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Abstract
Carbohydrates are ubiquitous in Nature and fundamental to the sustenance of organisms
across all domains of life. Carbohydrates serve as sources and reserves of metabolic energy,
participate in various cellular communication events, and provide structural support to plant and
animal cells. Highly specific enzymes have evolved over several millennia to bind and manipulate
carbohydrate substrates. Glycoside hydrolases (GHs) are a class of carbohydrate-active enzymes
that cleave glycosidic linkages in complex carbohydrates. Organisms across all domains of life
dedicate part of their genome to the production of GHs. New GHs are continually discovered
through genome sequencing, while their structural and functional characterization, particularly in
complex native environments, poses a persistent challenge to the dynamic field of GH
characterization. One of the fundamental ways of ascribing protein function is the exploration of
protein active sites, which can be used to deduce important details regarding substrate-enzyme
interactions.
The work presented in this thesis describes the development of six new probes targeting a
variety of GHs by irreversible covalent inhibition. These probes, developed on oligosaccharide
scaffolds, feature either an N-bromoacetylglycosylamine electrophilic warhead or 2', 4'
dinitrophenyl 2-deoxy-2-fluoro substitutions, facilitating irreversible inhibition of the target GH.
The analysis presented in this work reveals key information about enzyme-inhibitor interactions
through enzyme kinetic analyses, intact-protein mass spectrometry, and inhibitor-bound protein
X-ray crystallography. Enzymes of diverse GH families and substrate preferences including endoxyloglucanases, mixed-linkage glucanases, and β-(1,3) glucanases are featured to demonstrate the
potency of this library of inhibitors. This small-molecule inhibitor toolkit targeting specific GH
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enzymes has the potential to enhance our knowledge of the structural and functional characteristics
of GHs and to provide a platform for activity-based enzyme profiling.
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Lay Summary
Complex carbohydrates from diverse sources account for about 75% of the total biomass
on earth. To be used as an energy source, carbohydrates are often required to be broken down into
smaller parts. This task is accomplished in Nature by millions of highly specific carbohydratedegrading enzymes (glycoside hydrolases or GHs). These enzymes have many applications such
as in the bioethanol industry for producing fermentable sugar.
GHs have a variety of structures, specializations, and speed of carbohydrate digestion. Such
properties can be evaluated with the help of biochemical tools that can predictably tune the activity
of GHs. The work in this thesis describes the development of new GH inhibitors designed to
quantitatively kill GH activity, facilitating the comparison of speed across various GHs and the
prediction of their functions. Collectively, these inhibitors add to the growing field of biochemical
tools that assist in the discovery of new industrially applicable enzymes.
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Preface
Chapter 2: Synthesis and application of a highly branched, mechanism-based 2deoxy-2-fluoro-oligosaccharide inhibitor of endo-xyloglucanases. This chapter was written by
the author (Namrata Jain), who also performed the chemo-enzymatic synthesis of the inhibitor as
well as all kinetics and active site labelling experiments. Dr. Mohamed Attia performed the
recombinant protein production and site-directed mutagenesis of the enzyme. Wendy Offen solved
the crystal structures, which were analyzed under the supervision of Prof. Gideon Davies. Prof.
Harry Brumer (Ph.D. supervisor) reviewed and revised the manuscript. A version of this chapter
has been published: Jain, N., Attia, M. A., Offen, W. A., Davies, G. J., & Brumer, H. (2018).
Synthesis and application of a highly branched, mechanism-based 2-deoxy-2-fluorooligosaccharide inhibitor of endo-xyloglucanases. Organic & Biomolecular Chemistry, 16(45),
8732–8741 (with a correction published as Jain, N., Attia, M. A., Offen, W. A., Davies, G. J., &
Brumer, H. (2019). Correction: Synthesis and application of a highly branched, mechanism-based
2-deoxy-2-fluoro-oligosaccharide inhibitor of endo-xyloglucanases. Organic & Biomolecular
Chemistry, 17(2), 398-398.)
Chapter 3: This chapter was written by the author (Namrata Jain), who also performed the
chemo-enzymatic synthesis of the inhibitors as well as all kinetics and active site labelling
experiments. VvEG16 (ΔV152) was provided by Dr. Nicholas McGregor. Kazune Tamura
performed recombinant protein production of BoGH16 and crystal structure determination, under
the supervision of Prof. Filip van Petegem and Prof. Harry Brumer. Prof. Harry Brumer (Ph.D.
supervisor) reviewed and revised the manuscript. A version of this chapter will be submitted for
publication.
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Chapter 4: This chapter was written by the author (Namrata Jain), who also performed the
chemo-enzymatic synthesis of the inhibitors and β-2’-chloro-4’-nitrophenyl laminaribioside, the
inactivation kinetics, and the intact-protein mass spectrometry experiments. The BuGH158 and
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β-2’-chloro-4’-nitrophenyl laminaribioside, the synthesis of which is described in this
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The determination of the reaction stereoselectivity of GH158 by NMR, performed by the
author together with Kazune Tamura, has been published in Déjean, G. et al. (2020) Synergy
between cell-surface glycosidases and glycan-binding proteins dictates the utilization of specific
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A version of this chapter will be submitted for publication.
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Chapter 1: Introduction
1.1

The Role of Complex Polysaccharides
Carbohydrates are one of the most important classes of biomolecules and serve a variety

of essential functions in Nature. They serve as sources and reserves of metabolic energy,
participate in various intracellular transport and recognition processes, provide structural support
to plant and animal cells, and are essential components of many biologically important natural
products such as glycolipids and glycoproteins1–6. However, exploration and utilization of
carbohydrates are heavily restricted by their extensive structural complexity. Despite being
composed of a handful of elements, carbohydrates display a uniquely high structural diversity
through tremendous variation in their structure, molecular weight, stereochemical configuration,
and linkages. A hexasaccharide, for example, is calculated to have 1012 possible linear and
branched forms7, although the actual diversity of the structures of naturally occurring glycans is
likely to be only a small fraction of that number8.
1.1.1

Plant Cell Wall Polysaccharides
Plant cell walls are rich in carbohydrates and account for one of the largest stores of organic

carbon on earth. They are crucial in providing rigidity, flexibility, and shape to plants, storing
metabolic energy, protecting against pathogens as well as playing a vital role in recognition and
signalling events9. Carbohydrates are abundantly found in the thin, flexible, and highly permeable
primary cell walls that surround growing cells, as well as in thicker secondary cell walls that
develop in some cells after expansion to provide additional strength and rigidity6. In the complex
network of glycans within the plant cell walls, paracrystalline cellulose microfibrils are woven into

1

a matrix of hemicelluloses, lignins, and pectins6 (Figure 1.1). Some important plant cell wall
polysaccharides are highlighted below.

Figure 1.1: Schematic model for plant cell wall structure (reused with permission from Sticklen, 200810)

1.1.1.1

Cellulose
Cellulose is the most abundant biopolymer on earth and an immense resource of renewable

biomass. It is an important structural constituent of plant cell walls and makes up 35-50% of dry
plant matter in land plants11. Cellulose is a linear homopolysaccharide made up of glucose residues
linked through β-(1,4) glycosidic linkages where every other glucose is rotated 180° along the
chain axis. (Figure 1.2). The molecular weight of cellulose ranges from 100 to 20,00012. The
cellulose chains are held together via intermolecular hydrogen bonds and van der Waals forces,
and form microfibrils with a crystalline or semi-crystalline lattice which can extend up to a few
micrometres in length and 2-10 nm wide13.

Figure 1.2: Representative structure of cellulose
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1.1.1.2

Hemicelluloses
Hemicelluloses are a broad category of polysaccharides that strengthen the plant cell wall

by cross-linking cellulose microfibrils via non-covalent interactions14. In some cases,
hemicelluloses also serve as seed storage carbohydrates15. Their composition, abundance, and
structures vary widely between different species and cell types, but they are typically amorphous
polysaccharides composed of highly branched and variably linked uncharged monosaccharide
units16. Two important hemicelluloses of relevance to this thesis are xyloglucan and mixed-linkage
β-glucan.
1.1.1.2.1

Xyloglucan

Xyloglucan (XyG) is one of the major constituents of the plant cell wall hemicelluloses. It
is present in all terrestrial plants in variable amounts14,17 and is the most abundant hemicellulose
in dicots and non-commelinoid monocots, constituting 20-25% of their dry cell wall weight18. XyG
plays a distinct role in various plants in the form of structural and storage polysaccharides15. The
primary role of XyG in the plant cell wall is to form a sheath around cellulose microfibrils to
prevent them from aggregating19, as well as to support cell enlargement during growth20. In many
primary cell walls, the cellulose–xyloglucan network is the major load-bearing structure21. XyG is
also potentially an important feedstock for second-generation bioethanol production22, as well as
an additive in the papermaking process to facilitate increased adhesion and lowered friction
between cellulose fibers23.
The canonical structure of XyG consists of a linear chain of β-(1,4) linked D-glucose
residues which are heavily substituted by α-(1,6) D-xylosyl side groups. This moiety can be further
substituted with D- and L-galactosyl, L-fucosyl, D-galacturonosyl, L-arabinopyranosyl, and Larabinofuranosyl moieties. Acetyl groups are often connected to the backbone as well as the
3

branching residues16,24. The substitutions on xyloglucan are highly variable based on the source of
the polysaccharide25. Owing to the highly complex structure of this polysaccharide, a shorthand
nomenclature is commonly used to represent individual glucosyl residues of XyG, wherein G
denotes an unbranched glucose residue, X (Xylp-α(1, 6)-β-Glcp) denotes an α-(1,6) D-xylose
substituted glucose, and L (Galp-β(1, 2)-Xylp-α(1, 6)-β-Glcp) represents further β-(1,2) D-galactose
substitution on this xylosyl group26 (Figure 1.3).
Predominant forms of XyG contain a repeating unit consisting of three α-(1,6) D-xylosesubstituted glucoses followed by one unsubstituted glucose XXXG27. When further substituted by
galactosyl and fucosyl residues, it results in fucogalactoxyloglucan which is found in lettuce,
carrot, and soybean25 (Figure 1.3).
Xyloglucan depolymerization is highly important in plant cell wall remodelling during
various stages of plant growth and is necessary for the production of fermentable monosaccharides
from XyG28,29. Hence, there are numerous examples of xyloglucan-degrading enzymes
(xyloglucanases) of prokaryotic and eukaryotic origin20,28,30–34.
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Figure 1.3: Representative structure of dicot xyloglucan. Substructure nomenclature is according to
Tuomivaara, 2015 and symbols are according to the Consortium for Functional Glycomics (reused from Jain,
2018)

1.1.1.2.2

Mixed-linkage β-glucan

Mixed-linkage β-glucans (MLGs) are a major component of the cell walls of commelinoid
monocots such as oat and barley35, as well as plants of the genus Equisetum36. MLGs are typically
more abundant in the primary cell walls than in the lignified secondary cell wall37. As important
components of dietary fibre, the intake and modulation of MLGs is a critical factor in the overall
digestive health, innate immunity, and disease outcome in mammalian systems38–41.
Structurally, MLG is composed of glucosyl units connected with β-(1,4) glycosidic bonds
which are regularly interspersed with β-(1,3) linkages42,43. The nomenclature of MLG denotes β(1,4) linked glucosyl residues as G and β-(1,3) linked glucosyl residues as G343–45. MLG is
dominated by cellotriosyl and cellotetrasyl units linked by β-(1,3) linkages, but longer β-(1,4)linked segments also occur46 (Figure 1.4). Typically, about 25-30% of the total linkages are β(1,3)42, giving the polysaccharide a kinked shape and leading to the formation of a gel-like matrix
5

that facilitates wall elongation and plays an important role in supporting plant cell wall growth47.
Mixed-linkage β-glucan can be depolymerized in nature by enzymes such as mixed-linkage
glucanases (MLGases)43,48,49. MLGases are found across all domains of life and serve essential
functions such as assist mammalian gut bacteria in the digestion of dietary MLG44.

Figure 1.4: Representative structure of mixed-linkage β-glucan (MLG): The glucosyl residues in purple are
substituted at the C3 position with a β-(1,3) linkage, other residues are linked β-(1,4).

1.1.2

β-(1,3) Glucans
β-(1,3) glucans are linear polysaccharides made up of chains of contiguous β-(1,3) glucosyl

residues, which are often substituted with β-(1,6) glucoses. The degree of polymerization and
branching varies with the specific plants, algal, fungal, and bacterial sources50,51.
An example of a higher plant linear β-(1,3) glucan is callose. Callose has many important
roles in various stages of plant development, such as separation of developing pollen grains to
prevent their underlying walls from fusing, and are a major constituent of pollen tubes52,53.
Similarly, fungal β-(1,3) glucan pachyman is a major component of the sclerotia of Poria cocos, a
medicinal fungus with myriad pharmaceutical properties54. Pachyman is made up of a β-(1,6) branched β-(1,3) glucose main chain55, with some internal β-(1,6) bonds also reportedly
present55,56.
Bacterial polysaccharide curdlan is an unbranched β-(1,3) glucan known for its high
commercial applicability due to its thermal gelation properties57,58. It is produced by the
6

fermentation of Agrobacterium strains from soil59. Both pachyman and curdlan have a high degree
of polymerization (approximately 250 and 450 respectively)60.
Algal β-(1,3) glucans, such as laminarin, are essential components of brown algae,
microalgae and phytoplankton57,61,62 and are one of the most abundant carbohydrates in the marine
ecosystem62. Laminarin is a relatively low molecular weight storage polysaccharide typically
containing 20 to 30 glucose residues63. This polysaccharide is composed of β-(1,3) linked glucosyl
residues which are sparsely substituted with β-(1,6) glucosyl branching63 with some chains
terminated by mannitol end-groups61,62,64 (Figure 1.5). There are variations in the degree of
branching, polymerization and the ratio of different linkages, according to the algae species65.
Laminarin has anti-apoptotic66 and immunostimulatory38,67 properties and is an excellent source
of renewable feedstock for the biofuel industry due to the low percentage of lignin in macroalgae
such as seaweeds68,69.
Due to the diverse structures and origins of β-(1,3) glucans, many enzymes have evolved
to catalytically depolymerize them70–72. β-(1,3) glucanase enzymes have applications in yeast
extract production73 and are important in many plant functions such as seed development,
germination, and defence against pathogens74.

