D229G R CATGCACAGCTCCCCAGCCAGAAACCACAAAAC
TolDC15C08 GH3 D235A F CGGTCGTCTCCGCGTGGTTTGCGAC
TolDC15C08 GH3 D235A R GTCGCAAACCACGCGGAGACGACCG
TolDC15C08 GH3 D235S F CGCGGTCGTCTCCAGCTGGTTTGCGAC
TolDC15C08 GH3 D235S R GTCGCAAACCAGCTGGAGACGACCGCG
TolDC15C08 GH3 D235G F CGGTCGTCTCCGGCTGGTTTGCGAC
TolDC15C08 GH3 D235G R GTCGCAAACCAGCCGGAGACGACCG
CA23302C24 GH3 1 D271A F CGTCATGATGTCCGCGTGGTTTGCGACTTAC
CA23302C24 GH3 1 D271S F GGCGTCATGATGTCCAGCTGGTTTGCGACTTAC
CA23302C24 GH3 1 D271G F GTCATGATGTCCGGCTGGTTTGCGAC
CA23302C24 GH3 1 D271A R GTAAGTCGCAAACCACGCGGACATCATGACG
CA23302C24 GH3 1 D271S R GTAAGTCGCAAACCAGCTGGACATCATGACGCC
CA23302C24 GH3 1 D271G R GTCGCAAACCAGCCGGACATCATGAC
CG23A23I01 GH1 E374A F CAAGATTTATATTACCGAGCGTGGTCTTGGTGATGAAGATC
CG23A23I01 GH1 E374A R GATCTTCATCACCAAGACCACGCTCGGTAATATAAATCTTG
CG23A23I01 GH1 E374S F GTCAAGATTTATATTACCGAAGCTGGTCTTGGTGATGAAGATCC
CG23A23I01 GH1 E374S R GGATCTTCATCACCAAGACCAGCTTCGGTAATATAAATCTTGAC
CG23A23I01 GH1 E374G F CAAGATTTATATTACCGAGGCTGGTCTTGGTGATGAAGATC
CG23A23I01 GH1 E374G R GATCTTCATCACCAAGACCAGCCTCGGTAATATAAATCTTG
O22 GH3 D231S W232F F CGTGATGACGAGCTTTGGCGCAATGAACAAC
O22 GH3 D231S W232F R GTTGTTCATTGCGCCAAAGCTCGTCATCACG
D08 GH3 D229S W230F F GTTTTGTGGTTTCTAGCTTTGGAGCTGTGCATGACAG
D08 GH3 D229S W230F R CTGTCATGCACAGCTCCAAAGCTAGAAACCACAAAAC
C24 GH3 1 D271S W272F F GCGTCATGATGTCCAGCTTCTTTGCGACTTACGACGGTG
C24 GH3 1 D271S W272F R CACCGTCGTAAGTCGCAAAGAAGCTGGACATCATGACGC
C08 GH3 D235S W236F F GCGGTCGTCTCCAGCTTCTTTGCGACCCATTCCAC
C08 GH3 D235S W236F R GTGGAATGGGTCGCAAAGAAGCTGGAGACGACCGC
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Table 6.8: Primers Used in QuikChange Mutagenesis of Selected GH1 Enzymes
Primer Name Sequence
AliGH1 E354A F CATTCCGATCTACATTACTGCAAATGGCGCAGCCTTTGATG
AliGH1 E354A R CATCAAAGGCTGCGCCATTTGCAGTAATGTAGATCGGAATG
AliGH1 E354G F CATTCCGATCTACATTACTGGAAATGGCGCAGCCTTTGATG
AliGH1 E354G R CATCAAAGGCTGCGCCATTTCCAGTAATGTAGATCGGAATG
AliGH1 E354S F CATTCCGATCTACATTACTTCAAATGGCGCAGCCTTTGATG
AliGH1 E354S R CATCAAAGGCTGCGCCATTTGAAGTAATGTAGATCGGAATG
DeiGH1 E346A F CACCGATGTACATTACCGCAAATGGTGCAGCCTATC
DeiGH1 E346A R GATAGGCTGCACCATTTGCGGTAATGTACATCGGTG
DeiGH1 E346G F CACCGATGTACATTACCGGAAATGGTGCAGCCTATC
DeiGH1 E346G R GATAGGCTGCACCATTTCCGGTAATGTACATCGGTG
DeiGH1 E346S F CACCGATGTACATTACCTCAAATGGTGCAGCCTATC
DeiGH1 E346S R GATAGGCTGCACCATTTGAGGTAATGTACATCGGTG
MyxGH1 E357A F CCCTTTGTACATTACAGCAAATGGTTGCGCCTATG
MyxGH1 E357A R CATAGGCGCAACCATTTGCTGTAATGTACAAAGGG
MyxGH1 E357G F CCCTTTGTACATTACAGGAAATGGTTGCGCCTATG
MyxGH1 E357G R CATAGGCGCAACCATTTCCTGTAATGTACAAAGGG
MyxGH1 E357S F GCCCTTTGTACATTACATCAAATGGTTGCGCCTATGC
MyxGH1 E357S R GCATAGGCGCAACCATTTGATGTAATGTACAAAGGGC
PhaGH1 E365A F CAGTTTATGTGACAGCAAATGGCTTCCCTG
PhaGH1 E365A R CAGGGAAGCCATTTGCTGTCACATAAACTG
PhaGH1 E365G F CAGTTTATGTGACAGGAAATGGCTTCCCTG
PhaGH1 E365G R CAGGGAAGCCATTTCCTGTCACATAAACTG
PhaGH1 E365S F GATAAGCCAGTTTATGTGACATCAAATGGCTTCCCTGTTAAAGG
PhaGH1 E365S R CCTTTAACAGGGAAGCCATTTGATGTCACATAAACTGGCTTATC
SacGH1 E368A F CTGATATCTATATCACTGCAAACGGTTGCGCCCTGC
SacGH1 E368A R GCAGGGCGCAACCGTTTGCAGTGATATAGATATCAG
SacGH1 E368G F CTGATATCTATATCACTGGAAACGGTTGCGCCCTGC
SacGH1 E368G R GCAGGGCGCAACCGTTTCCAGTGATATAGATATCAG
SacGH1 E368S F CTGATATCTATATCACTTCAAACGGTTGCGCCCTG
SacGH1 E368S R CAGGGCGCAACCGTTTGAAGTGATATAGATATCAG
TheGH1 E388A F GTTGTACATCACCGCAAACGGTGCAGCCTTCGAAG
TheGH1 E388A R CTTCGAAGGCTGCACCGTTTGCGGTGATGTACAAC
TheGH1 E388G F CCGTTGTACATCACCGGAAACGGTGCAGCCTTCGAAG
TheGH1 E388G R CTTCGAAGGCTGCACCGTTTCCGGTGATGTACAACGG
TheGH1 E388S F CTTACCGTTGTACATCACCTCAAACGGTGCAGCCTTCGAAG
TheGH1 E388S R CTTCGAAGGCTGCACCGTTTGAGGTGATGTACAACGGTAAG
ExiGH1 E350A F CTATCTATATCACTGCAAACGGTGCCGCGTTC
ExiGH1 E350A R GAACGCGGCACCGTTTGCAGTGATATAGATAG
ExiGH1 E350G F CTATCTATATCACTGGAAACGGTGCCGCGTTC
ExiGH1 E350G R GAACGCGGCACCGTTTCCAGTGATATAGATAG
ExiGH1 E350S F GCCTATCTATATCACTAGCAACGGTGCCGCGTTCG
ExiGH1 E350S R CGAACGCGGCACCGTTGCTAGTGATATAGATAGGC
LacGH1 E366A F CATGGTTTGTTGCCGCAAATGGTATTGGCG
LacGH1 E366A R CGCCAATACCATTTGCGGCAACAAACCATG
LacGH1 E366G F CATGGTTTGTTGCCGGAAATGGTATTGGCG
LacGH1 E366G R CGCCAATACCATTTCCGGCAACAAACCATG
LacGH1 E366S F GCCATGGTTTGTTGCCAGCAATGGTATTGGCGTGG
LacGH1 E366S R CCACGCCAATACCATTGCTGGCAACAAACCATGGC
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Appendix A

Chapter 2 Supplemental Material

A.1 Supplemental Tables

Table A.1: Relative Initial Rates of Hydrolysis by Fosmids Clones. Rates are given as a percentage of the maximum

rate on MU cellobioside (MU-C), MU lactoside (MU-Lac), MU β-D-mannoside (MU-Man), MU β-D-galactoside (MU-

Gal), MU β-D-xyloside (MU-X), MU β-D-glucoside (MU-Glc) , MU N -acetyl-β-D-glucosaminide (MU-GlcNAc) or

MU α-L-arabinoside (MU-Ara).

Fosmid MU-C MU-Lac MU-Man MU-Gal MU-X MU-Glc MU-GlcNAc MU-Ara

12200 16 F10 100 67 0 6 21 3 0 9

12500 09 F02 100 71 0 1 0 0 0 1

40500 12 L11 55 14 6 0 11 17 1 100

CB002 04 H07 5 3 0 35 0 100 1 0

CB003 08 B11 11 3 0 2 1 100 0 3

CB004 07 C21 2 0 100 3 3 15 18 8

CB004 10 B20 8 0 1 1 16 100 58 5

CB005 08 O01 9 3 0 1 2 3 100 6

CB006 04 L11 50 8 0 28 25 100 56 26

CB006 08 D19 2 2 0 18 5 100 2 3

CG23A 01 C20 21 0 1 0 1 100 4 3

CG23A 09 O05 27 18 0 12 0 100 0 11

CG23A 23 H23 9 12 0 16 0 14 100 7

CO002 07 L07 100 86 0 7 0 0 0 0

CO003 01 D22 100 68 0 0 1 1 0 1

CO003 10 H14 65 100 1 6 0 84 0 5

CO004 05 B17 2 2 0 53 100 26 0 2

CO004 10 P05 12 0 1 30 7 100 14 7

CO182 11 I14 16 1 0 5 12 51 0 100
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Fosmid MU-Cel MU-Lac MU-Man MU-Gal MU-Xyl MU-Glc MU-GlcNAc MU-Ara

CO182 24 J12 1 1 0 100 1 6 0 4

CO182 36 O01 12 0 0 7 2 100 6 3

CO182 36 O04 100 61 7 80 12 46 0 0

CO183 09 B08 100 56 0 4 0 1 0 0

CO183 11 O01 83 85 0 59 0 100 0 19

FOS62 08 C22 2 1 0 2 100 3 6 0

FOS62 08 D12 100 93 1 12 64 7 0 6

FOS62 08 G04 14 18 0 4 0 100 1 9

FOS62 08 J18 24 38 0 2 0 100 10 24

FOS62 10 O15 0 0 0 0 0 11 0 100

FOS62 10 P15 10 7 0 0 2 100 2 97

FOS62 21 B24 3 2 0 100 1 6 1 6

FOS62 21 D16 5 3 0 28 0 2 16 100

FOS62 21 J05 11 0 0 6 2 100 7 3

FOS62 22 C08 18 0 0 71 36 53 0 100

FOS62 23 B24 19 0 0 46 9 100 9 5

FOS62 23 F03 100 75 0 0 0 37 0 22

FOS62 23 J07 100 88 0 0 0 0 0 0

FOS62 24 J23 100 89 0 0 0 0 0 0

FOS62 24 L18 50 31 0 4 22 100 19 1

FOS62 24 P09 22 4 0 1 16 100 1 0

FOS62 25 H06 38 9 0 10 10 100 7 25

FOS62 25 L08 18 0 0 33 10 100 0 1

FOS62 25 O06 2 2 1 100 0 3 9 28

FOS62 26 C23 15 5 2 100 1 33 1 17

FOS62 26 C24 14 1 0 14 62 74 100 31

FOS62 26 K06 100 55 1 2 0 5 1 0

FOS62 26 K16 100 46 2 1 1 45 0 0

FOS62 26 L14 8 0 0 10 65 100 0 0

FOS62 26 M02 100 73 0 0 0 86 7 53

FOS62 27 M17 44 0 0 38 21 100 61 47

FOS62 27 N22 12 13 0 32 0 100 8 9

FOS62 27 P24 100 95 0 0 0 0 0 0
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Fosmid MU-Cel MU-Lac MU-Man MU-Gal MU-Xyl MU-Glc MU-GlcNAc MU-Ara

FOS62 28 A14 100 90 0 0 0 0 0 0

FOS62 28 K23 17 1 0 2 1 100 1 88

FOS62 29 C04 5 2 0 15 0 100 1 2

FOS62 29 F15 8 0 0 0 0 17 0 100

FOS62 30 E15 69 74 0 19 0 100 68 52

FOS62 30 E20 6 0 0 13 85 100 0 0

FOS62 30 H03 30 0 0 23 21 100 47 16

FOS62 30 J11 100 73 1 13 0 1 0 2

FOS62 30 L24 100 78 2 0 2 5 0 0

FOS62 30 N01 2 0 0 1 1 7 100 1

FOS62 34 D13 100 48 6 7 3 6 0 0

FOS62 34 J06 19 0 0 65 2 100 5 2

FOS62 34 K14 4 0 0 2 1 100 7 4

FOS62 34 O23 100 79 0 7 0 68 38 30

FOS62 35 C14 11 1 0 28 1 100 1 2

FOS62 36 J17 73 29 0 0 67 100 90 0

FOS62 36 K01 100 89 0 0 0 1 0 6

FOS62 37 C18 18 10 3 75 1 3 25 100

FOS62 37 N04 21 0 0 68 3 100 17 2

FOS62 37 N12 100 43 6 2 3 5 2 0

FOS62 38 A06 3 0 0 0 0 7 0 100

FOS62 38 C16 5 5 0 20 79 100 0 3

FOS62 38 D22 54 23 0 1 46 100 46 0

FOS62 38 G18 100 47 14 0 2 11 0 0

FOS62 38 N16 11 0 0 26 0 100 3 1

FOS62 40 E07 100 82 0 0 0 1 0 0

FOS62 40 G22 0 0 0 0 0 3 0 100

FOS62 41 A23 1 0 0 1 0 10 0 100

FOS62 41 C11 0 0 0 0 0 100 0 0

FOS62 41 D24 13 2 0 28 34 100 0 1

FOS62 41 I01 45 100 0 1 0 1 0 0

FOS62 41 K10 100 99 0 0 0 0 0 0

FOS62 41 K19 4 0 0 12 42 100 0 0
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Fosmid MU-Cel MU-Lac MU-Man MU-Gal MU-Xyl MU-Glc MU-GlcNAc MU-Ara

FOS62 41 L01 66 100 3 81 11 22 1 0

FOS62 41 N11 11 2 1 1 100 1 3 0

FOS62 42 D11 100 65 0 0 0 0 0 0

FOS62 42 K13 95 58 0 1 61 100 63 0

FOS62 43 C07 100 63 6 11 1 10 0 0

FOS62 43 F03 32 0 0 3 100 19 3 0

FOS62 43 J20 100 39 2 2 2 2 7 2

FOS62 43 J23 100 92 0 3 0 0 0 0

FOS62 43 O18 100 83 0 0 0 0 0 0

FOS62 44 A15 100 87 0 5 0 0 0 11

FOS62 44 E09 100 81 0 0 0 0 0 0

FOS62 44 F23 13 0 0 30 5 100 0 1

FOS62 44 J10 51 22 0 100 0 87 4 15

FOS62 45 J16 100 77 0 1 0 41 18 25

FOS62 46 D05 0 2 0 100 0 3 0 5

FOS62 46 E02 8 2 1 6 100 1 3 0

FOS62 46 L17 100 32 10 2 7 11 24 37

FOS62 47 B05 100 76 0 2 3 9 0 0

FOS62 47 F04 100 50 2 1 1 2 0 0

FOS62 47 H05 2 1 0 100 6 87 0 1

FOS62 47 J09 17 0 0 54 1 100 2 2

FOS62 47 P19 11 0 0 6 6 100 63 19

NA001 01 P12 1 1 0 1 1 11 0 100

NA001 02 B17 2 3 0 26 0 100 0 1

NA001 07 E13 100 67 0 1 0 6 0 0

NA001 07 F24 0 0 0 0 0 0 0 100

NA001 11 K24 4 1 0 22 1 100 0 0

NA001 16 B03 12 7 0 10 12 39 25 100

NA002 01 B04 28 7 0 41 37 85 60 100

NA004 04 B18 100 49 19 2 4 21 0 0

NapDC 20 D21 100 10 1 1 2 6 0 0

NapDC 21 E17 7 3 0 6 2 26 20 100

NapDC 52 E10 14 2 0 91 34 100 0 1
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Fosmid MU-Cel MU-Lac MU-Man MU-Gal MU-Xyl MU-Glc MU-GlcNAc MU-Ara