Figure 1.5: Representative structure of laminarin from brown algae Laminaria digitate
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1.2

Glycoside Hydrolases as Carbohydrate-Active Enzymes
Carbohydrate-active enzymes (CAZymes) are highly specific proteins that have evolved

over several millennia across Kingdoms to perform the assembly, degradation, isomerization,
binding, and reshuffling of carbohydrates in an extraordinarily efficient manner. Some CAZymes
are known to accelerate the rate of carbohydrate hydrolysis by as much as 1017 fold as compared
to spontaneous hydrolysis with highly exquisite substrate specificity75,76. These proteins have
diverse structures, stability, functions, specificities, and mechanisms of action. To facilitate their
analysis, they have been classified in various ways, for example, based on specificity (EC
classification77) and amino acid sequences (CAZy database78).
1.2.1

CAZy Database
The Carbohydrate-Active Enzyme database (CAZy database) is an actively curated

resource for CAZyme discovery and organization that groups CAZymes into various classes and
families based on sequence similarity78. Since there is a direct correlation between amino-acid
sequence and overall fold, this classification enables the prediction of structural features of an
enzyme, as well as the mechanism of action and evolutionary pathway.
The CAZy database classifies CAZymes into five main classes: glycosyl hydrolases79,
glycosyltransferases80, polysaccharide lyases81,82, carbohydrate esterases83 and auxiliary activity84,
with an additional class for the non-catalytic carbohydrate-binding modules85. Each class is further
subdivided into multiple families (and sometimes subfamilies82,86–89) based on sequence and
structural similarities. The fold, active site topology, and mechanism of action is typically shared
between the members of the same family90, making the prediction of catalytic residues and
structural information among uncharacterized members easier via sequence alignment with a
characterized member91.
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The largest class of CAZymes is the glycoside hydrolases (GH), which catalyze the
cleavage of glycosidic bonds either between saccharides or between a saccharide and a non-sugar
molecule (aglycone). This cleavage is followed by hydrolysis or transglycosylation, in a wide
range of glycoconjugates. GHs are classified into over 160 distinct families based on many
thousands of known sequences and folding similarities78. Many of the sequence-based families are
polyspecific, i.e. they contain enzymes of different substrate specificities, and often CAZymes
with similar specificities are found in different families79. Typically about 1-3% of the genome of
any organism encodes GHs92. Families with multiple activities are further divided into subfamilies,
providing finer details of the evolution and substrate specificity of those families88,89.
GHs can be further classified based on their mode of action as endo- or exo-acting. Endoacting GHs cleave non-terminal glycosidic linkages on conjugated or free oligo- or
polysaccharides, whereas exo-acting GHs cleave terminal linkages. These modes of actions are
reflected in the surface topologies of GHs, whereby exo-acting GHs often display a deeper binding
pocket to be able to accommodate the terminal end of the substrate, while endo-acting GHs contain
a shallow groove or tunnel at the surface90 (Figure 1.6). Endo-acting GHs may be either endodissociative or endo-processive. Endo-dissociative GHs detach from the polysaccharide chain after
each hydrolytic cleavage, and hence the enzyme produces a random mixture of mid-range
molecular weight products at the beginning of the reaction. In contrast, endo-processive GHs bind
the polysaccharide chain, catalyze the hydrolysis and slide along the polysaccharide chain without
detaching to continue the hydrolysis93.
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Figure 1.6: Types of active sites found in glycoside hydrolases : (a) The pocket (b) The cleft (c) The tunnel. In
all panels, the proposed catalytic residues are indicated in red (reused with permission from Davies and
Henrissat, 199590)

1.2.2

Mechanism of GH Catalysis
GHs can also be classified based on the stereospecificity of the catalysis product relative

to the substrate. GHs generally act on their substrate via one of two mechanisms, inverting or
10

retaining, with a net inversion or retention of configuration at the anomeric carbon with respect to
their substrate, respectively90,94 (Figure 1.7). Catalysis is made possible by two active site
carboxylic acid/carboxylate residues. Several variations in these mechanisms have been found
including substrate-assisted catalysis95, alternative nucleophiles96, absent key residues97, and use
of NAD-cofactor98, but such variations are rare and out of the scope of this thesis.
Inverting enzymes progress through a single step, direct displacement mechanism where a
carboxylate residue acts as a general base, deprotonating a water molecule that attacks the
anomeric centre. The departure of the leaving group is assisted by protonation from a second
carboxylic acid group which acts as a general acid (Figure 1.7a). This reaction proceeds via an
oxocarbenium ion-like transition state76 with net inversion of anomeric stereoconfiguration. The
distance between the two carboxylic acid residues is typically 6-12 Å.
Retaining GHs proceed through a two-step, double displacement mechanism involving a
covalent glycosyl-enzyme intermediate (Figure 1.7b). As for the inverting mechanism, both steps
proceed via an oxocarbenium ion-like transition state76. In the retaining mechanism, the anomeric
centre of the substrate is attacked by a deprotonated carboxylate amino acid (the nucleophilic
residue), leading to a covalently-linked substrate-enzyme intermediate with inversion of
configuration at the anomeric centre. The departing group is protonated by a second carboxylic
amino acid (the catalytic acid/base residue). In the next step, the acid/base residue acts to
deprotonate an incoming nucleophile (usually water or a hydroxyl group from another saccharide
molecule). This deprotonated nucleophile, in turn, cleaves the covalently-linked intermediate to
complete the catalytic cycle with net retention of configuration at the anomeric centre. The two
carboxylic acid residues are separated by approximately 5 Å.
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Even though the active site carboxylic acid residues play a key role in catalysis, it is
believed that the acceleration of reaction rate is achieved by the stabilizing non-covalent
interactions between the enzyme and the substrate in the oxocarbenium ion-like transition states99.

Figure 1.7: Classical Koshland mechanism of action of GHs: (a) Inverting GHs (b) Retaining GHs
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During catalysis by GHs, individual substrate-binding sites on the enzyme are referred to
as subsites (n) and are numbered from the point of bond cleavage according to a -n to +n system100.
The subsites towards the non-reducing end of the substrate are labelled -1, -2, -3, etc. while those
toward the reducing end are labelled as +1, +2, +3. Thus, glycosidic bond cleavage occurs between
the −1 and +1 subsites100.
1.2.3

Industrial Importance of Glycoside Hydrolases
Due to their excellent capacity to depolymerize complex carbohydrates, GHs are widely

applied in many industries. For example, GHs involved in cellulose and hemicellulose
biodegradation are widely used to overcome the recalcitrance of natural lignocellulosic materials
for producing sustainable biobased products and biofuels101–103. As well, some GHs have
applications in animal feed production, wherein they break down various hemicelluloses in the
ingredients of the feed to reduce the viscosity of the raw material104, in the pulp and paper industry
for bleaching of cellulose pulp105, and as key ingredients in some laundry detergents106,107. Other
hemicellulose-degrading enzymes, such as mixed-linkage glucanases (MLGases), are used to
alleviate problems such as hazing in the brewery industry due to the viscosity of their substrates108.
Laminarinases have been reported to have usage for commercial yeast extract production73,
in malting and brewing processes109, and in fungal and yeast cell wall degradation110. Other β-(1,3)
glucanases have important applications in bioethanol production111, against fungal infections112,
and to produce high-value oligosaccharides113,114.
1.2.4

Polysaccharide Utilization in Bacteria
One of the most important roles of GHs is their capability to assist carbohydrate

degradation in microbes, offering some of the greatest catalytic rate enhancements among
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enzymes. In particular, microbes that reside in the lower digestive tract of mammals are of
considerable importance to human nutrition115,116, as the intrinsic capacity of mammals to absorb
and utilize complex dietary polysaccharides is highly limited. Hence, there is significant research
interest in the mechanisms of complex dietary polysaccharides metabolization by bacteria and their
impact on human health117.
Within the human distal colon, Prevotella and Bacteroides are important genera of the
ubiquitous bacterial Phylum Bacteroidetes118. In particular, Bacteroides thetaiotaomicron119 has
served as a model species in understanding polysaccharide digestion in the human gut and its
proteomic analysis has greatly added to our knowledge of the mechanism of action of
Bacteroides120. Similarly, B. ovatus and B. uniformis have recently been the focus of similar
research, owing to their capacity to utilize a multitude of polysaccharides32,44,121–123.
Polysaccharide-degrading bacteria residing in the soil are also prolific polysaccharide-degraders,
such as the Gram-negative soil saprophyte Cellvibrio japonicus, whose complete genome
sequencing and genetic methods development showed immense potential for complex
carbohydrate degradation, making it an important organism for CAZyme discovery124,125.
1.3

Small Molecule Inhibitors of GH
Despite a large number of curated sequences of GHs in the CAZy database, only a small

percentage have been functionally and structurally assigned, underpinning a pressing need for new
tools targeting the investigation of GHs. Indeed, only about 2% of the enzymes in the CAZy
database are functionally characterized, and the number of CAZymes with crystallographic
information available is less than 0.25%126,127. Hence, novel approaches to characterize and
discover new functional GH enzymes are highly important.
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Over the past few decades, the structural, functional, specificity, and mechanistic
characterization of GHs has been a major area of research in the field of carbohydrate enzymology.
However, there is a widening gap between sequence prediction and functional analysis127 (Figure
1.8). As such, there is an increasing need for the development of enzyme-binding probes that can
measure the proficiency of GHs by quantifiably altering their natural function. Highly potent
probes could provide insights into the active site of newly discovered GHs. Such insights could
assist in the identification of important catalytic residues and determination of the mechanisms of
action, preferred substrate configurations, and catalytic efficiencies of these enzymes.

Figure 1.8: Growth of the number of GHs in the CAZy database. Black: number of sequences; red: number
of biochemically characterized entries (reused with permission from Garron and Henrissat, 2019127)

Enzyme inhibitors are a class of such probes that are capable of reducing enzyme activity.
Inhibitors can be designed to slow or kill the activity of GHs and thus assist in enzyme kinetic
analysis. The data obtained through inhibition kinetics help in understanding the specificity of
GHs, as well as in identifying enzyme residues directly involved in catalysis, and therefore shed
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light on the details of enzyme mechanisms. Often, GH inhibitors are widely used as molecular
tools in chemical biology and drug discovery and many drugs are indeed enzyme inhibitors128,129.
In general, inhibitors are classified as either reversible or irreversible, according to their binding
modes and the nature of their interaction with the enzyme.
1.3.1

Reversible Inhibitors of GHs
Reversible inhibitors of GHs bind the enzyme non-covalently, primarily through hydrogen

and ionic bonds, and hydrophobic interactions130. Various classes of reversible inhibitors of GHs
are based on the incorporation of a nitrogen atom to substitute the internal ring oxygen, resulting
in the iminosugar type inhibitors (such as Nojirimycin131, deoxynojirimycin132 and
castanospermine133). Alternatively, the nitrogen can substitute the anomeric carbon and the ring
oxygen can be replaced by a carbon atom (1-azasugar type inhibitors such as isofagomine134)
(Figure 1.9).
Another class of reversible GH inhibitors is based on glycosylamine derivatives such as
valienamines135 and β-D-glycosylamidines136. Some other effective reversible inhibitors of GHs
are mannostatin A137, acarbose138 and validamycin A139, thiosugars140,141 and glucoimidazole-type
inhibitors142. Reversible inhibitors have a multitude of applications for therapeutic and research
purposes139,143–145, and as chemical probes for the characterization of GHs146.
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Figure 1.9: Examples of reversible inhibitors of GHs

1.3.2

Irreversible Inhibitors of GHs
Irreversible inhibitors facilitate GH inactivation via the formation of a covalent bond with

the enzyme147,148. Due to their glycomimetic backbone, irreversible inhibitors have an affinity
towards the active site of the target GH, and the loss of activity is incurred either by steric crowding
of the active site or by chemical modification of important catalytic residues147. Irreversible
inhibitors of GHs can be classified into two broad categories, as discussed below.
1.3.2.1

Active-site Affinity-based Inhibitors of GHs
Active-site affinity-based inhibitors (sometimes referred to as affinity labels) are

structurally similar to the natural enzyme-substrate and are capable of covalently modifying active
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site residues149. Active-site affinity-based inhibitors can be further subdivided into probes that
require an external trigger for covalent cross-linking (such as photoaffinity labels150), and those
that react spontaneously due to the presence of intrinsically reactive functional groups147. The
former consists of inhibitors that have photoreactive groups such as diazirine or aryl azide situated
on a substrate motif151,152. On activation, these groups release highly reactive nitrenes or carbenes,
which in turn non-specifically react with the enzyme residues150.
Other examples of active-site affinity-based inhibitors are C-glycosides with a highly
reactive diazomethyl group153,154, glucosylthio-hydroquinones155, and glucosyl-isothiocyanate156,
all of which are minimally potent towards their target GH and hence have not seen wide use as
glycosidase-labelling agents (Figure 1.10).

Figure 1.10: Examples of active-site affinity-based inhibitors of GHs

18

So far, the most effective inhibitors in this category have been the Nbromoacetylglycosylamine157 and bromoketone C-glycoside158 based affinity labels. They provide
significant benefits over the previously mentioned probes as a result of their stability towards
spontaneous decomposition and pH variation, as well as their ability to perform without prior
stimulation157,159. Such inhibitors consist of an electrophilic “warhead” which reacts rapidly with
the catalytic residue through the displacement of the bromo-functional group160. They can be
synthesized through simple synthetic routes from free oligosaccharides without the need for the
multiple protection and deprotection steps that are often necessary for synthetic glycochemistry.
N-bromoacetyl glycosylamines have thus far been developed on various mono- and
oligosaccharide backbones such as, glucose157,161–165, galactose162,166, xylose167–169, fucose166,
cellobiose157,170, lactose170, XXXG170 and XLLG170 (for the structure of XLLG, see Figure 1.3).
Hence, N-bromoacetyl glycosylamine inhibitors have been used to inactivate various GHs,
including:

endo-xyloglucanases170,171,

mixed-linkage

β-glucanase/xyloglucanase43,

β-

galactosidase166, exoglycanase160, β-xylosidases167–169, and β-glucosidases161,163–165. Analogous Niodoacetylglycosylamine congeners have also been previously developed172; however, their
application is limited by their instability, as previously discussed170,173.
1.3.2.2

Mechanism-based Inhibitors of GHs
Contrary to active-site affinity-based inhibitors, mechanism-based inhibitors (MBIs)

require activation by the catalytic machinery. During the catalytic cycle, inhibition occurs due to
a covalent attachment of the enzyme catalytic amino acid residue to the anomeric carbon of the
inhibitor, or to a reactive species formed during catalysis147,149,174. MBIs are typically substrate or
transition-state analogues that take advantage of the catalytic machinery of the target GHs and
render them inactive via a ‘suicide’ mechanism175.
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A variety of MBIs have been developed over the past few decades, for example,
glycosylmethyl aryl triazenes153,176, o- and p- difluoromethylaryl β-glucosides177, conduritol βepoxide174,178, cyclophellitol179, conduritol β-aziridines180, N-aminoaziridines181, cyclosulfates182,
cyclohexene carbasugar analogs183, and bicyclo[4.1.0]heptyl galactose analogues184 (Figure
1.11).