NapDC 53 D04 18 11 0 17 10 100 10 7

NB001 03 I24 5 3 0 2 1 7 1 100

NB001 12 A01 100 55 0 35 13 75 0 12

NB001 13 B14 100 48 1 32 13 42 0 6

NB001 14 K20 1 1 0 10 2 100 0 2

NB001 23 D20 4 2 0 1 5 8 0 100

NO001 01 G23 82 0 0 8 53 100 0 0

NO001 01 I19 38 32 40 94 40 100 3 0

NO001 03 P09 16 0 1 3 11 100 4 0

NO001 04 B04 0 0 0 100 0 1 0 3

NO001 06 D04 100 71 0 0 0 77 0 9

NO001 07 A13 39 18 38 1 32 50 2 100

NO001 08 K19 36 12 3 2 15 100 25 0

NO001 08 N01 42 0 0 3 23 100 0 0

NO001 10 L12 77 58 0 6 3 10 100 1

NO001 13 N07 100 73 0 17 2 1 5 2

NO002 01 J07 0 1 0 54 0 100 0 0

NO002 04 P09 4 0 0 0 10 13 6 100

NO002 07 F01 37 24 0 9 24 100 51 6

NO002 11 N21 56 52 0 90 0 100 10 19

NR003 03 D21 67 16 0 17 73 100 96 0

NR003 09 O07 100 55 0 0 19 36 14 0

NR003 36 K13 100 54 0 1 0 17 0 0

PWCG7 19 I21 2 1 0 2 1 100 1 1

PWCG7 19 J20 2 2 0 7 0 100 0 1

PWCG7 33 K24 37 6 6 0 100 5 2 0

PWCG7 49 G20 100 66 0 0 0 0 1 1

SCR03 04 B15 6 0 3 1 4 100 1 0

SCR03 01 L21 6 5 0 100 0 4 0 4

TolDC 06 L02 7 0 0 0 2 47 0 100

TolDC 08 I17 2 0 0 0 2 12 0 100

TolDC 10 A11 12 0 0 1 8 57 1 100

TolDC 13 D14 74 69 0 8 0 100 3 58
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Fosmid MU-Cel MU-Lac MU-Man MU-Gal MU-Xyl MU-Glc MU-GlcNAc MU-Ara

TolDC 15 C08 21 1 0 70 14 100 0 1

TolDC 15 D05 5 0 14 12 9 100 46 0

TolDC 15 E19 9 0 0 0 3 24 0 100

TolDC 15 G15 24 2 0 59 11 100 0 1

TolDC 20 J14 31 15 0 0 100 0 1 0

TolDC 22 A01 0 1 0 1 0 11 1 100

TolDC 22 J01 23 0 0 58 15 100 0 1

TolDC 25 I24 0 0 0 5 7 100 0 0

TolDC 30 A19 49 12 6 0 4 100 0 9

TolDC 30 J10 4 0 0 1 4 31 0 100

TolDC 31 E21 24 11 1 0 100 7 1 0

TolDC 31 L02 56 60 0 0 0 100 6 7

TolDC 32 D22 2 1 0 0 0 2 0 100

TolDC 35 I03 19 0 1 26 0 3 21 100

TolDC 38 E11 18 1 0 62 12 100 0 3

TolDC 39 M03 0 0 0 0 0 43 17 100

TolDC 41 A17 53 29 0 15 20 100 34 26

TolDC 46 B16 20 1 0 2 15 81 0 100

TolDC 50 B06 16 4 0 2 13 23 0 100

TolDC 50 P08 18 9 0 4 100 10 0 2

TolDC 55 H19 73 33 0 27 100 66 2 0

TolDC 56 H11 16 0 0 0 1 72 100 2

TolDC 56 L15 9 8 0 53 0 19 23 100

TolDC 59 E21 100 64 0 46 4 96 4 3

TolDC 59 J01 9 3 0 3 4 9 0 100

TolDC 59 J06 8 2 0 1 15 56 0 100

TolDC 59 K14 100 62 0 2 0 0 0 1

219



Appendix B

Chapter 3 Supplemental Material

B.1 Supplemental Figures

220



B
.1
.

S
u
p
p
lem

en
tal

F
igu

res

Polar Bear

Black Bear

Giant Panda
Echidna

Spectacled Bear

Armadillo
Squirrel

Callimicos
Black Lemur

Bush Dog
Hyena

Lion
Dog

Gorilla
Orangutan
Baboon

Urial

Springbok
Bighorn Sheep

Okapi

Gazelle

Zebra
African Elephant

Horse

Kangaroo

Ringtailed Lemur

Colobus
Giraffe

Chimpanzee
Rabbit

Wallaby

Beaver

Visayan Warty Pig
Saki

Rock Hyrax
Black Rhino
Capybara
Reindeer

Hindgut Fermenter

Foregut Fermenter

Omnivore

Carnivore

0 6-6
z-score Plant Cell Wall Acting

(Cellulose, Hemicellulose, Pectin)
Animal Polysaccharide Acting

(Glycosaminoglycan)
Xylan Acting Bacterial Cell Wall Modifying

(peptidoglycan, glycoproteins)

Figure B.1: Unabridged Comparison of Beaver Fecal Metagenome with Other Sequenced Mammal Microbiomes. Heatmap shows
enrichment (blue) or depletion (red) of all families of CAZymes for each mammal. Clustering of mammals shows CAZyme abundance
correlates with host digestive strategy. Clusters of genes enriched in herbivores include: 1) families active on plant polysaccharides
including cellulose, hemicellulose and pectin; 2) families active on xylan. Clusters of genes enriched in carnivores include: 3) families
active on animal polysaccharides such as glycosaminoglycans. Figure generated and analysed by Dr. Keith Mewis. Metagenomic
data from previous studies [208, 241, 286, 342] was downloaded from the RAST online database and used for comparison. Counts of
each GH family were normalized for library size using a variance stabilizing transformation provided in the DESeq2 R package [9],
and the z-score for each GH family was calculated on a per sample basis. Samples and GH families were independently clustered
using the Manhattan distance metric, and z-scores were plotted as a heatmap.

221



Appendix C

Chapter 4 Supplemental Material

C.0.1 NMR Assignments of Glycosynthase Products

Glc-β-1,3-Glc-β-pNP (pNP Laminaribiose)

1H NMR (400 MHz, Deuterium Oxide) δ 8.28 (d,J= 9.3 Hz, 2H, 2x pNP -O-C-C-H), 7.26 (d,J=

9.3 Hz, 2H, 2x pNP -O2N-C-C-H), 5.31 (d, J1,2 = 7.6 Hz, 1H, H-1), 4.81 (d, J1′,2′ = 8.2 Hz, 1H,

H-1), 3.97 (dd, J5,6a′= 2 Hz, J6a,6b= 12.3, 1H, H-6a), 3.95 (dd, J5′,6′a= 2.1 Hz, J6′a,6′b= 12.4 Hz,

1H, H-6a), 3.91 (dd, J2,3′= 9.3 Hz, J3,4= 8.5 Hz, 1H, H-3), 3.85 (dd, J1,2 = 7.6 Hz, J2,3′= 9.3 Hz,

1H, H-2), 3.80 (dd, J5,6a′= 5.3 Hz, J6a,6b= 12.3, 1H, H-6b), 3.74 (dd, J5′,6b′= 5.9 Hz, J6′a,6′b= 12.3

Hz, 1H, H-6b), 3.76-3.73 (m, 1H, H-5), 3.65 (dd, J3,4= 8.5 Hz, J4,5= 9.7 Hz, 1H, H-4), 3.55 (dd,

J2′,3′= 9.4 Hz, J3′,4′= 8.9 Hz, 1H, H-3), 3.51 (ddd, J4′,5′= 9.7 Hz, J5′,6′a= 2.2 Hz, J5′,6b′= 6.0 Hz,

1H, H-5), 3.43 (dd, J3′,4′= 8.9 Hz, J4′,5′= 9.8 Hz, 1H, H-4), 3.40 (dd, J1′,2′ = 7.9 Hz, J2′,3′= 9.4

Hz, 1H, H-2).

13C NMR (101 MHz, Deuterium Oxide) δ 161.78 (pNP-C-1), 142.75 (pNP-C-4), 126.21(2C,

pNP-C-3 and C-5), 116.60 (2C, pNP-C-2 and C-6), 102.92(C-1), 99.33 (C-1), 83.95(C-3), 76.13(C-

5), 76.01(C-5), 75.65(C-3), 73.56(C-2), 72.64(C-2), 69.70(C-4), 67.93(C-4), 60.82(C-6), 60.51(C-6).