Figure 1.11: Examples of mechanism-based inhibitors of GHs

The incorporation of fluorine185 and H186 atoms to replace hydroxyl groups within the
pyranose glycone forms the basis of a subclass of MBIs. The mechanism of this subclass is based
on the destabilization of the transition state and disruption of key catalytic interactions between
the hydroxyl group and enzymic residues. Since the conception of this idea, several mono- and
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difluoroglycoside-type probes have since been developed187–192. For example, 2’, 4’-dinitrophenyl2-deoxy-2-fluoroglycoside (2F-DNP) inhibitors are targeted towards retaining GHs, taking
advantage of their double-displacement mechanism.
In 2F-DNP inhibitors, the C2 hydroxyl group is substituted with the electron-withdrawing
fluorine group which, during catalysis, causes a significant destabilization of the transition states
and increases the activation energy. This leads to a decrease in the rates of both reaction steps. A
good leaving group, such as the chromogenic dinitrophenyl group, is substituted at the anomeric
position to increase the rate of the first (glycosylation) step. These substitutions, hence, facilitate
the accumulation of the glycosyl-enzyme intermediate, leading to a significant reduction of the
turnover rate and in most cases causing complete enzyme inhibition185,193 (Figure 1.12).
2-deoxy-2-fluoro and 2-deoxy-2, 2-difluoro inhibitors have previously been developed on
various carbohydrate backbones including glucose185, galactose194, mannose194, lyxose191,192,
maltose188,191, maltotriose191, xylobiose195, cellobiose196, laminaribiose (and related higher β(1,3)
and mixed-linkage oligosaccharides)197,198, and 2-acetamido-Glc-β(1, 4)-Glc199,200. 2-deoxy-2fluoro glycosides have been highly successful in trapping a variety of β-retaining GHs including
xylanases195,201,

galactosidases202,203,

glucocerebrosidases204,

endo-glucanases196,205,

and

glucosidases206,207. The additional electron withdrawing effect of a second fluorine in 2-deoxy-2,
2-difluoro glycosides is typically required for trapping α-retaining GHs189,190,192,208.
Similarly, 5-fluoro-glycosyl sugar congeners209,210, which have been found to be suitable
for trapping both α-retaining GHs210–212 and β-retaining GHs209,213, cause the destabilization of the
emerging positive charge on the endocyclic oxygen during catalysis, and with an appropriate
leaving group, lead to the accumulation of glycosyl-enzyme intermediate.
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Many such probes have been further functionalized with reporter groups for developing
activity-based probes214–216. However, due to the limited number of highly specific GH probes
based on oligosaccharide scaffolds, there is further scope for the development of novel inhibitors
targeting enzymes such as xyloglucanases and MLGases.
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Figure 1.12: Mechanism of inhibition of GHs by 2’,4’-dinitrophenyl-2-deoxy-2-fluoroglycoside inhibitors

1.4

Evaluating GH Activity using Inhibitors
Many analytical techniques can be used to test the activity of covalent inhibitors on target

GHs to facilitate their structural and functional characterization, including protein crystallography,
reaction product analysis using chromatography, protein mass measurement using mass
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spectrometry techniques, and biochemical techniques such as enzyme kinetics analyses using
chromogenic substrates and inhibition kinetics measurement.
1.4.1

Enzyme Kinetics
Enzyme kinetics help in deducing the reaction rate of an enzyme-catalyzed reaction and

the effects of external conditions. A set of principles first developed by Michaelis and Menten in
1913217 and further developed by Briggs and Haldane218 captures the kinetic information necessary
to map the interactions between enzymes and their substrates.
In the simplest model of an enzymatic reaction for retaining GHs (following a two-step
mechanism) described below (Scheme 1.1), E stands for the enzyme, S stands for the substrate,
E.S stands for enzyme-substrate complex (also known as the Michaelis complex), E-S is the
covalent glycosyl-enzyme intermediate, and P is the reaction product. The reaction rate (V) is
defined in terms of substrate concentration and maximum reaction rate Vmax (Equation 1.1).
The variables k2 and k3 are the rate constants of glycosylation and deglycosylation
reactions, respectively. Two important variables in this model are the Michaelis-Menten constant
(Km), defined as the substrate concentration needed to achieve a half-maximum enzyme velocity
(Equation 1.2) and the turnover number (kcat) which is the first-order rate constant for the
conversion of the Michaelis complex to free enzyme and product (Equation 1.3). When the
deglycosylation step is rate-limiting (k2 >> k3), kcat = k3. The ratio kcat/Km (the specificity, or
performance, constant219,220) is an important indicator of the catalytic efficiency of enzymes and
often used to compare the proficiency of enzyme catalysis across various parameters.
𝑘𝑘1

𝑘𝑘2

𝑘𝑘3

E + S ⇌ E. S �⎯⎯� 𝐸𝐸˗𝑆𝑆 �⎯⎯� E + P
𝑘𝑘−1

Scheme 1.1: Kinetic model of enzyme kinetics

23

𝑉𝑉 =

𝐾𝐾𝑚𝑚 =

𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 [S]
𝐾𝐾𝑚𝑚 + [S]

(1.1)

𝑘𝑘2 𝑘𝑘3
𝑘𝑘2 + 𝑘𝑘3

(1.3)

𝑘𝑘3 (𝑘𝑘−1 + 𝑘𝑘2 )
𝑘𝑘1 (𝑘𝑘2 + 𝑘𝑘3 )

𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐 =

(1.2)

The progress curve (i.e. depletion of substrate or accumulation of product over time) has
multiple phases, including the early linear phase or steady-state, where the product is formed at an
‘initial rate’. Following this, the reaction rate continues to drop and the curve eventually reaches a
plateau. During the steady-state, the concentration of the enzymatic intermediate (E.S) is
essentially constant. Typically, the measurement of reaction rates is assumed to be made in the
steady-state at substrate concentrations far higher than enzyme concentrations ([S]>>[E]).
Further details into the enzyme kinetics can be obtained by analyzing the rate of the
reaction as soon as the enzyme is added to the substrate mixture. Known as the pre-steady state
phase (or burst phase), this initial period sees the rapid accumulation of enzyme-substrate complex
(E.S), with one equivalent of leaving group released per enzyme catalytic site. The amount of
released leaving group is often used to quantify the concentration of active catalytic sites in a given
enzyme solution186,188,206. Several chromophores, e.g. phenolates, can be used as leaving group to
study the pre-steady state kinetics of GHs since their release can be monitored continuously
through spectroscopy. The burst phase is followed by the slower, linear phase (steady-state)
described before.
1.4.2

Inhibition Kinetics
Enzyme inhibition kinetics quantify the potency of inhibitors through determination of

inhibition rate constants. In the case of covalent inhibitors, the inhibition mechanism (Scheme 1.2)
includes enzyme E binding with the inhibitor I with a dissociation constant of Ki to give a
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Michaelis-type complex E.I. The Michaelis-type complex then proceeds via a first-order reaction
to give the covalent enzyme-inhibitor complex E-I with an associated first-order rate constant of
ki. The term Ki, referred to as the dissociation constant, represents the concentration of the
inactivator that gives half-maximal inactivation, and ki is the maximal rate constant for inactivation
or the turnover number. Kitz and Wilson (1962)221 have shown that such reactions will obey
Equations 1.4 and 1.5.
𝐾𝐾𝑖𝑖

𝑘𝑘𝑖𝑖

𝐸𝐸 + 𝐼𝐼 ⇌ 𝐸𝐸. 𝐼𝐼 �⎯⎯� 𝐸𝐸˗𝐼𝐼

Scheme 1.2: Kinetic model of irreversible enzyme inhibition kinetics

A method to study the extent of inactivation includes the incubation of a solution of the
enzyme with various concentrations of the inhibitor. At various times, small aliquots of this
incubate are removed. Residual enzymatic activity (ν) at the steady-state phase is determined and
plotted to reveal the degree of inactivation as a function of time (Equation 1.4, Figure 1.13a).
This plot is used to calculate the apparent rate constant (kapp) for each inhibitor concentration.
Thereafter, kapp can be plotted as a function of inhibitor concentration (Equation 1.5, Figure
1.13b), yielding the values of the kinetic parameters ki and Ki.
ν = ν0 e−𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎 t

𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎 =

𝑘𝑘𝑖𝑖 [𝐼𝐼]
𝐾𝐾𝑖𝑖 + [𝐼𝐼]

(1.4)
(1.5)
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Figure 1.13: Illustrative curves for inhibition kinetics fitted using equations 1.4 and 1.5. (a) Plot of residual
activity ν versus time. (b) Plot of kapp versus inhibitor concentration [I]

1.4.3

Intact-protein Mass Spectrometry
Intact-protein mass spectrometry has been extensively used to analyze proteins in the past

decades222–224. In particular, soft ionization techniques such as ESI have been very successful in
the precise measurement of proteins and protein complexes with masses over a million daltons225.
Such techniques have regularly been used to characterize GHs and can be used to provide evidence
of covalent binding of the inhibitor to the enzyme by comparing the mass of enzyme before and
after the addition of the inhibitor226–229.
1.4.4

Inhibitor-bound Enzyme Crystallography
Three-dimensional enzyme crystallography is one of the most important and definitive

techniques for GH characterization. This technique facilitates the understanding of atomic-level
details of the enzymes and provides valuable information regarding the catalytic mechanism and
substrate interactions. Crystal structures in complex with ligands delineate interactions between
the enzyme and its substrate or inhibitor and are an invaluable tool in the structural biology of
GHs230,231. The first enzyme structure solved by crystallography was chicken egg lysozyme in
1965232,233. Structures of several substrate- or inhibitor-bound GH complexes have now been
solved234–238. The two methods of crystallography of enzyme-ligand complex are cocrystallization, in which a ligand is added to the crystallization solution, and soaking, in which the
enzyme crystal is formed before the introduction of the ligand.
1.5

Aim of Investigation
The central aim of this thesis is to develop new biochemical tools for the characterization

of polysaccharide-active GH enzymes. In particular, the focus of this work is on the GHs degrading
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XyG, MLG, and β-(1,3) glucan, due to the myriad applications of the glucans as well as their
respective GHs in various commercial sectors. This overarching aim was achieved via the chemoenzymatic synthesis of stable small-molecule inhibitors by the functionalization of complex
oligosaccharides to install reactive groups.
Two distinct modes of inhibitory action are featured in this thesis, in the form of
mechanism-based and active-site affinity-based inhibitors147. The compound targets for this thesis
are described in Figure 1.14. The 2-deoxy-2-fluoro mechanism-based inhibitors described in
Chapters 2 and 4 target the nucleophilic residue of retaining GHs by participating in their two-step
catalytic cycle, and trapping the reaction intermediate by kinetic manipulation of the transition
state. The N-bromoacetylglycosylamine active-site affinity-based inhibitors, as described in
Chapters 3, are general electrophilic reagents capable of labelling catalytically important
carboxylic acid residues43,167,170.
This work is built upon the previous development of a xyloglucan-oligosaccharide Nbromoacetylglycosylamine (XXXG-NHCOCH2Br) inhibitor by the Brumer group (Figure
1.14a)43,170. In the first target (described in Chapter 2), the functional group at the reducing end of
XyG oligosaccharide XXXG is varied to develop a mechanism-based inhibitor (XXXG(2F) βDNP Figure 1.14b). Secondly, the N-bromoacetylglycosylamine is installed on to a mixed-linkage
oligosaccharide backbone to generate active site inhibitors of MLGases (GG3G, GGG3G and
G3GGG NHCOCH2Br, Chapter 3, Figure 1.14c). Lastly, the backbone, as well as functional
group, is varied to develop di-and tri-saccharide inhibitors incorporating a β-(1,3) linkage and 2deoxy-2-fluoro dinitrophenyl moiety at the reducing end yielding G3G and GG3G (2F) β-DNP
inhibitors (Chapter 4, Figure 1.14d)
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Figure 1.14: Design of inhibitors presented in this thesis, inspired by the previously synthesized (top left
panel) XXXG NHCOCH2Br inhibitor of endo-xyloglucanases170.

The versatility in the design of the target inhibitors above is aimed to increase their utility
in characterizing newly discovered GHs. Additionally, further functionalization of these active site
GH inhibitors at the non-reducing end with reporter groups such as biotin or fluorogenic species
like BODIPY can assist in the activity-based protein profiling of complex GH systems in native
and non-native environment239,240, significantly adding to the repertoire of covalent glycan probes.
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Chapter 2: Synthesis and Application of a Highly Branched, Mechanism-based 2-deoxy-2fluoro-oligosaccharide Inhibitor of Endo-xyloglucanases 1
2.1

Introduction
Terrestrial and marine biomass represents a large and currently underutilized source of

carbon in the transition from fossil petroleum to sustainable fuels, chemicals, and materials241,242.
However, the complexity and recalcitrance of terrestrial plant cell walls, in particular, significantly
impede the extraction and (bio)chemical transformation of individual component polymers,
including cellulose, diverse matrix hetero-polysaccharides (e.g. hemicelluloses and pectins), and
lignin. To help overcome inherent limitations in strictly chemical processes, including a lack of
precise molecular control, there has been a widespread and sustained interest in the discovery and
characterization of efficient enzymes for biomass transformation in the food, feed, and bioproducts
industries243,244. In particular, Glycoside Hydrolases (GHs), which currently comprise over 150
structurally related families in the CAZyme database78, has a particularly rich history of
fundamental and applied research. Detailed mechanistic and structural studies have been essential
in delineating CAZyme specificity determinants, which in turn underpin the surgical application
of individual enzymes and enzyme cocktails in bioprocesses90,245,246.
The use of small molecule glycomimetic inhibitors has been central to GH structurefunction analyses in glycobiology143,174,247. In particular, irreversible, covalent inhibitors of GHs
have been extensively used to identify key substrate-binding and catalytic residues through
analytical biochemistry and enzyme crystallography and to screen for new GHs. A wide array of

Adapted from: Jain, N., Attia, M. A., Offen, W. A., Davies, G. J. & Brumer, H. Synthesis and
application of a highly branched, mechanism-based 2-deoxy-2-fluoro-oligosaccharide inhibitor of endoxyloglucanases. Org. Biomol. Chem. 16, 8732–8741 (2018), with a correction published in Jain, N., Attia, M. A.,
Offen, W. A., Davies, G. J. & Brumer, H. Correction: Synthesis and application of a highly branched, mechanismbased 2-deoxy-2-fluoro-oligosaccharide inhibitor of endo-xyloglucanases. Org. Biomol. Chem. 17, 398-398 (2019
1
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generally reactive, photo-activatable, or mechanism-based inhibitors based on bespoke glycan
specificity motifs has been deployed, including carbasugar-epoxides (e.g. conduritol-β-epoxide,
cyclophellitol), cyclopropylcarbasugars, epoxyalkyl glycosides, N-bromoacetylglycosylamines,
bromoketone C-glycosides, glucosylthio-hydroquinones, aziridines, cyclosulfates, glycosylmethyl
triazenes, activated phenylmethyl glycosides, various photoaffinity labels, and glycosides
fluorinated at the 2- or 5-position (see comprehensive reviews and references therein147,248,249, and
recent primary literature182–184,250,251.
Since their introduction by Withers and coworkers 30 years ago194, 2-deoxy-2fluoroglycosides

bearing

activated

aglycones

(and

the

related

2-deoxy-2,2-

difluoroglycosides188,191,192) have been widely used for mechanistic and structural studies of
diverse GHs147.

By virtue of their mechanism-based inhibition and conservative steric

substitution, this class of compounds has been exceptionally useful for identifying the catalytic
nucleophile by protein mass spectrometry and/or crystallography in GH families that utilize a
double-displacement, anomeric configuration-retaining mechanism (Figure 1.12)149.

During

catalysis, the presence of the fluorine group at C-2 destabilizes the transition state of both chemical
steps, while the incorporation of a good nucleofuge, such as fluorine or 2’,4’-dinitrophenol (2,4DNP), increases the rate of leaving group departure sufficiently to enable the accumulation of the
2-deoxyfluoroglycosyl-enzyme intermediate. For some GHs, inhibition is essentially complete,
while in others, these inhibitors act as “slow substrates” due to demonstrable turnover to release
the free enzyme206, especially in the presence of sugars as alternate glycosyl acceptor
substrates191,194,195,200,202,207,252,253.
The xyloglucans (XyGs) comprise a family of complex heteropolysaccharides, whose
members are ubiquitous in land plants254, where they can constitute up to one-quarter of the dry
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weight of the primary cell wall14. A central structural feature of XyGs is a linear β-(1,4)-glucan
backbone that is regularly substituted with α-(1,6)-xylosyl residues, which can be further extended
by various other saccharide residues depending on the source tissue25. In dicot XyGs, the core
repeating unit comprises a heptasaccharide motif (Xyl3Glc4), in which three of four contiguous
backbone glucosyl units are branched (Figure 1.3). Consequently, such XyGs are referred to as
“XXXG-type”27 in the standard shorthand, in which “G” represents and unbranched β-(1,4)-linked
backbone glucosyl residue, and “X” represents the disaccharide motif comprising a β-(1,4)-linked
backbone glucosyl residue bearing an α-(1,6)-linked xylosyl sidechain26.
Inspired by the success of 2-deoxy-2-fluoroglycosides as mechanism-base inhibitors and
motivated by a long-standing interest in the enzymology of xyloglucan metabolism by plants and
microorganisms31,32,255,256, the chemo-enzymatic synthesis of XXXG(2F)-β-DNP as a specific
mechanism-based inhibitor of endo-(xylo)glucanases (EC 3.2.1.151) is presented. In particular,
the application of this compound is demonstrated for the covalent labelling of exemplar
configuration-retaining endo-(xylo)glucanases by protein mass spectrometry and crystallography.
2.2
2.2.1

Materials and Methods
General Synthetic and Analytic Techniques
All reagents and solvents were analytical or HPLC grade and were purchased from Sigma-

Aldrich, Alfa-Aesar or ACROS Organics. For anhydrous reactions, glassware was dried overnight
in a 100-150 °C oven and purged with argon prior to use. Solvents were dried by stirring with
activated 4 Å molecular sieves overnight under argon.
Thin-layer chromatography (TLC) was performed using aluminum sheet TLC plates (0.25
mm) pre-coated with Merck silica gel 60 F254, using ethyl acetate: hexanes or water: isopropanol:
ethyl acetate as solvent systems (particular solvent ratios specified below), and visualized by a UV
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lamp and/or 10% sulfuric acid in water with charring using a heat gun. Flash chromatography was
performed using Merck silica gel 60 with ethyl acetate: hexanes or water: isopropanol: ethyl
acetate as mobile phases. Fractions were analyzed by TLC, and those with the desired compounds
were pooled together and evaporated under reduced pressure.
All 19F-, 13C- and 1H-NMR data were collected on a Bruker Avance 400 MHz spectrometer
at room temperature (100.6 MHz and 376.5 MHz for 13C- and 19F-, respectively). The NMR spectra
were referenced to the solvent as follows257: HOD= 4.79 ppm, CHCl3= 7.27 ppm. MALDI-MS
data were collected on a Bruker Autoflex instrument in reflectron mode over m/z 700-3500 using
6-Aza-2-thiothymine (ATT) as the matrix. HRMS data were obtained using either a Waters Xevo
G2-S Q-TOF or Waters/Micromass LCT TOF mass spectrometer in positive-ion mode, via direct
infusion through an electrospray ion source.
2.2.2

Synthesis of XXXG(2F)-β-DNP
XXXG heptasaccharide ([α-D-Xylp-(1,6)]-β-D-Glcp-(1,4)- [α-D-Xylp-(1,6)]-β-D-Glcp-

(1,4)-

[α-D-Xylp-(1,6)]-β-D-Glcp-(1,4)-D-Glcp;

abbreviated

nomenclature

according

to

Tuomivaara et al.26) was prepared enzymatically from tamarind kernel powder, per-O-acetylated,
and converted to the corresponding α-glycosyl bromide (Scheme 2.1) as per our previously
established procedure258.
The synthesis of per-O-acetylated XXXG glycal (2) was performed by adapting the method
of Xu et al.259. (per-OAc) XXXG α-bromide (1, 1 g) was dissolved in 30 mL in acetic acid. A
solution of Zn (31 eq.), NaOAc (18.5 eq.), and CuSO4.5H2O (0.2 eq.) was suspended in 20 mL of
water and stirred for 5 min. The solution of 1 in acetic acid was slowly added to the suspension.
The solution was stirred for 3 h at room temperature, and filtered through a Celite pad. The solvent
was concentrated under reduced pressure, re-dissolved in CH2Cl2, and washed with NaHCO3 (3×)
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and brine (1×). The organic layer was concentrated, and flash chromatography (mobile phase ethyl
acetate/hexanes 2:1, Rf = 0.3 in the same solvent) followed by evaporation of the solvent under
reduced pressure was used to isolate a white solid (0.63 g, 68% yield). 1H-NMR (Figure A1, 400
MHz, CDCl3): δ 6.41 (d, J = 6.14 Hz, 1H, H1), 5.40–5.36 (m), 5.19–4.60 (m), 4.29–3.65 (m), 3.35
(d), 2.13–1.93 (54H, COCH3). 13C-NMR (Figure A2, 100.6 MHz, CDCl3): δ 170.34–168.64 (18
× CO), 145.58 (C1), 101.07–95.94 (C2, 6 × C1), 75.66–67.17 (6 × C2, 7 × C3, 7 × C4, 7 × C5),
61.77, 59.22, 59.06, 58.85 (4 × C6), 20.80–20.65 (18 × CH3). Monoisotopic m/z calculated for
C75H100O49K+: 1823.4975; MALDI-TOF MS found: 1823.3. m/z calculated for C75H100O49Na+:
1807.5236; ESI-HRMS found: 1807.5282.

Scheme 2.1: Synthesis of XXXG(2F)-β-DNP (5)
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The synthesis of 1-hydroxy-2-deoxy-2-fluoro-(per-OAc)XXXG (3) was adapted from
previously reported methods260,261. Compound 2 (0.63 g) was dissolved in dry nitromethane (20
mL) and 1.2 eq. of SelectfluorTM was added to the solution to create a suspension, which was
stirred at room temperature for 6 h, at which time water (2.4 eq.) was added. The solution was then
heated to 60°C and stirred at that temperature for 16 h. The reaction was filtered over Celite to
remove the SelectfluorTM by-product and the filtrate was concentrated by rotary evaporation.
Elution of the crude product through a silica column (ethyl acetate/hexanes, 3.5:1) to remove polar
impurities and remaining by-products yielded a mixture of anomers (yield 0.24 g, 37%), which
was used directly in the next step without further separation. 19F-NMR (Figure A3, 376.5MHz,
CDCl3) gluco β-anomer: -197.91 (ddd, JH2-F2=51.1 Hz, JH3-F2=13.7 Hz, JH1-F2=1.6 Hz, F2), gluco
α-anomer:-199.30 (dd, JH2-F2=49.5 Hz, JH3-F2=12.0 Hz, JH1-F2=0 Hz, F2), consistent with values for
the corresponding cellobioside191,262. Monoisotopic m/z calculated for C75H101FO50Na+:
1843.5248; MALDI-TOF MS found: 1843.3; ESI-HRMS found: 1843.5494
The synthesis of the per-O-acetylated 2’4’-dinitrophenyl β-glycoside of 2-deoxy-2-fluoroXXXG (4) was adapted from a previously reported glycosylation method191. A solution of 2,4
dinitrofluorobenzene (2,4-DNFB, 2 eq.) was dissolved in dry dimethylformamide (DMF) and
stirred over activated 4 Å molecular sieves overnight. Crude 3 (0.24 g) was dissolved in dry DMF
(10 mL) and under dry conditions, 5 eq. of 1,4-diazabicyclo [2.2.2] octane (DABCO) was added
to the solution as a solid powder. The solution was stirred for 15 min, after which it was added to
the solution of 2,4-DNFB through a syringe with an oven-dried steel needle. The reaction was
stirred for 3.5 h, after which time the molecular sieves were filtered away and the DMF in the
filtrate was evaporated under reduced pressure. The solution was re-dissolved in CH2Cl2 and
washed with NaHCO3 (3×) and brine (1×). Flash chromatography (mobile phase ethyl
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acetate/hexanes 2.5:1) was used to isolate the pure compound (TLC Rf= 0.35 in the same solvent
mixture) with a yield of 66 mg, 25%. 1H-NMR (Figure A4, 400 MHz, CDCl3): δ 8.75 (d, 1H,
H′3), 8.45 (dd, 1H, H′5), 7.42 (d, 1H, H′6), 5.56 (d, 1H, H1), 5.43–5.32 (m), 5.17–4.60 (m), 4.15–
3.68 (m), 3.43 (d), 2.16–1.97 (54H, COCH3).
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C-NMR (Figure A5, 100.6 MHz, CDCl3): δ

170.23–168.56 (18 × CO), 153.22 (C′3), 142.00 (C′4), 140.01 (C′5), 128.65 (C′1), 121.54 (C′2),
117.49 (C′6), 100.38–95.91 (7 × C1), 88.09 (JC2–F2 = 189.0 Hz, C2), 75.22–67.32 (6 × C2, 7 × C3,
7 × C4, 7 × C5), 60.40, 59.09, 58.94, 58.74 (4 × C6), 21.05–20.58 (18 × CH3). 19F-NMR (Figure
A6, 376.5MHz, CDCl3 δ −194.75 (ddd, JH2–F2 = 47.7 Hz, JH3–F2 = 15.7 Hz, JH1–F2 = 2.5 Hz, F2).
Monoisotopic m/z calculated for C81H103FN2O54Na+: 2009.5257; MALDI-TOF MS found: 2009.4;
ESI-HRMS found: 2009.5463.
The 2’4’-dinitrophenyl β-glycoside of 2-deoxy-2-fluoro-XXXG (XXXG(2F)-β-DNP (5)
was produced by Zemplen deprotection of 4 (66 mg) in 10 mL methanol/CH2Cl2 9:1, to which 0.5
equivalents of NaOMe (25% in MeOH) was added. The reaction was stirred at 4°C and monitored
by

TLC

overnight.

The

product

was

purified

by

flash

chromatography

using

water/isopropanol/ethyl acetate (1:3:4) as the mobile phase. The purified product was re-dissolved
in water and freeze-dried to give a pale, fluffy powder in 85% yield (34 mg). 1H-NMR (Figure
A7, 400 MHz, CDCl3): δ 8.75 (d, 1H, H′3), 8.51 (dd, 1H, H′5), 7.67 (d, 1H, H′6), 5.66 (d, 1H, H1),
4.84–4.80 (m), 4.61–4.39 (m), 3.98–3.31 (m).
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C-NMR (Figure A8, 100.6 MHz, CDCl3): δ

153.37 (C′3), 141.19 (C′4), 138.42 (C′5), 129.35 (C′1), 121.72 (C′2), 117.32 (C′6), 102.35–96.97
(7 × C1), 90.43 (JC2–F2 = 186.8 Hz, C2), 78.81–65.33 (6 × C2, 7 × C3, 7 × C4, 7 × C5), 61.93,
61.05, 61.00, 60.68 (4 × C6). Small amounts of CD3OD (sep, 47.52) and CH3COONa (181.02,
22.74) were also detected. 19F-NMR (Figure A9, 376.5MHz, CDCl3) −199.69 (ddd, JH2–F2 = 51.4
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Hz, JH3–F2 = 15.2 Hz, JH1–F2 = 2.5 Hz, F2). Monoisotopic m/z calculated for C45H67FN2O36Na+
:1253.3360; MALDI-TOF MS found: 1253.3; ESI-HRMS found: 1253.3354.
2.2.3

Endo-xyloglucanase Production
The endo-(xylo)glucanases Cellvibrio japonicus GH5D (CjGH5D)171, Cellvibrio

japonicus GH74 (CjGH74)263, Bacteroides ovatus GH5 (BoGH5)32, and Prevotella bryantii GH5
(PbGH5)43 were produced recombinantly and purified as previously described. The purity of the
recombinant proteins was confirmed by SDS-PAGE32,43,171,263.
The catalytic acid/base mutant CjGH5D(E255A) was generated using the PCR-based
QuickChange II Site-Directed Mutagenesis Kit (Agilent, USA) following the manufacturer’s
protocol.

PCR

amplification

was

conducted

using

TTTGCCGGCACTAACGCCCCCAATGCGGAAAAT-3’

and

the
the

forward
reverse

primer

5’-

primer

5’-

ATTTTCCGCATTGGGGGCGTTAGTGCCGGCAAA-3’, utilizing pET28a::CjGH5D 171 as the
template. The resulting plasmid pET28a:: CjGH5D(E255A) was sequenced to confirm the desired
mutation.
Chemically competent E. coli Rosetta DE3 cells were transformed with the plasmid
pET28a:: CjGH5D(E255A). The resulting colonies were grown on LB solid media containing
kanamycin (50 µg mL-1) and chloramphenicol (30 µg mL-1). Gene overexpression and
recombinant protein purification were then performed as described for the wild-type enzyme171.
The concentration of the purified recombinant CjGH5D(E255A) was determined using the Epoch
Micro-Volume Spectrophotometer System (BioTek®, USA) at 280 nm. The presence of the
desired mutation was confirmed by intact protein mass spectrometry264. The purified protein was
aliquoted and stored at -80 °C until needed.
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2.2.4

Screening for Active Site Labelling
Individual 20 µL solutions of CjGH5D, PbGH5, BoGH5, CjGH74, and CjGH5D(E255A)

(2.3 µM) in 0.5 mM sodium phosphate buffer, pH 7.0, containing 2.5 mM XXXG(2F)-β-DNP
were incubated for 12 h. Intact protein masses were determined on a Waters Xevo LC-ESI-MS
Q-TOF with a NanoAcuity UPLC system essentially as previously described264, and analyzed
using the software Masslynx 4.0.
2.2.5

Inhibition Kinetics Measurements
All kinetic data were obtained using an Agilent Cary 60 UV–Vis Spectrophotometer

equipped with a Peltier temperature-controlled cell holder. The data were fit by linear least-squares
analysis using the bundled Cary Kinetics software or nonlinear regression using Origin 8
(OriginLab, Northampton, MA, USA).
To measure time-dependent enzyme inactivation, 2.5 mM of XXXG(2F)-β-DNP (5) was
incubated with 20 µM CjGH5D in 50 mM sodium phosphate buffer, pH 7.5, in a total volume of
100 µL (also including 0.1 mg mL-1 bovine serum albumin (BSA) to prevent non-specific loss of
activity) for a period of 420 min at 40°C. A control experiment was run in parallel, in which the
inhibitor was omitted from the buffered enzyme/BSA solution to ensure the stability of the enzyme
over the incubation time. Periodically, 10 µL of each solution was withdrawn and diluted 1:100 in
50 mM sodium phosphate buffer, pH 7.5, and 100 µL of the diluted solution was added to 100 µL
of 0.4 mM XXXG-β-CNP258, which was previously dissolved in water and preincubated at 40°C.
Linear initial-rate kinetics of 2-chloro-4-nitrophenolate release was measured at 405 nm (ε= 17.74
mM-1 cm-1) over 1 min in a quartz cuvette (l = 1 cm) maintained at 40°C, essentially as previously
described171.
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Prior to measuring burst phase kinetics, the background hydrolysis rate of 235 µL of 5 mM
XXXG(2F)-β DNP (5) in 50 mM phosphate buffer, pH 7.5, was measured at 40°C for 75 min (ε405
= 11.17 mM-1 cm-1, determined using a standard curve of absorbance as a function of
dinitrophenolate concentration at the specified buffer concentration and pH conditions. To make
the standard solution, 2,4-dinitrophenol was desiccated overnight in presence of phosphorus
pentoxide, and thereafter dissolved in the specified buffer). Thereafter, CjGH5D (15 µL, 0.45
mM), which had been preincubated at 40°C in the same buffer, was added to the cuvette and mixed
rapidly (final solution of volume 250 µL, final enzyme concentration 27 µM). The rate of
dinitrophenolate (DNP-) release of the final solution was monitored for an additional 700 min and
Equation 2.1206 was fit to the data using Origin 8 software, according to the inhibition mechanism
shown in Scheme 2.2. The cuvette was covered with parafilm to limit evaporation during the entire
course of the experiment.
[DNP − ] = [DNP − ]0 (1 − e−𝑘𝑘2 t ) + 𝑘𝑘3 t