13C NMR (101 MHz, MeOD) δ 163.78, 143.95, 126.61 (2xC), 117.75(2xC), 105.24, 101.21, 87.48,

78.22, 78.04, 77.83, 75.52, 74.08, 71.57, 69.64, 62.64, 62.30.

Glc-β-1,4-Glc-β-pNP (pNP cellobioside)

1H NMR (400 MHz, Deuterium Oxide) δ 8.29 (d,J= 9.2 Hz, 2H, 2x pNP -O-C-C-H), 7.27 (d,J=

9.2 Hz, 2H, 2x pNP -O2N-C-C-H), 5.32 (d, J1,2 = 7.8 Hz, 1H, H-1), 4.56 (d, J1′,2′ = 7.9 Hz, 1H,

H-1), 4.02 (dd, J6a,6b= 10.4, J5,6a′= 3.6 Hz, 1H, H-6a), 3.95 (dd, J6′a,6′b= 12.5 Hz, J5′,6′a= 2.1 Hz,

1H, H-6a), 3.87-3.81 (m, 2H, H-5 and H-6b), 3.82-3.74 (m, 3H, H-3, H-4, H-6b), 3.70 (dd, J1,2 =
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7.8 Hz, J2,3′= 9.3 Hz, 1H, H-2), 3.54 (dd, J2′,3′= 9.2 Hz, J3′,4′= 9.2 Hz, 1H, H-3), 3.54-3.50 (m,

1H, H-5), 3.44 (dd, J3′,4′= 9.2 Hz, J4′,5′= 9.2 Hz, 1H, H-4), 3.35 (dd, J1′,2′ = 8.0 Hz, J2′,3′= 9.2

Hz, 1H, H-2).

13C NMR (101 MHz, Deuterium Oxide) δ 161.64 (pNP-C-1), 142.63 (pNP-C-4), 126.09(2C,

pNP-C-3 and C-5), 116.46 (2C, pNP-C-2 and C-6), 102.56(C-1), 99.22 (C-1), 78.14 (C-4), 75.99(C-

5), 75.48 (C-3), 75.08(C-5), 73.97(C-3), 73.15(C-2), 72.51(C-2), 69.44(C-4), 60.56 (C-6), 59.73(C-6).

Gal-β-1,2-Glc-β-pNP

1H NMR (400 MHz, Deuterium Oxide) δ 8.33 8.26 (m, 2H), 7.32 7.23 (m, 2H), 5.49 (d, J = 7.5

Hz, 1H, H-1), 4.80 (d, J = 7.5 Hz, 1H, H-1), 3.98 3.89 (m, 3H, H-6, H-4, H-2), 3.84 (pt, J = 9.1

Hz, 1H, H-3), 3.80 3.68 (m, 3H, H-6, H-5, H-3), 3.66 3.61 (m, 1H, H-5), 3.60 3.53 (m, 3H, H-5,

H-4, H-6a), 3.25 (dd, J = 11.2, 6.4 Hz, 1H, H-6b).

Linkage was determined by 1H-13C HMBC experiment (Heteronuclear Multiple Bond Corre-

lation) showing correlation between H-1 (4.80 ppm) and C-2 (81.19 ppm), COSY (homonuclear

COrrelation SpectroscopY) experiment showing correlation between H-1 (5.49 ppm) and H-2 (3.93

ppm), as well as 1H-13C HSQC experiment (Heteronuclear Single Quantum Correlation) showing

correlation between H-2 (3.93 ppm) and C-2 (81.19 ppm).

Gal-β-1,3-Glc-β-pNP

1H NMR was shown to be identical to that data previously recorded by Faijes et al [87].

Glc-β-1,4-Glc-β-1,3-Glc-β-pNP

1H NMR (400 MHz, Deuterium Oxide)1,2 δ 8.29 (d,J= 9.3 Hz, 2H, 2x pNP -O-C-C-H), 7.26 (d,J=

9.3 Hz, 2H, 2x pNP -O2N-C-C-H), 5.32 (d, J1,2 = 7.7 Hz, 1H, H-1), 4.84 (d, J1′,2′ = 8.1 Hz, 1H,

H-1), 4.53 (d, J1′′,2′′ = 8.0 Hz, 1H, H-1), 4.02 (dd, J5,6a′= 2 Hz, J6a,6b= 12.3, 1H, H-6a), 3.95 (dd,

J5′,6′a= 1.8 Hz, J6′a,6′b= 12.5 Hz, 1H, H-6a), 3.94 (dd, J5′′,6′′a= 2.1 Hz, J6′′′a,6′′′b= 12.4 Hz, 1H,

H-6a), 3.92 (dd, J2,3′= 9.2 Hz, J3,4= 8.5 Hz, 1H, H-3), 3.87 (dd, J1,2 = 7.7 Hz, J2,3′= 9.1 Hz,

1H, H-2), 3.84 (dd, J5′,6′b= 5.2 Hz, J6a,6b= 12.5 Hz, 1H, H-6b), 3.80 (dd, J5′,6b′= 5.4 Hz, J6′a,6′b=

12.4 Hz, 1H, H-6b), 3.78-3.72 (m, 2H, H-5 and H-6b), 3.72-3.61 (m, 4H, H-4, H-3, H-4 and H-5),
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3.57-3.47 (m, 2H, H-3 and H-5), 3.44 (dd, J1′,2′ = 7.8 Hz, J2′,3′= 9.5 Hz, 1H, H-2), 3.43 (dd, J3′′,4′′=

8.9 Hz, J4′′,5′′= 9.8 Hz, 1H, H-4), 3.33 (dd, J1′′,2′′ = 7.9 Hz, J2′′,3′′= 9.4 Hz, 1H, H-2).

13C NMR (101 MHz, Deuterium Oxide) δ 161.78 (pNP-C-1), 142.76 (pNP-C-4), 126.21(2C,

pNP-C-3 and C-5), 116.60 (2C, pNP-C-2 and C-6), 102.66 and 102.51 (C-1 and C-1), 99.35 (C-1),

83.76 (C-3), 78.69 (C-4), 76.09(C-5), 76.01(C-5), 75.59(C-5), 74.95(C-3), 74.23 (C-3), 73.35(C-2),

73.25(C-2), 72.67(C-2), 69.55(C-4), 67.88 (C-4), 60.67 (C-6), 60.50 (C-6), 60.12(C-6).

Glc-β-1,4-Glc-β-1,4-Glc-β-pNP (pNP cellotriose)

1H NMR (400 MHz, Deuterium Oxide) δ 8.27 (d,J= 9.3 Hz, 2H, 2x pNP -O-C-C-H), 7.25 (d,J=

9.3 Hz, 2H, 2x pNP -O2N-C-C-H), 5.30 (d, J1,2 = 7.8 Hz, 1H, H-1), 4.58 (d, J1′,2′ = 8.0 Hz, 1H,

H-1), 4.53 (d, J1′′,2′′ = 7.9 Hz, 1H, H-1), 4.05-3.97 (m, 2H, H-6a and H-6a), 3.93 (dd, J5′′,6′′a= 2.1

Hz, J6′′′a,6′′′b= 12.4 Hz, 1H, H-6a), 3.90-3.81 (m, 3H, H-5, H-6b and H-6b), 3.80-3.75 (m, 2H, H-3

and H-4), 3.72 (dd, J5′′,6′′b= 6.2 Hz, J6′′′a,6′′′b= 12.4 Hz, 1H, H-6b), 3.70-3.61 (m, 4H, H-2, H-3, H-4

and H-5), 3.55-3.48 (m, 2H, H-3 and H-5), 3.47 (dd, J3′′,4′′= 8.8 Hz, J4′′,5′′= 9.7 Hz, 1H, H-4), 3.40

(dd, J1′,2′ = 8.1 Hz, J2′,3′= 9.1 Hz, 1H, H-2), 3.33 (dd, J1′′,2′′ = 8.1 Hz, J2′′,3′′= 9.2 Hz, 1H, H-2).

13C NMR (101 MHz, Deuterium Oxide) δ 161.76 (pNP-C-1), 142.72 (pNP-C-4), 126.21(2C,

pNP-C-3 and C-5), 116.58 (2C, pNP-C-2 and C-6), 102.67(C-1), 102.47(C-1), 99.37(C-1), 78.51(C-

4), 78.16(C-4), 76.09(C-5), 75.58(C-3), 75.20(C-5), 74.94(C-5), 74.16(C-3), 74.05(C-3), 73.25(C-2),

73.04(C-2), 72.63(C-2), 69.56(C-4), 60.68 (C-6), 60.01(C-6), 59.82(C-6).

Glc-β-1,3-Xyl-β-pNP

1H NMR (400 MHz, Deuterium Oxide) δ 8.29 (d,J= 9.3 Hz, 2H, 2x pNP -O-C-C-H), 7.27 (d,J= 9.3

Hz, 2H, 2x pNP -O2N-C-C-H), 5.32-5.24 (m, 1H, H-1), 4.81 (d, J1′,2′ = 8.7 Hz, 1H, H-1), 4.14-4.09

(m, H-5a), 3.95 (dd, J5′,6′a= 2.2 Hz, J6′a,6′b= 12.3 Hz, 1H, H-6a), 3.90-3.82 (m, 3H, H-2, H-3, H-4),

3.74 (dd, J5′,6b′= 6.1 Hz, J6′a,6′b= 12.3 Hz, 1H, H-6b), 3.64-3.47 (m, 3H, H-5b, H-3 and H-5), 3.43

(dd, J3′,4′= 9.1 Hz, J4′,5′= 9.9 Hz, 1H, H-4), 3.39 (dd, J1′,2′ = 8.0 Hz, J2′,3′= 9.3 Hz, 1H, H-2).

13C NMR (101 MHz, Deuterium Oxide) δ 161.51(pNP-C-1), 142.67 (pNP-C-4), 126.09(2C, pNP-

C-3 and C-5), 116.47 (2C, pNP-C-2 and C-6), 102.68 (C-1), 99.78(C-1), 83.34(C-3), 75.99(C-5),

75.54(C-3), 73.42(C-2), 72.26(C-2), 69.62(C-4), 67.59(C-4), 64.93(C-5), 60.73(C-6).
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13C NMR (101 MHz, Methanol-d4) δ 163.63(pNP-C-1), 143.96(pNP-C-4), 126.61(2C, pNP-

C-3 and C-5), 117.66(2C, pNP-C-2 and C-6), 105.07(C-1), 101.76(C-1), 86.87(C-3), 78.20(C-5),

77.84(C-3), 75.49(C-2), 73.76(C-2), 71.62(C-4), 69.69(C-4), 66.65(C-5), 62.67(C-6).

Glc-β-1,2-Xyl-α-pNP

1H NMR (400 MHz, Deuterium Oxide) δ 8.35 8.20 (m, 2H), 7.35 7.24 (m, 2H), 6.09 (d, J = 3.5

Hz, 1H, H-1), 4.63 (d, J = 7.7 Hz, 1H, H-1), 4.05 (t, J = 9.3 Hz, 1H), 3.91 (dd, J = 3.6 Hz, 9.1

Hz, 1H, H-2), 3.91 3.88 (m, 1H), 3.84 3.73 (m, 2H), 3.70 3.63 (m, 2H), 3.61 3.53 (m, 3H), 3.45

(dd, J = 11.4, 7.3 Hz, 1H, H-6b).

Linkage was determined by 1H-13C HMBC experiment showing correlation between H-1 (4.63

ppm) and C-2 (80.3 ppm), COSY experiment showing correlation between H-1(6.09 ppm) and H-2

(3.91 ppm), as well as 1H-13C HSQC experiment showing correlation between H-2 (3.91 ppm) and

C-2 (80.3 ppm).

Glc-β-1,2-Xyl-β-pNP

1H NMR (400 MHz, Deuterium Oxide) δ 8.35 8.28 (m, 2H), 7.33 7.25 (m, 2H), 5.51 (d, J = 6.8

Hz, 1H, H-1), 4.79 (d, J = 7.8 Hz, 1H, H-1), 4.10 (dd, J = 11.6, 4.0 Hz, 1H), 3.99 3.91 (m, 2H),

3.87 3.79 (m, 2H), 3.72 (dd, J = 10.0, 3.4 Hz, 1H), 3.67 3.56 (m, 3H), 3.29 (dd,J= 11.2, 6.4 Hz,

1H H-6b).

Linkage was determined by 1H-13C HMBC experiment showing correlation between H-1 (4.79

ppm) and C-2 (80.72 ppm), COSY experiment showing correlation between H-1(5.51 ppm) and

H-2 (3.94 ppm), as well as 1H-13C HSQC experiment showing correlation between H-2 (3.94 ppm)

and C-2 (80.72 ppm).

Glc-β-1,3-Glc-β-1,3-Xyl-β-pNP

1H NMR (400 MHz, Deuterium Oxide)1,2 δ 8.29 (d,J= 9.3 Hz, 2H, 2x pNP -O-C-C-H), 7.27 (d,J=

9.3 Hz, 2H, 2x pNP -O2N-C-C-H), 5.30-5.26 (m, 1H, H-1), 4.86 (d, J1′,2′ = 8.0 Hz, 1H, H-1), 4.77

(d, J1′,2′ = 7.8 Hz, 1H, H-1), 4.15-4.09 (m, 1H, H-5a), 3.95 (dd, J5,6a= 1.9 Hz, J6′a,6′b= 12.5, 1H,

H-6a), 3.93 (dd, J5′′,6′′a= 2.1 Hz, J6′′′a,6′′′b= 12.4 Hz, 1H, H-6a), 3.89-3.83 (m, 3H, H-2, H-3 and
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H-4), 3.80 (dd, J2′,3′= 9.1 Hz, J3′,4′= 9.1 Hz, 1H, H-3), 3.76 (dd, J5,6b= 5.6 Hz, J6′a,6′b= 12.5, 1H,

H-6b), 3.73 (dd, J5′′,6′′b= 6.0 Hz, J6′′′a,6′′′b= 12.2 Hz, 1H, H-6b), 3.63-3.56 (m, 1H, H-5b), 3.59 (dd,

J1′,2′ = 7.7 Hz, J2′,3′= 9.3 Hz, 1H, H-2), 3.57-3.53 (m, 1H, H-4), 3.54 (dd, J2′′,3′′= 9.4 Hz, J3′′,4′′=

8.9 Hz, 1H, H-3), 3.57-3.47 (m, 2H, H-5 and H-5), 3.42 (dd, J3′′,4′′= 8.9 Hz, J4′′,5′′= 7.5 Hz, 1H,

H-4), 3.38 (dd, J1′′,2′′ = 7.9 Hz, J2′′,3′′= 9.4 Hz, 1H, H-2).

13C NMR (101 MHz, Methanol-d4) δ 161.73(pNP-C-1), 142.91(pNP-C-4), 126.31(2C, pNP-C-

3 and C-5), 116.70 (2C, pNP-C-2 and C-6), 103.01(C-1), 102.59(C-1), 100.01 (C-1), 84.43(C-3),

83.35 (C-3), 76.21(C-5), 75.82(C-3), 75.76(C-5), 73.65(C-2), 73.44(C-2), 72.53(C-2), 69.78(C-4),

68.38 (C-4), 67.77(C-4), 66.15(C-5), 60.95(C-6), 60.90(C-6).