(2.1)

Scheme 2.2: Kinetic scheme of anomeric-configuration-retaining glycoside hydrolases. In the case of 2-deoxy2-fluoroglycoside mechanism-based inhibitors, the rate of k3 is reduced relative to k2, resulting in the
accumulation of the covalent glycosyl-enzyme intermediate

2.2.6

X-ray Crystallography and Structure Solution
CjGH5D (E255A) was crystallized in 20 mM sodium phosphate buffer, pH 7.0, containing

10% (v/v) glycerol using a protein concentration of 20 mg mL-1, by employing similar conditions
to those used to crystallize the wild-type protein171. A crystal grown from a protein stock solution
supplemented with 5 mM inhibitor was harvested directly into liquid nitrogen using a CryoLoopTM
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(Hampton Research, Aliso Viejo, CA, USA). In addition, an unliganded crystal was soaked with
2 mM inhibitor for 45 min, and harvested similarly.
Data were collected at Diamond beamline IO3 and processed using XDS265 for the cocrystallized complex and collected at IO4-1 and processed using DIALS266 for the soaked
complex. Both datasets were put through the data reduction pipeline in ccp4i2267 which uses
POINTLESS, AIMLESS and CTRUNCATE268, and cut-off at resolutions of 1.7 and 2.0 Å (judged
by Rpim<0.60 and CC1/2 > 0.50 in outer bin), respectively (Table A1). Both structures were solved
using the unliganded structure of the wild-type enzyme (PDB ID 5OYC) as the model for
refinement with REFMAC269. After refinement with water molecules added, the ligands were built
into difference electron density in the weighted 2Fo-Fc maps using COOT270, and validated using
PRIVATEER271 prior to deposition at the Protein Data Bank with accession codes 6HAA and
6HA9.
2.3
2.3.1

Results and Discussion
Inhibitor Synthesis
The synthesis of the target compound XXXG(2F)-β-DNP (5) was accomplished using a

linear synthetic scheme starting from the heptasaccharide XXXG (Scheme 2.1). XXXG was
produced via sequential endo-(xylo)glucanase and β-galactosidase hydrolysis of tamarind kernel
XyG, per-O-acetylated, and converted to the corresponding α-bromide as per our established
procedure258. Transformation of per-O-acetyl XXXG α-bromide to the corresponding glycal via a
reductive elimination was straightforward using Zn metal and CuSO4 in the presence of
NaOAc/HOAc in water259.
The crucial step of installing fluorine at the 2-position of the protected XXXG glycal was
achieved using the electrophilic fluorinating agent SelectfluorTM, followed by hydrolytic work-up
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to obtain the corresponding protected 1-hydroxy-2-deoxy-2-fluoro-oligosaccharide. SelectfluorTM
has been widely used for the regiospecific 2-fluorination of a number of glycals. 272 In the case of
D-glucal, an equimolar mixture of gluco and manno 2F-epimers was obtained, while in the case
of the corresponding disaccharides, e.g. cellobiose, the amount of the 2F-gluco epimer reached
80% in polar solvents261,262. In our case, only the desired gluco configured product was obtained
in dry nitromethane260, albeit as a mixture of α/β anomers, as indicated by 19F NMR (trace amounts
of manno epimers were perhaps also present262, Figure A3). As this represents the only example,
to our knowledge, of the application of SelectfluorTM to such a large oligosaccharide glucal, the
origins of this high stereoselectivity are not fully clear but may be based in increased local steric
congestion or altered access to boat-conformer addition products.262
The reaction of the anomeric mixture with 2,4-dinitrofluorobenzene (2,4-DNFB) in
presence of DABCO yielded exclusively the desired β-configured, kinetic product 4273,274, as
ascertained by the large H1-H2 coupling of 7.6 Hz and F2-H1 coupling of 3.0 Hz. With the key
stereochemical configuration set, careful Zemplen deprotection followed by column
chromatography yielded pure 5.

Figure 2.1: Inhibition of CjGH5D with XXXG(2F)-β-DNP: (a) Time-dependent loss of activity upon
incubation with 5. (b) Real-time burst phase kinetics. Pink line: spontaneous hydrolysis of 5 over 75 min, with
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linear extrapolation shown in black. Blue line: 2,4-dinitrophenylate release after the addition of CjGH5D.
Green line: enzymic release of 2,4-dinitrophenylate obtained after subtraction of spontaneous hydrolysis

2.3.2

Active Site Labelling of Endo-xyloglucanases
To examine the efficacy of XXXG(2F)-β-DNP (5) as an inhibitor, a high concentration

(2.5 mM) of the compound was incubated with three configuration-retaining GH5 endo(xylo)glucanases with differing specificity profiles: BoGH5 from the human gut bacterium
Bacteroides ovatus32, PbGH5 from the ruminant bacterium Prevotella bryantii43, and CjGH5D
from the soil saprophyte Cellvibrio japonicus171. The configuration-inverting GH74 endoxyloglucanase from Cellvibrio japonicus, CjGH74263, which is not expected to be covalently
inhibited due to a single step, direct water-attack mechanism275, was also examined as a negative
control. As anticipated, time-dependent, 1:1 stoichiometric labelling of all three configurationretaining GH5 enzymes was observed by intact protein mass spectrometry, while CjGH74
remained entirely unmodified during a 12 h incubation (Figure A11). On the basis of this semiquantitative analysis, the strict endo-(xylo)glucanase BoGH5 was completely labelled by 1 h
(Figure

A11a)

and

the

promiscuous

mixed-linkage

β-(1-3)/β-(1-4)-endo-

glucanase/(xylo)glucanase PbGH5 showed near-complete labelling by 9 h (Figure A11b). In
contrast, the predominant endo-(xylo)glucanase CjGH5D was only partially labelled after a 12 h
incubation (Figure A11c). Further analysis, detailed below, revealed that this was due to the
turnover of the fluoroglycosyl-enzyme intermediate.
2.3.3

Kinetics of Inhibition of CjGH5D with XXXG(2F)-β-DNP
To understand better the mechanism of inhibition of CjGH5D with XXXG(2F)-β-DNP,

kinetics measurements at the same high concentration of compound used in initial intact protein
MS analyses were performed. As shown in Figure 2.1a, a time-dependent loss of activity toward
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the chromogenic substrate XXXG-β-2’-chloro-4’-nitrophenol is observed following incubation
with 2.5 mM XXXG(2F)-β-DNP. However, it was consistently observed that the activity of the
enzyme was not completely lost, even after extended incubation (e.g. 420 min, Figure 2.1a).
Similar results were observed in preliminary screening experiments using lower and higher
inhibitor concentrations (up to 10 mM) with lengthy incubation times (e.g. 18 h, Figure A12).
These observations suggested the kinetically relevant turnover of the fluoroglycosyl-enzyme
intermediate, as has been reported previously for other combinations of 2-deoxy-2-fluoroglycoside
inhibitors and enzymes191,194,195,200,202,207,252,253. The inhibition kinetics constants of CjGH5D using
an active-site affinity-based covalent N-bromoacetylglycosylamine inhibitor synthesized on the
XXXG backbone were determined (Figure 1.14a), the details of which can be found in Appendix
A (Figure A10)171.
Further evidence to suggest turnover of the glycosyl enzyme was obtained by the
observation of apparent pre-steady-state burst kinetics, by monitoring the release of 2,4dinitrophenolate over time (Figure 2.1b). The biphasic data were fit by Equation 2.1, which
describes an initial pseudo-first-order exponential accumulation of the fluoroglycosyl-enzyme,
followed by a linear phase dominated by the steady-state turnover of the covalent intermediate
(Figure 2.1b)206. After accounting for an effectively linear background hydrolysis rate of 5 in the
buffer (0.28 × 10-3 min-1), values for k2 and k3 of 7.83 × 10-3 min-1 and 0.16 × 10-3 min-1,
respectively, were obtained. The concentration of enzyme active sites, [Eo] =17.60 µM, obtained
from the magnitude of the burst (A405 = 0.20, DNP- ε405 = 11.17 mM-1cm-1) suggested that the
CjGH5D preparation was not fully active ([P] = 27 µM in the assay).
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2.3.4

Crystallography of the XXXG(2F)-CjGH5D(E255A) Covalent Complex
The turnover of the fluoroglycosyl-enzyme (Figure 2.1b) precluded the observation of a

covalent complex by protein crystallography, despite MS evidence of its accumulation (Figure
A11). To overcome this problem,200 a site-directed mutation of the general acid/base residue
Glu255 to alanine was produced in order to further reduce the rate of hydrolysis of the
fluoroglycosyl-enzyme intermediate (Figure A11d). Our first attempt to capture this intermediate
was by soaking of E255A crystals with the inhibitor, which surprisingly led to an unreacted
complex; with a -3 to +1 binding mode of the glycone with the aryl glycosidic bond still intact
(Figure A13). For this reason, co-crystallization was instead used to access the reacted tertiary
structure of XXXG(2F)-CjGH5D(E255A) at 1.7 Å resolution by X-ray crystallography (Figure
2.2). The overall structures corresponded well to that of the wild-type enzyme in free, or “apo”,
form (PBD ID 5OYC), which has a classic (β/α)8-barrel fold.171 Crystallographic data collection
and refinement statistics are given in Table A1. Privateer results showing validation for Glc
(BGC) and Xyl (XYS) residues in XXXG(2F)-CjGH5D(E255A) covalent and XXXG(2F)-β-DNP
are given in Table A2
In the co-crystallized complex, electron density corresponding to the near-complete
glycone was observed spanning the -4 to -1 subsites100 within the active site cleft, with the
exception of the non-reducing-terminal xylosyl residue that was not modelled. In keeping with
the mechanism-based design of the inhibitor, the electron density clearly revealed the covalent
attachment of C1 of the 2-fluoroglucosyl residue in subsite -1 with Oε1 of the catalytic nucleophile
Glu390 (distance ~1.4 Å). The 2-fluoroglucosyl residue was in a relaxed 4C1 conformation, while
the sidechain of Glu390 was rotated from its position in the apo enzyme structure, including an
average 1.1 Å translation of Oε1 toward the sugar ring (Figure 2.3).
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Figure 2.2: Tertiary structure of the covalent fluoroglycosyl-enzyme intermediate formed by cocrystallization
of CjGH5D(E255A) with XXXG(2F)-β-DNP

(a) Divergent (wall-eyed) stereo cartoon representation of the

secondary structure, colour ramped from the N-terminus (blue) to the C-terminus (red), with the inhibitor
represented as sticks with C atoms in green, and the catalytic residues with C atoms in tan. (b) Maximumlikelihood/σA weighted 2Fobs − Fcalc electron density map contoured at an r.m.s.d. level of 1 σ for the ligand
XXXG-2F. (c) Hydrogen bonding interactions with the ligand. In panels b and c, side chains of interacting
residues are shown in ice blue and hydrogen bonds are shown as dashed lines

The structure of a covalent complex of wild-type CjGH5D with the Nbromoacetylglycosylamine inhibitor XXXG-NHCOCH2Br was determined previously, in which
the catalytic acid-base residue was labelled after displacement of the bromide (PDB ID 5OYD)171.
44

Superposition of XXXG-NHAc-CjGH5D with the XXXG(2F)-CjGH5D(E255A) glycosylenzyme complex revealed the basis for the distinct specificity of the two inhibitor types (Figure
2.3). Whereas the anomeric carbon of Glc-1 in the XXXG(2F)-β-DNP mechanism-based inhibitor
was situated directly above the catalytic nucleophile (Glu390), the three-atom extension of the Nbromoacetyl group placed the α-carbon of the “warhead” in a position suitable for side-on attack
by the catalytic acid/base (Glu255), and effectively out of reach of Glu390. Moreover, this latter
reaction required the displacement of the sidechain of Glu255 (Cδ) by an additional 2 Å away from
the ring atoms of Glc-1 to accommodate the reactive moiety. These steric and sidechain plasticity
requirements are likely to underlie the current and previous observations that Nbromoacetylglycosylamine reagents tend to label catalytic acid/base residues in glycosidases
(except in the case of off-active-site labelling157).
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Figure 2.3: Active-site superposition of CjGH5D and corresponding covalent inhibitor complexes (a) Full
view (b) Close-up of the −1 subsite. Side chains are shown with carbon atoms coloured as follows: XXXGNHAc-CjGH5D covalent complex (PDB ID: 5OYD) in coral and XXXG(2F)-CjGH5D(E255A) covalent
complex (PDB ID: 6HAA) in ice blue, and with catalytic residue carbon atoms shown in pale crimson and
light blue respectively. Main chain atoms are shown for E255A for clarity

2.4

Conclusions
The chemo-enzymatic synthesis of the heptasaccharide XXXG(2F)-β-DNP has enabled the

production of one of the most structurally complex 2-deoxy-2-fluorosugar mechanism-based
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inactivators to date.

Possessing active site-residue specificity advantages over analogous

xyloglucan oligosaccharide bromoketone C-glycoside and N-bromoacetylglycosylamine
inhibitors170, XXXG(2F)-β-DNP is anticipated to find continued use in structure-function analyses
of endo-(xylo)glucanases from diverse GH families. In particular, N-bromoacetylglycosylamines
generally appear to react with catalytic acid-base residues in configuration-retaining GHs43,160,171,
contrasting the exclusive catalytic nucleophile specificity of the Withers-type fluorosugar
inhibitors147.
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Chapter 3: N-bromoacetylglycosylamine-based Irreversible Inhibitors of Mixed-linkage
Glucanases
3.1

Introduction
Glycoside hydrolases (GHs) form the largest class of Carbohydrate-Active Enzymes

(CAZymes)78. Both reversible and irreversible inhibitors have aided in the biochemical and
structural characterization of GHs, enabling the elucidation of important details of active sitespecificity and identification of key catalytic residues174,276,277. In conjunction with the free enzyme
structure, inhibitor-bound enzyme crystallographic structures provide high-resolution molecular
insight into interactions of GHs with their substrates during catalysis. Irreversible inhibitors, in
particular, have been used in a number of studies to define the mechanism and specificity of GH
action (see reviews147,148,187,239,248,249,278 and recent primary literature170,182–184,206,250,251,279–281).
This knowledge can be further utilized to guide mutational analysis, and direct enzyme engineering
to produce GHs with altered biochemical properties.
β(1,3)/

β

(1,4)-Glucans

(mixed-linkage β-glucans,

MLGs)

are

hemicellulosic

polysaccharides found in the plant cell walls of grasses and cereals such as rye, sorghum, rice, and
wheat, as well as lower vascular plants such as the horsetails36, algae282, and some fungi283. MLGs
are particularly abundant in oats (3%–8% dry weight) and barley (2%– 20% dry weight),
comprising about 65-75% of the soluble, non-starch glycan content of the barley endosperm284.
MLGs play a major role in maintaining plant cell wall structure and providing a store of readily
mobilized glucose for the developing seedling283. The importance of MLG is underscored by their
importance in the agri-food industry and their association with human health285. MLG is an
important component of dietary fibre and has been known to be linked to reducing postprandial
blood glucose and insulin levels, as well as lowering cholesterol levels in humans286. Cereal dietary
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fibre, with the aid of the population of symbiotic gut microbiota44, can provide as much as 10% of
the daily caloric requirements in humans287. MLGs have also been of interest as feedstocks in large
scale bioethanol production for second-generation biofuels47.
Structurally, MLGs are composed predominantly of β-(1,4)-glucopyranosyl linkages that
are interspersed with β-(1,3) linkages, resulting in a kinked polysaccharide chain. The ratio of
(1,4)-β-D-glucopyranosyl to (1,3)-β-D-glucopyranosyl residues generally ranges from 2:1 to
3:1288. Although a small percentage of longer β-(1,4)-linked stretches are present, the β-(1,3)
linkages typically occur after every two or three β-(1,4)-linked residues (Figure 1.4). Thus,
hydrolysis with specific MLGases results in a limit-digest comprised of GG3G and GGG3G,
where “3” represents the position of the β(1,3) linkage in the gluco-oligosaccharide43–45.
Due to the ubiquity of MLGs in nature, a broad diversity of GHs has evolved to hydrolyze
this family of polysaccharides.