Glc-β-1,4-Glc-β-1,3-Xyl-β-pNP

1H NMR (400 MHz, Deuterium Oxide)1,2 δ 8.27 (d,J= 9.3 Hz, 2H, 2x pNP -O-C-C-H), 7.25 (d,J=

9.3 Hz, 2H, 2x pNP -O2N-C-C-H), 5.28-5.25 (m, 1H, H-1), 4.84 (d, J1′,2′ = 7.9 Hz, 1H, H-1), 4.52

(d, J1′′,2′′ = 7.9 Hz, 1H, H-1), 4.14-4.09 (m, 1H, H-5a), 4.02 (dd, J5′,6′a= 2.0 Hz, J6′a,6′b= 12.3, 1H,

H-6a), 3.93 (dd, J5′′,6′′a= 2.1 Hz, J6′′′a,6′′′b= 12.4 Hz, 1H, H-6a), 3.88-3.83 (m, 3H, H-2, H-3 and

H-4), 3.83 (dd, J5′,6b′= 4.9 Hz, J6′a,6′b= 12.4, 1H, H-6b), 3.75 (dd, J5′′,6′′b= 6.9 Hz, J6′′′a,6′′′b= 12.4

Hz, 1H, H-6b), 3.71-3.66 (m, 2H, H-3 and H-4), 3.66-3.55 (m, 2H, H-5b and H-5), 3.52 (dd, J2′′,3′′=

9.1 Hz, J3′′,4′′= 9.1 Hz, 1H, H-3), 3.53-3.47 (m, 1H, H-5), 3.44 (dd, J1′,2′ = 7.8 Hz, J2′,3′= 9.5 Hz,

1H, H-2), 3.43 (dd, J3′′,4′′= 9.0 Hz, J4′′,5′′= 9.7 Hz, 1H, H-4), 3.33 (dd, J1′′,2′′ = 7.9 Hz, J2′′,3′′=

9.3 Hz, 1H, H-2).

13C NMR (101 MHz, Methanol-d4) δ 161.50(pNP-C-1), 142.63(pNP-C-4), 126.06(2C, pNP-C-

3 and C-5), 116.43 (2C, pNP-C-2 and C-6), 102.55(C-1), 102.41(C-1), 99.77 (C-1), 83.12(C-3),

78.59 (C-4), 75.94, 75.44, 74.80, 74.09, 73.19, 73.11, 72.28, 69.41 (C-4), 67.52(C-4), 64.91(C-5),

60.53(C-6), 60.00(C-6).

3-NH2-Glc-β-1,3-Glc-β-pNP

1H NMR (400 MHz, Deuterium Oxide) δ 8.30 (d,J= 9.3 Hz, 2H, 2x pNP -O-C-C-H), 7.27 (d,J=

9.3 Hz, 2H, 2x pNP -O2N-C-C-H), 5.31 (d, J1,2 = 7.6 Hz, 1H, H-1), 4.82 (d, J1′,2′ = 8.0 Hz, 1H,

H-1), 3.97 (dd, J5,6a′= 2.2 Hz, J6a,6b= 9.6, 1H, H-6a), 3.94 (dd, J5′,6′a= 2.3 Hz, J6′a,6′b= 9.7 Hz,
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1H, H-6a), 3.91 (dd, J2,3′= 8.9 Hz, J3,4= 8.9 Hz, 1H, H-3), 3.85 (dd, J1,2 = 7.8 Hz, J2,3′= 9.1 Hz,

1H, H-2), 3.80 (dd, J5,6a′= 5.3 Hz, J6a,6b= 12.3, 1H, H-6b), 3.78-3.71 (m, 2H, H-5 and H-6b), 3.65

(dd, J3,4= 8.6 Hz, J4,5= 9.7 Hz, 1H, H-4), 3.55 (ddd, J4′,5′= 9.8 Hz, J5′,6′a= 2.1 Hz, J5′,6b′= 6 Hz,

1H, H-5), 3.37 (dd, J2′,3′= 9.7 Hz, J3′,4′= 9.7 Hz, 1H, H-3), 3.33 (dd, J1′,2′ = 7.7 Hz, J2′,3′= 9.8

Hz, 1H, H-2), 2.90 (dd, J3′,4′= 9.8 Hz, J4′,5′= 9.8 Hz, 1H, H-4).

3-NH2-Glc-β-1,4-Glc-β-pNP

1H NMR (400 MHz, Deuterium Oxide) δ 8.29 (d,J= 9.2 Hz, 2H, 2x pNP -O-C-C-H), 7.27 (d,J=

9.2 Hz, 2H, 2x pNP -O2N-C-C-H), 5.32 (d, J1,2 = 7.8 Hz, 1H, H-1), 4.57 (d, J1′,2′ = 7.9 Hz, 1H,

H-1), 4.05-3.99 (m, 1H, H-6a), 3.94 (dd, J6′a,6′b= 12.0 Hz, J5′,6′a= 1.9 Hz, 1H, H-6a), 3.90-3.84 (m,

2H, H-5, H-6b), 3.82-3.77 (m, 2H, H-3 and H-4), 3.76 (dd, J6′a,6′b= 12.7 Hz, J5′,6b′= 5.9 Hz, 1H,

H-6b), 3.70 (dd, J1,2 = 7.8 Hz, J2,3′= 9.5 Hz, 1H, H-2), 3.55 (ddd, J4′,5′= 9.8 Hz, J5′,6′a= 2.3 Hz,

J5′,6b′=5.9 Hz, 1H, H-5), 3.36 (dd, J2′,3′= 9.7 Hz, J3′,4′= 9.7 Hz, 1H, H-4), 3.27 (dd, J1′,2′ = 7.8

Hz, J2′,3′= 10 Hz, 1H, H-2), 2.85 (dd, J3′,4′= 9.8 Hz, J4′,5′= 9.8 Hz, 1H, H-3),

13C NMR (101 MHz, Deuterium Oxide) δ 161.73 (pNP-C-1), 142.74 (pNP-C-4), 126.18(2C,

pNP-C-3 and C-5), 116.55 (2C, pNP-C-2 and C-6), 103.11(C-1), 99.30(C-1), 78.33(C-4), 77.26(C-

5), 75.19(C-5), 74.08(C-3), 72.91(C-2), 72.59(C-2), 69.31(C-4), 60.71(C-6), 59.82(C-6), 57.58(C-3).

4-NH2-Glc-β-1,4-Glc-β-pNP

1H NMR (400 MHz, Deuterium Oxide) δ 8.29 (d,J= 9.3 Hz, 2H, 2x pNP -O-C-C-H), 7.27 (d,J=

9.3 Hz, 2H, 2x pNP -O2N-C-C-H), 5.32 (d, J1,2 = 7.8 Hz, 1H, H-1), 4.54 (d, J1′,2′ = 7.5 Hz, 1H,

H-1), 4.06-3.99 (m, 1H, H-6a), 3.93 (dd, J6′a,6′b= 12.5 Hz, J5′,6′a= 2.5 Hz, 1H, H-6a), 3.90-3.84 (m,

2H, H-5 and H-6b), 3.82-3.78 (m, 2H, H-3 and H-4), 3.75 (dd, J6′a,6′b= 12.6 Hz, J5′,6b′= 6.0 Hz,

1H, H-6b), 3.69 (dd, J1,2 = 7.8 Hz, J2,3′= 9.5 Hz, 1H, H-2), 3.55 (ddd, J4′,5′= 9.9 Hz, J5′,6′a= 2.4

Hz, J5′,6b′= 5.8 Hz, 1H, H-5), 3.40 (dd, J2′,3′= 9.3 Hz, J3′,4′= 9.3 Hz, 1H, H-3), 3.35 (dd, J1′,2′ =

7.5 Hz, J2′,3′= 9.3 Hz, 1H, H-2), 2.75 (dd, J3′,4′= 9.7 Hz, J4′,5′= 9.7 Hz, 1H, H-4).

13C NMR (101 MHz, Deuterium Oxide) δ 161.73 (pNP-C-1), 142.73 (pNP-C-4), 126.19(2C,

pNP-C-3 and C-5), 116.55 (2C, pNP-C-2 and C-6), 102.82 (C-1), 99.30 (C-1), 78.35 (C-4), 76.78(C-

5), 75.70(C-3), 75.15(C-5), 74.10(C-3), 73.65(C-2), 72.59(C-2), 60.92(C-6), 59.85(C-6), 52.46 (C-4).
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6-NH2-Glc-β-1,4-Glc-β-pNP

1H NMR (400 MHz, Deuterium Oxide) δ 8.30 (d,J= 9.3 Hz, 2H, 2x pNP -O-C-C-H), 7.27 (d,J=

9.3 Hz, 2H, 2x pNP -O2N-C-C-H), 5.31 (d, J1,2 = 7.7 Hz, 1H, H-1), 4.58 (d, J1′,2′ = 7.9 Hz, 1H,

H-1), 4.03 (dd, J6a,6b = 12.2 Hz, 1H, H-6a), 3.89 (dd, J5′,6′b= 3.5 Hz, J6a,6b= 12.4 Hz, 1H, H-6b),

3.86-3.75 (m, 4H, H-3, H-4 and H-5), 3.69 (dd, J1,2 = 8.0 Hz, J2,3′= 8.9 Hz, 1H, H-2), 3.59-3.5 (m,

2H, H-3 and H-5), 3.40-3.33 (m, 2H, H-2 and H-4), 3.30 (dd, J5′,6′a= 1.7 Hz, J6′a,6′b= 13.2 Hz, 1H,

H-6a), 3.01 (dd, J5′,6b′= 8.4 Hz, J6′a,6′b= 13.4 Hz, 1H, H-6b).