In addition to specific MLGases (EC 3.2.1.73; formally,

(1,3)/(1,4)-β-D-glucan 4-glucanohydrolase, also known as licheninase), MLG can also be
depolymerised by endo β-(1,4)-glucanases289,290 (classic cellulases, EC 3.2.1.4) and endo β-(1,3)glucanases (laminarinases, EC 3.2.1.6)291. MLG-active enzymes are found in diverse organisms,
including archaea, bacteria, fungi, and plants. Specific MLGases are most commonly associated
with Glycoside Hydrolase Family 16 (GH16; bacterial, fungal, and plant representatives)86,292 and
GH17 (plant representatives)288. MLGase activity has also been found in members of GH543, GH6,
GH7, GH8, GH9293,294, GH11, GH12295, GH26296,297, and GH51 (for an overview, see

78

,

http://www.cazy.org/Glycoside-Hydrolases.html), comprising both anomeric-configurationretaining and –inverting enzymes94,275. In addition to their biological importance in carbohydrate
metabolism44,47,292,298,299, MLGases have numerous biotechnological applications in biomass
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conversion to high-value products such as monosaccharides and oligosaccharides300, animal feed
treatment to improve digestibility301, and in brewing to reduce mash viscosity302.
Despite a long history of enzymological characterization292, including through the use of
bespoke aryl glycoside substrates303–305, there are few specific inhibitors for MLGases. These are
essentially limited to non-hydrolyzable thio-oligosaccharide analogs as competitive (i.e. noncovalent, reversible) active site inhibitors296,306. On the other hand, epoxyalkyl-glucosides, cellobiosides, -laminaribiosides, and -mixed-linkage oligosaccharides have been synthesized and
tested as covalent inhibitors of MLGases, in some cases enabling the solution of enzyme-ligand
complexes by X-ray crystallography280,307–309. Hence, there is significant scope for the
development of novel covalent inhibitors of MLGases based on MLG oligosaccharide scaffolds.
Among

the

classes

of

irreversible,

active

site-directed

inhibitors,

N-

bromoacetylglycosylamines which comprise a highly electrophilic “warhead” attached to a
carbohydrate as a specificity determinant, have been of particular interest157,167,168,170. Compared
with mechanism-based inactivators of GHs147,187, the N-bromoacetylglycosylamine functional
group is intrinsically reactive and does not require activation by the catalytic machinery of the
target enzyme. As such, these inhibitors are in principle agnostic to the mechanism of catalysis,
thus potentially making them useful probes both for retaining and inverting GHs. The strong
covalent nature of the bond formed with nucleophilic residues such as active site carboxylates
makes N-bromoacetylglycosylamine powerful probes to label and identify important catalytic
residues160 (in contrast, for example, C-1 glycosyl-enzyme intermediates from mechanism-based
inhibitors are often susceptible to slow turnover159,281). Early examples of the use of Nbromoacetylglycosylamines to inactivate exo-glycosidases and endo-glycanases include
Cellulomonas fimi exoglycanase160, cyanogenic β-glucosidase (linamarase) from cassava164,
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Escherichia coli β-galactosidase166, Thermoanaerobacterium saccharolyticum β-xylosidase167,
Flavobacterium meningosepticum163 and Aspergillus wentii165 β-glucosidases, Aspergillus
carbonarius β-xylosidase168 and β-glucosidase161, and Thermobifida fusca β-xylosidase169.
More recently, our group has reported the straightforward synthesis of Nbromoacetylglycosylamine inhibitors, based on highly branched xyloglucan oligosaccharides,
with remarkable potency toward endo-xyloglucanases from diverse GH familes170. In turn, the
corresponding heptasaccharide inhibitor enabled the determination of inhibitor-bound crystal
structures of two bacterial GH5 enzymes43,171. Here, this facile synthetic protocol is extended to
mixed-linkage oligosaccharide scaffolds to generate three novel N-bromoacetylglycosylamine
based inhibitors comprising one trisaccharide and two tetrasaccharide motifs. These specific
motifs were selected because the corresponding oligosaccharides can be enzymatically produced
as limit-digest products in large quantities using previously established protocols44,310. The potency
of these inhibitors was demonstrated with a vanguard GH16 MLGase from the human gut
bacterium Bacteroides ovatus by inhibition kinetics, intact protein mass spectrometry, and protein
crystallography.
3.2
3.2.1

Materials and Methods
General Synthetic and Analytic Techniques
All solvents and other chemicals used were of reagent grade or better and purchased from

Sigma Aldrich unless mentioned otherwise. Ultrapure water (18.2 MΩ cm-1) was used for all
kinetic experiments. Thin-layer chromatography (TLC) was carried out on aluminium plates
coated with silica gel 60; analytes were visualized by dipping in an H2SO4 solution (10%) and
charring using a heat gun. The Amberlite® IR120H+ resin was washed with a copious amount of
methanol before use. Bromoacetic anhydride was purchased from Acros Organics. All

13

C- and
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1

H-NMR data were collected on a Bruker Avance 400 MHz spectrometer at room temperature.

NMR spectra were referenced to CHCl3 at 7.27 ppm or HOD at 4.79 ppm257. Small molecule mass
spectrometry was performed on a Waters LC-MS system including Waters 2695 HPLC and Waters
ZQ mass spectrometer equipped with ESCI ion source. HPAEC-PAD was performed on a Dionex
ICS-5000 system equipped with an AS-AP autosampler and temperature-controlled sample tray,
run in a sequential injection configuration using CHROMELEON 7 software, as described
previously310. The chromogenic substrate 2’-chloro-4’-nitrophenyl β-glycoside of GG3G (GG3Gβ-CNP) was purchased from Megazyme International (Ireland), product code: O-CNPBG3. Oat βglucan powder (70%) was obtained from Garuda International (California, USA).
The enzyme VvEG16 (ΔV152) was produced by Dr. Nicholas McGregor as per an
established protocol310. Recombinant BoGH16 was produced in E. coli BL21 (DE3) and purified
by nickel affinity chromatography as described previously44 with the exception that HEPES
buffers were used instead of sodium phosphate (binding buffer: 20 mM HEPES pH 7.4, 500 mM
sodium chloride, 20 mM imidazole; elution buffer: 20 mM HEPES pH 7.4, 500 mM sodium
chloride, 500 mM imidazole). The protein for use in crystallography was further purified by size
exclusion chromatography using Superdex 75 (GE Healthcare) packed in XK 16/100 column (GE
Healthcare) run with 10 mM HEPES pH 7.0. The fractions were inspected for purity by SDSPAGE and pure fractions were pooled and concentrated in Vivaspin centrifugal filters (GE
Healthcare). Final protein concentration was determined by spectrophotometry at 280 nm in an
Epoch Microplate Spectrophotometer (BioTek) using the extinction coefficient 54890 M-1cm-1,
which was calculated from the primary sequence using ProtParam tool from the ExPASy
Bioinformatics Resource Portal44.
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3.2.2

Chemoenzymatic Synthesis and Characterization of Target Compounds

Preparation of GG3G and GGG3G oligosaccharides
Oat β-glucan powder (30 g, 70%) was suspended in 25 mM sodium citrate buffer, pH 6.5
(1 L), heated to 50 °C and stirred for 20 min. 100 μL of 0.45 mM BoGH16 enzyme was added to
this suspension and the reaction was stirred overnight at 37 °C, following which the mixture was
concentrated under reduced pressure. The remaining syrup was then freeze-dried under vacuum to
yield a pale powder, confirmed by HPAEC-PAD chromatography to contain a mixture of
trisaccharide Glcβ-(1,4)-Glcβ-(1,3)-Glc (GG3G) and tetrasaccharide Glcβ-(1,4)-Glc β-(1,4)-Glcβ(1,3)-Glc (GGG3G) (Figure B1) as the only oligosaccharides44.
20 g of this crude oligosaccharide mixture was per-O-acetylated at 60 °C using pyridine
(150 mL) and acetic anhydride (100 mL) with N,N-dimethylaminopyridine (0.5 g) as a catalyst.
After 3 h, the reaction mixture was concentrated under reduced pressure to near dryness, and
subsequently dissolved in 7 mL of dichloromethane (DCM) and loaded on to a silica flash column
directly. The peracetylated tri- and tetrasaccharide were separated using flash chromatography
with isocratic toluene/acetone (6.5:1) as the solvent system ((per-OAc)GG3G: Rf= 0.3, yield= 3g,
(per-OAc)GGG3G: Rf= 0.25, yield= 1 g). The per-O-acetylated oligosaccharides were stored at
room temperature and were subsequently deprotected using Zemplen conditions, as needed. The
characterization of the resulting deprotected oligosaccharides, as well as their corresponding
peracetylated congeners, was in accordance with the previous literature304,311,312.
Preparation of G3GGG oligosaccharide
G3GGG was prepared according to a previously described protocol,310 with modifications.
For large scale preparation, 5 g of oat β-glucan powder (70%) was suspended in 25mM sodium
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citrate buffer, pH 6 (1 L) with 100 µL of 600 µM VvEG16 (ΔV152) and stirred for 48 h at 37 °C.
Upon concentration under reduced pressure and subsequent lyophilization, a pale powder was
obtained. This powder was confirmed by HPAEC-PAD to contain a mixture of glucose, cellobiose
and Glcβ-(1,3)-Glcβ-(1,4)-Glcβ-(1,4)-Glc (G3GGG) (Figure B2). Isolation of pure acetylated
oligosaccharide was achieved using peracetylation and flash chromatography, using conditions as
described in the previous section (per-OAc)G3GGG: Rf= 0.25, yield= 700 mg). Deprotection using
Zemplen conditions yielded pure deprotected oligosaccharide in near quantitative yield.
(per-OAc)G3GGG: Rf= 0.25 (toluene/acetone: 6.5:1). 1H-NMR (CDCl3, 400 MHz,
Figure B3): δ 6.21 (H1α, d, JH1-H2= 3.69 Hz, 0.45 H), 5.62 (H1β, d, JH1-H2= 8.39 Hz, 0.54H), 5.38
(t, J= 9.78, 0.5H), 5.19 (dd, J= 9.27, 8.95, 0.5H), 5.08- 4.78 (m, 7H), 4.52-3.55 (m, 19H), 2.141.94 (s, CH3). 13C-NMR: (CDCl3, 100.6 MHz, Figure B4): δ 168.56- 170.69 (CO), 100.89, 100.73,
100.37 (C1II, C1III, C1IV), 91.64 (C1β), 89.02 (C1α), 78.65, 76.33, 76.04, 75.8, 75.69, 73.65,
73.02, 72.92, 72.86, 72.83, 72.66, 72.6, 72.4, 72.26, 71.84, 71.76, 71.11, 70.85, 70.63, 69.53,
69.47, 68.01, 67.89, 62.37, 61.86, 61.70, 61.32, 20.95-20.44 (COCH3); Monoisotopic m/z
calculated for C52H70O35Na+: 1277.36; LC-MS found: 1277.6; ESI-HRMS found: 1277.3602
G3GGG: 1H-NMR (CDCl3, 400 MHz, Figure B5): δ 5.24 (H1α, d, JH1-H2 = 3.72 Hz
0.40H), 4.76 (H1II, d, JH1-H2 = 7.95 Hz, 1H), 4.67 (H1β, d, JH1-H2 = 7.95 Hz, 0.63H), 4.55 (H1III,
H1IV, d, d, J= 8.14 Hz, 7.95 Hz, 2H), 4.01- 3.27 (m, 23H); 13C-NMR (D2O, 100.6 MHz, Figure
B6): δ 102.98, 102.76, 102.52 (C1II, C1III, C1IV), 95.96 (C1β), 92.02 (C1α), 84.14, 78.83, 78.68,
78.59, 78.57, 76.19, 75.79 , 75.74, 75.68, 75.01, 74.45, 74.26, 74.1, 73.63, 73.19, 73.15, 71.5,
71.43, 70.32, 69.78, 69.65, 68.19, 60.89, 60.76, 60.21, 60.09; Monoisotopic m/z calculated for
C24H42O21Na+: 689.21; LC-MS found: 689.2; ESI-HRMS found: 689.2115
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General synthesis of N-bromoacetylglycosylamines:
The final products were obtained using previously established methods with
modifications157,170 (Scheme 3.1). 150 mg of the corresponding oligosaccharide was dissolved in
15 mL of 30% ammonium hydroxide, and ammonium bicarbonate (2 eq.) was added to the
mixture. The mixture was then stirred overnight (20 h) at 42 °C, and thereafter concentrated under
reduced pressure to a powder before lyophilization to yield a pale amorphous solid
GG3G-β-NH2: 1H-NMR (D2O, 400 MHz, Figure B7): δ 4.73 (H1II, d, J= 9.28 Hz, 1H),
4.51 (H1III, d, J= 8.27 Hz, 1H), 4.13-3.29 (m, 18 H)
GGG3G-β-NH2: 1H-NMR (D2O, 400 MHz, Figure B8): δ 4.70 (H1II, d, J= 9.15 Hz, 1H),
4.50 (H1III, d, J= 8.60 Hz, 1H), 4.48 (H1IV, d, J= 7.96 Hz, 1H), 4.10-3.15 (m, 24H)
G3GGG-β-NH2: 1H-NMR (D2O, 400 MHz, Figure B9): δ 4.74 (H1II, d, 1H), 4.55 (H1III,
d, J= 7.85 Hz, 1H), 4.53 (H1IV, d, J= 8.07 Hz, 1H), 4.13-3.18 (m, 24H)
The aminated sugar (150 mg) was subsequently dissolved in 7 mL of dry N,Ndimethylformamide (DMF) under an inert atmosphere, and stirred for 10 min to form a pale-yellow
suspension. Bromoacetic anhydride (1.5 eq.) was added to the reaction mixture as a solution in 0.5
mL dry DMF solution through a syringe. Thereafter, the solution turned into a homogenous dark
yellow solution. The reaction was monitored via TLC. Generally, the reaction time was between
1.5 to 2 h. The reaction mixture was concentrated in the presence of silica (7 g) and dry-loaded on
to a flash column. The product was eluted using a water/isopropanol/ethyl acetate (1:3:6) solvent
system. Fractions containing the product were pooled together, concentrated, and dried to a pale
powder. Final yields were 100 mg (54%) for 6, 44 mg (25%) for 7, and 68 mg (39%) for 8.
GG3G-NHCOCH2Br (6): Rf= 0.25 (water/isopropanol/ethyl acetate 1:3:6); 1H-NMR
(D2O, 400 MHz, Figure B10): δ 5.05 (H1β, d, J= 9.30 Hz, 1H), 4.84 (H1II, d, J= 8.06 Hz, 1H),
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4.57 (H1III, d, J= 7.82 Hz, 1H), 4.03 (s, COCH2Br, 2H), 3.98-3.37 (m, 18H);

13

C-NMR: (D2O,

100.6 MHz, Figure B11): δ 171.31 (C=O), 102.77, 102.74, 84.92, 79.76, 78.79, 77.58, 76.73,
76.18, 75.69, 75.05, 74.34, 73.38, 71.65, 69.69, 67.97, 60.83, 60.26, 60.07, 28.16 (CH2Br);
Monoisotopic m/z calculated for C20H34BrNO16Na+: 646.10; LC-MS found: 646.1; ESI-HRMS
found: 646.0948.
GGG3G-NHCOCH2Br (7): Rf= 0.25 (water/isopropanol/ethyl acetate 1:3:6); 1H-NMR
(D2O, 400 MHz, Figure B12): δ 5.03 (H1β, d, J= 9.31 Hz, 1H), 4.82 (H1II, d, 1H), 4.54 (H1III,
H1IV, d, d, J=8.36 Hz, J= 8.42 Hz, 2H), 4.00 (s, COCH2Br, 2H), 4.02-3.33 (m, 24H); 13C-NMR:
(D2O, 100.6 MHz, Figure B13): δ 171.34 (C=O), 102.77, 102.5, 79.74, 78.61, 78.05, 76.72, 76.19,
75.69, 75.1, 75.05, 74.24, 73.35, 73.14, 71.75, 69.66, 60.78, 60.12, 59.95, 27.98 (CH2Br);
Monoisotopic m/z calculated for C26H44BrNO21Na+: 808.15; LC-MS found: 808.5; ESI-HRMS
found: 808.1477
G3GGG-NHCOCH2Br (8): Rf= 0.25 (water/isopropanol/ethyl acetate 1:3:6); 1H-NMR
(D2O, 400 MHz, Figure B14): δ 5.02 (H1β, d, J= 9.19 Hz, 1H), 4.76 (H1II, d, 1H) 4.56 (H1III, d,
J= 8.19 Hz, 1H), 4.53 (H1IV, d, J= 8.09 Hz, 1H), 4.00 (s, COCH2Br, 2H), 3.95-3.31 (m, 24H); 13CNMR: (D2O, 100.6 MHz, Figure B15): δ 171.32 (C=O), 102.99, 102.77, 102.50, 84.18, 79.75,
78.62, 78.08, 76.72, 76.19, 75.69, 75.04, 74.24, 73.24, 73.64, 73.36, 73.14, 71.75, 69.80, 69.67,
68.21, 60.97, 60.79, 60.13, 59.97, 28.04 (CH2Br); Monoisotopic m/z calculated for
C26H44BrNO21Na+: 808.15; LC-MS found: 808.1; ESI-HRMS found: 808.1483
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Scheme 3.1: Synthesis of inhibitors 6, 7 and 8

3.2.3

Inhibition Kinetics Measurement
The determination of time-dependent enzyme inhibition kinetics was performed essentially

as previously described170,171. Briefly, 100 µL solutions of BoGH16 (8.9 µM) were incubated with
a range of concentrations of inhibitor (0.019 to 1.25 mM) at 37 °C in 50 mM sodium citrate buffer
pH 6.5 (with 0.1 mg mL-1 bovine serum albumin to prevent non-specific loss of activity). A control
experiment was run in parallel, in which no inhibitor was added to the buffered enzyme/BSA
solution. Periodically, 10 µL of this solution was withdrawn and diluted 1:100 in 50 mM sodium
citrate pH 6.5 buffer, and 100 µL of the diluted incubate was added to 100 µL of the pre-incubated
solution of chromogenic substrate GG3G-β-CNP in ultrapure water at 37 °C (0.2 mM final
substrate concentration in the assay).
Residual activities were determined by measuring the rate of release of the chromophore
2-chloro-4-nitrophenolate over 1–2 min in a 1 cm quartz cuvette maintained at 37 °C at 405 nm in
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an Agilent Cary 60 UV–vis spectrophotometer (ε= 16.57 mM-1 cm-1). The inhibition data were
fitted according to the Kitz-Wilson model221 (Equation 1.4), as shown in Figures 3.1a, 3.2a, and
the inactivation rate constants (kapp) were measured. Individual Ki and ki values were determined
(unless otherwise stated) by fitting Equation 1.5 to plots of kapp versus inhibitor concentrations [I]
(Figures 3.1b, 3.2b) by nonlinear regression using Origin Pro graphing software, as previously
described170.
3.2.4

Intact-protein Mass Spectrometry Labelling Studies
A 20 μL solution of BoGH16 (3.27 μM in 50 mM pH 6.5 sodium citrate buffer) containing

2.5 mM inhibitor was incubated for 3 h (for 6, 7) or 7 h (for 8) at 37 °C. A negative control
experiment omitting the inhibitor from the incubate was run in parallel. Intact-protein masses were
determined on a Waters Xevo LC-ESI-MS Q-TOF with a NanoAcuity UPLC system as previously
described264, and analyzed using Masslynx 4.0 software.
3.2.5

Protein Crystallography
To reproduce previous crystallography44, crystals of unliganded recombinant BoGH16

were obtained by first screening sitting drops in 96-well format at room temperature (set-up using
a Phoenix robot, Art Robbin). A hit observed in the JCSG+ screen (Qiagen) condition G7 was
pursued for optimization by screening around this condition, varying the PEG concentration in one
dimension and the buffer pH in the other (24-well format hanging drops, set up by hand). Large,
orthorhombic crystals were readily reproduced by mixing 27.2 mg mL-1 protein solution one-toone with reservoir solution comprised of 0.1 M succinic acid pH 7.2 and 15% (w/v) PEG3350. To
obtain the inhibitor complex structure, crystals were soaked for one hour in mother liquor
containing inhibitor at 2.5 mM, after which time they were cryoprotected in mother liquor
supplemented with 20% ethylene glycol. X-ray data from these crystals were collected at
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Advanced Photon Source beamline 23 ID-B. Datasets were indexed and integrated using XDS265.
The structure was determined by molecular replacement using PHASER from the CCP4i2
software suite313 with the original unliganded BoGH16 structure (PDB ID: 5NBO)44 as the search
model. After density modification using PARROT314, iterative rounds of manual model building
and refinement were performed in COOT315 and REFMAC5269, respectively. The quality of the
model was monitored using MOLPROBITY316 and sugar conformations were validated using
PRIVATEER271.
3.3
3.3.1

Results and Discussion
Chemoenzymatic Synthesis and Characterization of Target Compounds
Oat β-glucan powder is abundant in mixed-linkage β-glucan (70% by mass)286 and

therefore constitutes an inexpensive agricultural source of the polysaccharide. Taking advantage
of this, large-scale preparation of the mixed-linkage gluco-oligosaccharides GG3G and GGG3G
was achieved by digestion with a specific mixed-linkage endo-glucanase previously characterized
in our laboratory, Bacteroides ovatus, GH16 (BoGH16, Figure B1). Similarly, a mixed-function
Vitis vinifera GH16 endo-glucanase variant (VvEG16-ΔV152) characterized by our group310 was
used to produce G3GGG via limit-digestion of oat β-glucan (Figure B2). To assist purification on
a multi-gram scale, per-O- acetylation, flash chromatography on silica gel, and Zemplen
deprotection was employed.
Subsequently, an established,157,168,170,317 two-step synthetic protocol (Scheme 3.1) was
applied and further optimized to install the electrophilic “warhead”. Conveniently, both steps were
performed on the unprotected oligosaccharides, thereby avoiding additional, and potentially
tedious, protection and deprotection steps. Thus, GG3G, GGG3G, and G3GGG were
quantitatively aminated via dissolution in ammonium hydroxide and addition of ammonium
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bicarbonate at 42 °C. Here, a 20 h reaction time was sufficient, versus two-day reactions reported
previously170,318. Following removal of the solvent and reagents under reduced pressure, amide
formation using bromoacetic anhydride in DMF was facile in all cases.

The resulting N-

bromoacetyl glycosamines were amenable to flash chromatography on silica gel to produce pure
GG3G-NHCOCH2Br (6), GGG3G-NHCOCH2Br (7), and G3GGG-NHCOCH2Br (8) in moderate
yields.
3.3.2

Evaluation of Inhibitor Potency with BoGH16 as a Model MLGase
To investigate their potency as inhibitors, compounds 6, 7, and 8 were incubated with the

well-characterized representative MLGase, BoGH1644. A time- and concentration-dependent
inactivation of the enzyme (8.9 µM) was observed upon incubation with GG3G-NHCOCH2Br
(compound 6, Figure 3.1) and GGG3G-NHCOCH2Br (compound 7, Figure 3.2) at concentrations
of 0.019 mM to 1.25 mM. At high concentrations of inhibitors, the decline in enzyme activity is
particularly rapid. Indeed, complete inhibition of the enzyme is apparent within the first 20 min of
incubation of BoGH16 with ≥ 0.156 mM inhibitor 7.
The covalent nature of the inhibition was demonstrated by intact-protein mass spectrometry
after incubation of BoGH16 with 2.5 mM of inhibitors 6 and 7. In both cases, a 1:1 labelling
stoichiometry is observed with no signs of over-labelling, as has been observed with Nbromoacetylglycosylamines in some cases157,164,170,317. Under identical concentrations of enzyme
and G3GGG-NHCOCH2Br (compound 8), there was no indication of labelling, even with
extended incubation time (Figure 3.3). These results are consistent with the known specificity of
BoGH16, which requires a β-(1,3) linkage spanning the -2 and -1 enzyme subsites44 (subsite
nomenclature according to ref.

100

). However, this compound could see future use in inhibiting

MLGases preferring substrates with alternative linkage profiles310.
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Figure 3.1: Inhibition kinetics and intact-protein MS of BoGH16 by inhibitor 6: a) Plot of initial-rate enzyme
activity versus time (single determinations) at inhibitor concentrations indicated. b) Plot of pseudo-first-order
rate constants (kapp), obtained from the fitted curves shown in panel a, versus inhibitor concentration. c) wild
type BoGH16. Expected mass: 30480.8 Da; a significant phosphogluconoylation peak is observed at +178 Da.
d) BoGH16 incubated with 2.5 mM GG3G-NHCOCH2Br (624.1 Da) at 37 °C for 3 h. Expected mass: 31025.0
Da; the phosphogluconoylated proteins are equally labelled.
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Figure 3.2: Inhibition kinetics and intact-protein MS of BoGH16 by inhibitor 7: a) Plot of initial-rate enzyme
activity versus time (single determinations) at inhibitor concentrations indicated b) Plot of pseudo-first-order
rate constants (kapp), obtained from the fitted curves shown in panel a, versus inhibitor concentration. c) wild
type BoGH16. Expected mass: 30480.8 Da; a significant phosphogluconoylation peak is observed at +178 Da.
d) BoGH16 incubated with 2.5 mM GGG3G-NHCOCH2Br (785.2 Da) at 37 °C for 3 h. Expected mass:
31186.1 Da; the phosphogluconoylated proteins are equally labelled.

62

Figure 3.3: Intact-protein MS of BoGH16 in presence of 8: a) wild type BoGH16. Expected mass: 30480.8 Da;
a significant phosphogluconoylation peak is observed at +178 Da. b) BoGH16 incubated with 2.5 mM
G3GGG-NHCOCH2Br (785.2 Da) at 37 °C for 7 h. Expected mass: 30480.8 Da; the phosphogluconoylated
proteins are equally labelled.

Fitting of the Kitz-Wilson model221 (Equations 1.4 and 1.5) to the time- and concentrationdependent inhibition data obtained for GG3G-NHCOCH2Br enabled the calculation of the specific
inhibition constants with BoGH16: Ki 1.68 ± 0.47 mM, ki 1.45 ± 0.27 min−1 (ki/Ki 0.86 mM-1 min1

). These values compare favourably to those of other N-bromoacetylglycosylamine inhibitors,

which likewise exhibit Ki values in the millimolar range43,157,161–163,168–170,174. However, the
inactivation constants, ki, for other N-bromoacetylglycosylamine inhibitors are reportedly 2-3
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orders of magnitude lower43,157,161–163,168–170. The large error on the Ki value, in this case, reflects
an apparently poor ability to saturate the enzyme and a correspondingly flat kapp vs. [I] curve
(Figure 3.1). Likewise, saturation inhibition kinetics were not achieved with the longer inhibitor
GGG3G-NHCOCH2Br (compound 7). Thus, a linear fit to the data was used to obtain a ki/Ki value
of 1.92 mM-1min-1, which is comparable to that of GG3G-NHCOCH2Br. As discussed further
below, these results are concordant with the three known negative subsites of BoGH1644.
3.3.3

Structural Analysis of an Inhibitor-bound Enzyme Complex
To provide molecular insight into the mechanism of inhibition, the complex formed by the

incubation of GGG3G-NHCOCH2Br with BoGH16 was solved to 2.13 Å resolution by X-ray
crystallography (Table B1). The space group, unit cell dimensions, and presence of two chains in
the asymmetric unit were identical to the previously determined unliganded and GGG3G productcomplex structures of BoGH16 (PDB IDs: 5NBO and 5NBP, respectively44) despite crystallization
in a different condition. Likewise, the overall tertiary structure was virtually identical to that of
these previous structures, comprising a canonical β-jelly roll fold typical of GH1686 (Figure 3.4a).
The inhibitor-bound complex structure was successfully obtained by soaking crystals in a solution
containing 2.5 mM inhibitor (the same concentration used for intact protein MS experiments and
two-fold greater than the highest concentration used for kinetics experiments). Notably, the
observed electron density corresponding to the inhibitor was far superior in chain A, with the lower
occupancy observed in chain B attributing to the proximity of its active site to a protein chain from
a neighbouring asymmetric unit. Nevertheless, the near-complete glycone was modelled into the
active site of chain A, spanning subsites -1 to -3, including the N-bromoacetylated glucose in
subsite -1. The observed electron density unambiguously revealed that the catalytic acid/base
residue, Glu148, was labelled by nucleophilic substitution of the bromide (Figure 3.4a, 3.4b,
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3.4c). The density of the non-reducing-terminal glucosyl residue corresponding to subsite -4 was
too poor to model, reminiscent of the relatively high disorder of this residue in the
BoGH16:GGG3G product complex (Figure 3.4d)44.