13C NMR (101 MHz, Deuterium Oxide) δ 163.29(pNP-C-1), 144.29(pNP-C-4), 127.75(2C, pNP-

C-3 and C-5), 118.11(2C, pNP-C-2 and C-6), 103.98(C-1), 100.95(C-1), 78.68(C-4), 76.94(C-3),

76.85(C-5), 75.70(C-5), 75.50(C-3), 74.86(C-2), 74.30(C-2), 72.64(C-4), 61.20(C-6), 42.54(C-6).

6-N3-Glc-β-1,3-Glc-β-pNP

1H NMR (600 MHz, Deuterium Oxide) δ 8.28 (d, J = 9.3 Hz, 1H), 7.26 (d, J = 9.3 Hz, 1H), 5.30

(d, J = 7.7 Hz, 1H, H-1), 4.82 (d, J = 8.0 Hz, 1H, H-1), 3.95 (dd, J = 12.4, 2.2 Hz, 1H), 3.90 (pt,

J = 9.0 Hz, 1H), 3.85 (dd, J = 9.3, 7.7 Hz, 1H, H-2), 3.78 (dd, J = 12.4, 5.5 Hz, 1H), 3.77 3.72

(m, 2H), 3.66 3.59 (m, 2H), 3.56 3.51 (m, 2H), 3.46 (pt, J = 9.4 Hz, 1H, H-4), 3.40 (dd, J = 9.3,

8.0 Hz, 1H, H-2).

Linkage was determined by 1H-13C HMBC experiment showing correlation between H-1 (4.82

ppm) and C-3 (83.74 ppm), H-2 (3.85 ppm) and C-1 (99.32 ppm), as well as H-2 (3.85 ppm) and

C-3 (83.74 ppm).

6-N3-Glc-β-1,4-Glc-β-pNP

1H NMR (600 MHz, Deuterium Oxide) δ 8.34 8.24 (m, 1H), 7.30 7.21 (m, 2H), 5.30 (d, J = 7.9

Hz, 1H, H-1), 4.56 (d, J = 7.9 Hz, 1H, H-1), 4.04 3.98 (m, 1H, H-6a), 3.88 3.83 (m, 2H, H-6b and

H-5), 3.82 3.76 (m, 3H, H-6a, H-3, H-4), 3.72 3.65 (m, 1H, H-2), 3.61 (ddd, J = 9.4, 5.6, 2.5 Hz,

1H, H-5), 3.55 (dd, J = 13.4, 5.5 Hz, 1H, H-6b), 3.51 (pt, J = 9.2 Hz, 1H, H-3), 3.47 (pt, J = 9.2

Hz, 1H, H-4), 3.36 (dd, J = 9.1, 8.0 Hz, 1H, H-2).

Linkage was determined by 1H-13C HMBC experiment showing correlation between H-1 (4.56
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ppm) and C-4 (78.05 ppm), 1H-13C HMBC correlation of H-4 (3.78 ppm) and C-2 (72.54 ppm),

1H-13C HSQC experiment showing correlation between H-2 (3.69 ppm) and C-2 (72.54 ppm), as

well as HSQC experiment showing correlation between H-4 (3.78 ppm) and C-2 (78.05 ppm).

6-N3-Gal-β-1,2-Glc-β-pNP

1H NMR (400 MHz, Deuterium Oxide) δ 8.34 8.27 (m, 2H), 7.33 7.27 (m, 2H), 5.50 (d,J= 7.5

Hz, 1H, H-1), 4.85 (d,J= 7.9 Hz, 1H H-1), 3.98 3.90 (m, 2H), 3.88 3.87 (m, 1H), 3.84 (t,J= 9.2

Hz, 1H), 3.80 3.68 (m, 3H), 3.61 3.54 (m, 2H), 3.25 3.21 (m, 2H, H-6a and H-6b).

Linkage was determined by 1H-13C HMBC experiment showing correlation between H-1 (4.85

ppm) and C-2 (81.24 ppm), COSY experiment showing correlation between H-1(5.50 ppm) and

H-2 (3.92 ppm), as well as 1H-13C HSQC experiment showing correlation between H-2 (3.92 ppm)

and C-2 (81.24 ppm).

6-N3-Gal-β-1,3-Glc-β-pNP

1H NMR (400 MHz, Deuterium Oxide) δ 8.32 8.24 (m, 2H), 7.31 7.22 (m, 2H), 5.31 (d,J= 7.7

Hz, 1H), 4.77 (s, 1H), 3.99 3.83 (m, 5H), 3.83 3.77 (m, 1H), 3.77 3.60 (m, 5H), 3.51 (dd,J= 13.1,

4.0 Hz, 1H, H-6b).

Linkage was determined by 1H-13C HMBC experiment showing correlation between H-1 (4.77

ppm) and C-2 (83.94 ppm), H-2 (3.85 ppm) and C-1 (99.37 ppm), as well as H-2 (3.85 ppm) and

C-3 (83.92 ppm).

6-N3-Gal-β-1,4-Glc-β-pNP

1H NMR (600 MHz, Deuterium Oxide) δ 8.33 8.23 (m, 2H), 7.26 (d,J= 9.1 Hz, 2H), 5.31 (d,J=

7.8 Hz, 1H, H-1), 4.52 (d,J= 7.8 Hz, 1H, H-1), 4.04 3.99 (m, 1H, H-6a), 3.93 (d,J= 3.4 Hz, 1H,

H-4,), 3.88 3.84 (m, 3H), 3.82 3.79 (m, 2H), 3.72 3.67 (m, 2H), 3.63 (dd,J= 13.1, 8.5 Hz, 1H,

H-6a), 3.59 3.55 (m, 2H).

Linkage was determined by 1H-13C HMBC experiment showing correlation between H-1 (4.52

ppm) and C-4 (78.2 ppm), H-6a (4.00 ppm) and C-4 (78.2 ppm), as well as H-6b (3.86 ppm) and

C-4 (78.2 ppm).
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6-N3-Glc-β-1,4-Glc-β-1,4-Glc-β-pNP

1H NMR (400 MHz, Deuterium Oxide) δ 8.28 (d,J= 9.3 Hz, 2H, 2x pNP -O-C-C-H), 7.26 (d,J=

9.3 Hz, 2H, 2x pNP -O2N-C-C-H), 5.31 (d, J1,2 = 7.8 Hz, 1H, H-1), 4.58 (d, J1′,2′ = 7.9 Hz, 1H,

H-1), 4.55 (d, J1,2 = 7.9 Hz, 1H, H-1), 4.03 (dd, J5,6a′= 1 Hz, J6a,6b= 11.8, 1H, H-6a), 4.02 (dd,

J5′,6′a= 1.7 Hz, J6′a,6′b= 12.1 Hz, 1H, H-6a), 3.91-3.84 (m, 3H, H-5, H-6b, H-6b), 3.84-3.78 (m, 3H,

H-6a, H-3 and H-4), 3.72-3.65 (m, 3H, H-2, H-3, H-4 and H-5), 3.62 (ddd, J4′,5′= 8.9 Hz, J5′′,6′′a=

2.3 Hz, J5′′,6′′b=5.7 Hz, 1H, H-5), 3.55 (dd, J5′′,6′′b= 5.7 Hz, J6′′′a,6′′′b= 13.4 Hz, 1H, H-6b), 3.52

(dd, J2′′,3′′= 8.9 Hz, J3′′,4′′= 9.0 Hz, 1H, H-3), 3.47 (dd, J3′′,4′′= 9.0 Hz, J4′′,5′′= 9.0 Hz, 1H, H-4),

3.41 (dd, J1′,2′ = 7.8 Hz, J2′,3′= 9.1 Hz, 1H, H-2), 3.35 (dd, J1′′,2′′ = 7.9 Hz, J2′′,3′′= 9.0 Hz, 1H,

H-2).

13C NMR (101 MHz, Deuterium Oxide) δ 161.64 (pNP-C-1), 142.62 (pNP-C-4), 126.09 (2C,

pNP-C-3 and C-5), 116.46 (2C, pNP-C-2 and C-6), 102.50 (C-1), 102.39 (C-1), 99.24 (C-1), 78.27

(C-4), 78.05 (C-4), 75.22, 75.09, 74.79, 74.20, 73.94, 73.93, 73.10, 72.92, 72.52, 70.03 (C-4), 59.85

(C-6), 59.69 (C-6), 50.85 (C-6).

4-NH2-Glc-β-1,4-2FGlc-β-DNP

1H NMR (400 MHz, Deuterium Oxide) δ 8.93 (d,J= 2.8 Hz, 1H, DNP-H-3), 8.58 (dd,J= 9.3, 2.8

Hz, 1H, DNP-H-5), 7.66 (d,J= 9.4 Hz, 1H, DNP-H-6), 5.78 (dd, J1,2 = 7.6 Hz, J1,F = 2.9 Hz, 1H,

H-1), 4.64 (ddd, J1,2 = 7.6 Hz, J2,F = 51.2 Hz, J2,3′ = 9.1Hz, 1H, H-2), 4.55 (d, J1′,2′ = 7.6 Hz,

1H, H-1), 4.11 (ddd, J2,3′= 8.8 Hz, J3,4= 8.8 Hz, J3,F = 15.7 Hz, 1H, H-3), 4.04 (dd, J6a,6b= 12.2

Hz, J5,6a′= 1.4 Hz, 1H, H-6a), 3.96-3.84 (m, 4H, H-4, H-5, H-6b and H-6a), 3.75 (dd, J6′a,6′b= 12.4

Hz, J5′,6b′= 5.9 Hz, 1H, H-6b), 3.48 (ddd, J4′,5′= 9.9 Hz, J5′,6′a= 2.5 Hz, J5′,6b′= 5.8 Hz, 1H, H-5),

3.41 (dd, J2′,3′= 9.7 Hz, J3′,4′= 9.7 Hz, 1H, H-3), 3.35 (dd, J1′,2′ = 7.6 Hz, J2′,3′= 9.3 Hz, 1H, H-2),

2.76 (dd, J3′,4′= 9.7 Hz, J4′,5′= 9.7 Hz, 1H, H-4)

13C NMR (101 MHz, D2O+DMSO-d6) δ 155.35 (DNP C-1), 143.35(DNP C-2) 140.63(DNP

C-4), 131.41(DNP C-5), 123.71(DNP C-6), 119.45(DNP C-3), 104.24(C-1), 99.20(d, C-1), 92.54 (d,

C-2), 78.87 (d, C-4), 78.15 (C-5), 77.06, 77.01(C-3 and C-5), 75.08(C-2), 74.09(d, C-3), 62.45(C-6),

61.04(C-6), 54.03 (C-4).
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Glc-β-1,4-Glc-β-1,4-2F-Glc-β-DNP

1H NMR (400 MHz, Deuterium Oxide) δ 8.92 (d,J= 2.8 Hz, 1H, DNP-H-3), 8.56 (dd,J= 9.4, 2.8

Hz, 1H, DNP-H-5), 7.63 (d,J= 9.4 Hz, 1H, DNP-H-6), 5.78 (dd, J1,2 = 7.6 Hz, J1,F = 3.0 Hz, 1H,

H-1), 4.64 (ddd, J1,2 = 7.6 Hz, J2,F = 51.1 Hz, J2,3′ = 9.0Hz, 1H, H-2), 4.59 (d, J1′,2′ = 7.9 Hz,

1H, H-1), 4.53 (d, J1′′,2′′ = 7.9 Hz, 1H, H-1), 4.11 (ddd, J2,3′= 8.6 Hz, J3,4= 8.6 Hz, J3,F = 15.8

Hz, 1H, H-3), 4.06-3.99 (m, 2H, H-6a and H-6a), 3.96-3.87 (m, 4H, H-4, H-5, H-6b and H-6a), 3.85

(dd, J6′a,6′b= 12.3 Hz, J5′,6b′= 4.7 Hz, 1H, H-6b), 3.75 (dd, J6′′′a,6′′′b= 12.3 Hz, J5′′,6′′b= 5.7 Hz, 1H,

H-6b), 3.72-3.62 (m, 3H, H-3, H-4 and H-5), 3.53 (dd, J2′′,3′′= 9.1 Hz, J3′′,4′′= 9.1 Hz, 1H, H-3),

3.52-3.48 (m, 1H, H-5), 3.43 (dd, J3′′,4′′= 9.0 Hz, J4′′,5′′= 9.7 Hz, 1H, H-4), 3.40 (dd, J1′,2′ = 7.9

Hz, J2′,3′= 8.9 Hz, 1H, H-2), 3.33 (dd, J1′′,2′′ = 7.9 Hz, J2′′,3′′= 9.3 Hz, 1H, H-2)

13C NMR (101 MHz, D2O+DMSO-d6) δ 154.28(DNP C-1), 142.18(DNP C-2) 139.43(DNP

C-4), 130.25(DNP C-5), 122.63(DNP C-6), 118.29(DNP C-3), 102.99(C-1), 102.69(C-1), 98.07(d,

C-1), 91.37 (d, C-2), 78.83 (C-4), 77.40(d, C-4), 76.40(C-5), 75.90, 75.88(C-3 and C-5), 75.28(C-5),

74.45(C-3), 73.57(C-2), 73.32(C-2), 72.88 (d, C-3), 69.87(C-4), 60.99(C-6), 60.34(C-6), 59.84 (C-6).

Glc-β-1,4-Glc-β-1,4-Glc-β-1,4-2F-Glc-β-DNP

1H NMR (400 MHz, Deuterium Oxide) δ 8.93 (d,J= 2.8 Hz, 1H, DNP-H-3), 8.57 (dd,J= 9.4, 2.8

Hz, 1H, DNP-H-5), 7.64 (d,J= 9.4 Hz, 1H, DNP-H-6), 5.79 (dd, J1,2 = 7.5 Hz, J1,F = 2.9 Hz,

1H, H-1), 4.64 (ddd, J1,2 = 7.6 Hz, J2,F = 51.1 Hz, J2,3′ = 9.0Hz, 1H, H-2), 4.60 (d, J1′,2′ = 8.0

Hz, 1H, H-1), 4.56 (d, J1′′,2′′ = 7.9 Hz, 1H, H-1), 4.53 (d, J1′′′,2′′′ = 7.9 Hz, 1H, H-1), 4.12 (ddd,

J2,3′= 8.5 Hz, J3,4= 8.5 Hz, J3,F = 16.2 Hz, 1H, H-3), 4.07-3.97 (m, 3H, H-6a, H-6a and H-6a),

3.97-3.88 (m, 4H, H-4, H-5, H-6b, H-6a), 3.86 (dd, J6′a,6′b= 12.3 Hz, J5′,6b′= 4.5 Hz, 1H, H-6b),

3.85 (dd, J6′′′a,6′′′b= 12.5 Hz, J5′′,6′′b= 5.7 Hz, 1H, H-6b), 3.75 (dd, J6′′′a,6′′′b= 12.5 Hz, J5′′′,6′′′b=

5.7 Hz, 1H, H-6b), 3.73-3.61 (m, 6H, H-3, H-4, H-5, H-3, H-4 and H-5), 3.56-3.48 (m, 2H, H-3 and

H-5), 3.46-3.36 (m, 3H, H-2, H-2, H-4), 3.33 (dd, J1′′′,2′′′ = 7.9 Hz, J2′′′,3′′′= 9.3 Hz, 1H, H-2).
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Glc-β-1,4-Glc-β-1,3-Glc-β-octyl

1H NMR (400 MHz, Deuterium Oxide) δ 4.77 (d, J1′,2′ = 7.6 Hz, 1H, H-1), 4.52 (d, J1′′,2′′ =

7.9 Hz, 1H, H-1), 4.49 (d, J1,2 = 8.1 Hz, 1H, H-1), 4.00 (dd, J5,6a′= 2.1 Hz, J6a,6b= 12.3, 1H,

H-6a), 3.96-3.89 (m, 3H, Octyl-H-1a, H-6a and H-6a), 3.82 (dd, J5′,6′b= 5.0 Hz, J6a,6b= 12.3, 1H,

H-6b),3.78-3.69 (m, 3H, H-3, H-6b and H-6b), 3.69-3.60 (m, 5H, Octyl-H-1b, H-5, H-3, H-4 and

H-5), 3.55-3.49 (m, 3H, H-4, H-3 and H-5), 3.49-3.38 (m, 3H, H-2, H-2 and H-4), 3.33 (dd, J1′′,2′′

= 7.8 Hz, J2′′,3′′= 9.2 Hz, 1H, H-2), 1.69-1.58 (m, 2H, Octyl-H-2), 1.41-1.25 (m, 10H, Octyl H-3,

H-4, H-5, H-6 and H-7), 0.91-0.84 (m, 3H, Octyl-H-8).
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