Figure 3.4: Crystal structure of the BoGH16-GGG3GNHCOCH2Br inhibitor covalent complex: a) Overall
structure with BoGH16 shown in cartoon representation and colour ramped from blue (N-terminus) to red
(C-terminus), the inhibitor shown as cyan sticks, and the key catalytic residues shown as green sticks. b)
Inhibitor-bound active site showing the Fo-Fc omit density map (generated by Privateer271) of the inhibitor
contoured at 3.0 σ. Catalytic residues are shown as salmon sticks and other important active site residues are
shown as slate sticks. c) Inhibitor-bound active site showing hydrogen bonding interactions (3.0 Å or shorter)
with the ligand as green dashed lines. d) Superposition of the inhibitor complex and the GGG3G complex
(PDB ID: 5NBP) structures. The tetrasaccharide is shown as yellow sticks and catalytic residues from 5NBP
are shown as white sticks.
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The β orientation of the N-bromoacetyl group extended the electrophilic warhead away
from the BoGH16 catalytic nucleophile Glu143, which is positioned directly below the anomeric
carbon. Instead, the N-bromoacetyl group filled the space that typically accommodates a water
molecule in the glycosyl-enzyme intermediate of the normal catalytic cycle, ideally positioning
the electrophile for nucleophilic attack by Glu148. The natural role of this residue is to deprotonate
a water molecule for turnover of the glycosyl-enzyme intermediate in the second step of the
canonical double displacement GH mechanism94. That the catalytic acid/base residue is labelled,
rather than the catalytic nucleophile, is similar to previous observations with Nbromoacetylglycosylamine inhibitors160,163,164,167,169,171.
Notably, the Glu148 sidechain underwent a minor rotation and shift in orientation to
accommodate the covalent linkage between Oε and N-acetyl group of the inhibitor (Figure 3.4d).
The N-acetylated glucose in subsite -1 assumed a 4E envelope conformation (Table B2), distinct
from the favoured

4

C1 chair conformation observed for the subsite -1 glucose in the

BoGH16:GGG3G product complex (PDB ID: 5NBP). As such, it appears that the anomeric
carbon is pulled up by the N-acetyl linkage to Glu148 (Figure 3.4d), suggesting an overall rigidity
of the protein structure itself. The rest of the glycone overlaid very well with the GGG3G
oligosaccharide, retaining the hydrogen bonding and aromatic stacking interactions observed for
the natural product complex (Figure 3.4d). Interestingly, the same “swung in” rotamer of Tyr181
observed in the GGG3G-complex44 was seen here as well, but instead made a hydrogen bond with
the carbonyl oxygen of the N-acetyl group of the inhibitor, rather than the anomeric (C1) hydroxyl
of the glucosyl residue in subsite -1 (Figure 3.4d). Considering these observations together, the
4

E envelope conformation can be rationalized by the energy required to bring the sugar out of the
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relaxed 4C1 chair conformation being lower than the energy of compromising the numerous
interactions between the glycone and the various sidechains of the enzyme active site.
3.4

Conclusions
In

this

chapter,

the

chemoenzymatic

synthesis

of

three

novel

N-

bromoacetylglycosylamine-based covalent inhibitors with tri- and tetrasaccharide backbones of
mixed β-(1,3)/(1,4) linkage is presented. The potential of these inhibitors to inactivate mixedlinkage glucanases active on β-(1,3)/(1,4)-glucans is demonstrated through protein-labelling and
inhibition kinetics studies, as well as inhibitor-bound enzyme crystallography. Tri- and
tetrasaccharide inhibitors with β-(1,3) linkage between the reducing end glucosyl residues showed
potency towards a canonical GH16 MLGase. A 2.13 Å crystal structure of this enzyme was
obtained in complex with the tetrasaccharide inhibitor covalently bound to the catalytic acid/base
residue of the enzyme. The production of these compounds with an abundant natural source and a
two-step synthetic protocol with minimal chemical modifications is anticipated to aid in the
biochemical, kinetic, and structural characterization of novel mixed-linkage glucanases.
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Chapter 4: Synthesis

and

Application

of

Mechanism-based

2-deoxy-2-fluoro

Oligosaccharide Inhibitors of β-(1,3) and β-(1,3)/(1,4) Glucanases
4.1

Introduction
β-(1,3) glucans are widely distributed in nature and serve various biological functions, e.g.

as storage polysaccharides in brown algae (laminarin), in the cell walls of fungi and yeast for
structural support (pachyman), and as exopolysaccharides in bacteria (curdlan) enabling
pathogenicity and symbiotic interactions with hosts319. The structure of β-(1,3) glucans varies with
the source of polysaccharide, but they are typically composed of linear β-(1,3) linked glucose
chains, which may be substituted with β-(1,6) glucose-linked side chains and intrachain β-(1,6)
glucosyl linkages. The ratio between β-(1,3)and β-(1,6) linkages varies significantly320. The algal
β-(1,3) storage polysaccharide laminarin is the most abundant polysaccharide in marine algae,
constituting up to 25-35% of their dry cell wall weight320,321. Laminarin has a relatively low
molecular weight of about 5000 Da, with a degree of polymerization between 20 and 30319.
β-(1,3)/(1,4) glucan or MLG is major plant cell wall hemicellulose of commelinoid
monocots such as oats, barley, sorghum and other cereals and grasses, as well as in horsetails36,
algae282, and some fungi283. MLG is made up of chains of β-(1,4) and β-(1,3) linked glucosyl
residues with the number of β-(1,3) linkages ranging between 25-30%. Typically, cellotriose and
cellotetraose units are linked by β-(1,3) glycosidic bonds, though longer units are also present.
β-(1,3) glucanases are enzymes that catalyze the depolymerization of β-(1,3) glucan via
exo (EC 3.2.1.58) or endo (EC 3.2.1.39) mechanisms, among which, the endo β-(1,3) glucanases
typically fall within the GH families 5, 16, 17, 55, 64, 81, 128, 152, 157 and 15878. They have
been isolated from various sources and organisms such as fungi322,323, plants324, bacteria325,
archaea326 and marine invertebrates327.
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β-(1,3) glucanases have found important applications in bioethanol production111, against
fungal infections112, in yeast extract production73 and to produce high-value
oligosaccharides113,114. β-(1,3)/(1,4) glucanases (MLGases, EC 3.2.1.73) break down MLG and
are of high commercial importance due to their numerous biotechnological applications in
animal feed treatment301, in laundry detergents to remove food stains328, biomass conversion to
high-value products300, and in brewing to reduce mash viscosity and increase extract yield302.
They are also valuable for the production of prebiotic oligosaccharides329.
Retaining GHs employ a Koshland double displacement mechanism to catalyze the
hydrolysis of carbohydrates94. Upon substrate binding, these enzymes utilize two active site
carboxylic amino acid residues (Glu and/or Asp) located about 5–6 Å apart to perform a two-step
hydrolysis wherein the nucleophile enables the formation of a glycosyl-enzyme intermediate via
substitution at the substrate, which gets hydrolyzed with assistance from the general acid/base
residue acting as a base. Both the catalytic steps proceed through an oxocarbenium-ion like
transition state (Figure 1.7b).
2-deoxy-2-fluoro glycoside inhibitors are well-established as potent inactivators of
retaining glycoside hydrolases185,194. They are structural mimics of the GH natural substrates
capable of covalently and irreversibly binding and inactivating a GH enzyme by kinetically
trapping the glycosyl-enzyme intermediate (Figure 1.12). The 2-deoxy-2-fluoro substitution
inductively destabilizes the transition states, while also eliminating key hydrogen-bonding
interactions of the C2-hydroxyl group with enzyme active site residues, and decreases the reaction
rate of both the aforementioned catalytic steps, while fluorine (pKa of HF = 3.2) or 2’,4’
dinitrophenyl substitution (pKa of dinitrophenol = 4.1) at the anomeric carbon facilitates departure
of the aglycone thereby increasing the rate of enzyme glycosylation. These inhibitors are
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essentially “slow-substrates” with a highly variable lifetime of the glycosyl-enzyme intermediate,
depending on the GH studied. Where observed, kinetic analysis indicates that incomplete
inhibition of retaining GHs by 2F DNP inhibitors is due to significant rates turnover by
hydrolysis206,281 or transglycosylation195,207,252.
In this chapter, the chemoenzymatic synthesis of two 2F DNP mechanism-based inhibitors
of β-(1,3)-glucan-active enzymes based on β-(1,3) linked diglucoside (laminaribiose) and β(1,3)/(1,4) linked triglucoside scaffolds is reported. The potency of these inhibitors was evaluated
using a putative β-(1,3) glucanase using enzyme inhibition kinetic analysis and intact-protein mass
spectrometry.
4.2
4.2.1

Materials and Methods
General Synthetic and Analytic Techniques
All reagents were analytical or HPLC grade and were purchased from Sigma-Aldrich, Alfa-

Aesar or ACROS Organics. For anhydrous reactions, glassware was dried overnight in a 100-150
°C oven and purged with argon before use. Solvents were dried by stirring with activated 4 Å
molecular sieves overnight under argon. TLC was performed using aluminum sheet TLC plates
(0.25 mm) pre-coated with Merck silica gel 60 F254, using ethyl acetate: hexanes, toluene: acetone
or water: methanol: ethyl acetate as solvent systems (particular solvent ratios specified below),
and visualized by a UV lamp and/or 10% sulfuric acid in water with charring using a heat gun.
Flash chromatography was performed using Merck silica gel 60 with ethyl acetate: hexanes,
toluene: acetone or water: methanol: ethyl acetate as mobile phases. All 19F-, 13C- and 1H-NMR
data were collected on a Bruker Avance 400 MHz spectrometer at room temperature (100.6 MHz
and 376.5 MHz for 13C- and 19F-, respectively). The NMR spectra were referenced to the solvent
as follows257: HOD= 4.79 ppm, CHCl3= 7.27 ppm. MALDI-TOF MS data were collected on a
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Bruker Autoflex instrument in reflectron mode over m/z 700-3500 using 6-Aza-2-thiothymine
(ATT) as the matrix. HRMS data were obtained using either a Waters Xevo G2-S Q-TOF or
Waters/Micromass LCT TOF mass spectrometer in positive-ion mode, via direct infusion through
an electrospray ion source. All kinetic data were obtained using an Agilent Cary 60 UV-Vis
spectrophotometer equipped with a Peltier temperature-controlled cell holder. The data were fit
with Equation 1.4 or 1.5 by linear least-squares analysis using nonlinear regression using
OriginPro 8 (OriginLab, Northampton, MA, USA). The BoGH16 enzyme was prepared using the
method described in Chapter 3 (see section 3.2.1). The BuGH158 and BuGH16 enzymes were
obtained as per an established protocol and their purities were confirmed by SDS-PAGE
(Supplementary Figure 16: http://doi.org/10.14288/1.0388792)123.
4.2.2

Preparation of Oligosaccharides G3G and GG3G
Laminaribiose (G3G) was prepared enzymatically from 3 g of the commercially available

polysaccharide laminarin from Laminaria digitate as per an established protocol123 which yielded
a mixture of glucose, G3G, and a small amount of a mixed-linkage trisaccharide. The crude
mixture was acetylated by dissolving in pyridine (60 mL) and acetic anhydride (40 mL) and heated
at 60 °C for 3 h. Following the workup, the mixture was purified using column chromatography
with toluene/acetone (6.5:1) as the eluent to yield 3.5 g of pure (per-OAc)G3G (Rf= 0.33). The
characterization data was in accordance with literature values330. Similarly, (per-OAc)GG3G (2.8
g) was obtained using a previously established method from oat β-glucan (see Chapter 3 Materials
and Methods).
4.2.3

General Synthesis of (2F)-β-DNP Inhibitors
The synthesis of target inhibitors proceeded through a five-step synthetic protocol (Scheme

4.1) starting from the per-O-acetylated oligosaccharides, (per-OAc)G3G (1.2 g) and (per71

OAc)GG3G (1 g), which were dissolved in 30 mL dichloromethane and converted to their
respective α-glycosyl bromides 9a and 9b as per previously established protocols304,330 using 33%
hydrogen bromide in glacial acetic acid. The characterization data of compounds 9a (81% yield)
and 9b (89% yield) were in accordance with literature values304,330.

Scheme 4.1: Synthesis of target inhibitors (13a and 13b)

Per-O-acetylated G3G glycal (10a) and GG3G glycal (10b): Compounds 10a and 10b were
synthesized by adapting previously established methods259,281. Briefly, glycosyl α-bromide (1000
mg 9a or 900 mg 9b) was dissolved in 30 mL of acetic acid and slowly added to a suspension of
Zn (31 eq.), NaOAc (18.5 eq.), and CuSO4.5H2O (0.2 eq.) in 20 mL of water which had been
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stirring for 5 min. The solution was stirred vigorously for 3 h at room temperature and subsequently
filtered through Celite. The mixture was concentrated under reduced pressure to remove the
solvent, re-dissolved in DCM (100 mL), and washed with NaHCO3 (3×) and brine (1×). The DCM
layer was concentrated, and the resulting syrup was purified using flash chromatography with
isocratic ethyl acetate/hexanes (1:1) as the mobile phase (for 10a: Rf = 0.3, for 10b: Rf = 0.25). The
evaporation of solvents under reduced pressure yielded 10a (150 mg, 19% yield) and 10b (160
mg, 21% yield) as white solids.
10a: 1H-NMR (Figure C1, 400 MHz, CDCl3): δ 6.39 (d, J(H1-H2) = 6.26 Hz, 1H, H1), 5.185.11 (m, 2H, H1II, H1III), 5.00 (t, J= 9.62 Hz, 1H), 4.88 (dd, J= 8.37 Hz, J= 9.20 Hz, 1H), 4.79 (t,
J= 5.10 Hz, 1H), 4.65 (d, J= 7.97 Hz, 1H), 4.33-4.00 (m, 6H), 3.69-3.65 (m, 1H), 1.92-2.01 (6s,
18H, COCH3). 13C-NMR (Figure C2, 100.6 MHz, CDCl3): δ 171.15-169.31 (6×CO), 145.30 (C1),
98.85 (C1II), 97.38 (C2), 73.93, 72.93, 72.00, 71.37, 69.96, 68.37, 67.92, 61.90 (C6 or C6II), 61.56
(C6 or C6II), 21.06-20.62 (6×CH3); Monoisotopic m/z calculated for C24H32O15Na+: 583.16;
MALDI-TOF MS found: 583.1; ESI-HRMS found: 583.1636
10b: 1H-NMR (Figure C3, 400 MHz, CDCl3): δ 6.45 (d, J(H1-H2) = 6.26 Hz, 1H, H1), 5.255.23 (m, 1H), 5.19-4.82 (m, 6H), 4.66 (d, J= 8.05 Hz, 1H), 4.58 (dd, J= 12.01 Hz, J= 1.83 Hz, 1H),
4.52 (d, J= 7.97 Hz, 1H), 4.39-4.33 (m, 3H), 4.13-4.03 (m, 4H), 3.78 (t, J= 9.47 Hz, 1H), 3.683.60 (m, 2H), 2.13-1.98 (9s, 27H, COCH3). 13C-NMR (Figure C4, 100.6 MHz, CDCl3): δ 170.64169.17 (9×CO), 145.26 (C1), 100.92 (C1III), 99.06 (C1II), 97.44 (C2), 76.43, 74.03, 73.07, 73.00,
72.68, 72.13, 71.73, 71.66, 70.05, 68.00, 67.90, 61.79 (C6/C6II/C6III), 61.74 (C6/C6II/C6III), 61.67
(C6/C6II/C6III), 20.99-20.67 (9×CH3); Monoisotopic m/z calculated for C36H48O23Na+: 871.25;
MALDI-TOF MS found: 871.3; ESI-HRMS found: 871.2483.
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1-hydroxy

2-deoxy-2-fluoro-(per-O-acetylated)glycosides

(11a,

11b):

Utilizing

established synthetic protocols260,261,281 with modifications (see Results and Discussion), the
corresponding glycal 10a (150 mg) or 10b (160 mg) was dissolved in minimum amount of acetone
and added to a stirring suspension of SelectfluorTM (1.2 eq.) in 18 mL of acetone/water (5:1). The
solution was stirred first at room temperature for 16 hr, and then at 60 °C for 3 hr. It was
subsequently filtered over a Celite plug and concentrated under reduced pressure. The resulting
syrup was re-dissolved in minimum DCM and loaded to a silica column for partial purification
using flash chromatography using isocratic ethyl acetate/hexanes (1.2:1) as eluent (Rf= 0.25-3.00
for 11a and 11b). This reaction yielded a mixture of diastereomers of 11a (60 mg, 38% yield) and
11b (90 mg, 54% yield) respectively, due to the addition of 2-fluoro and 1-hydroxyl functional
groups either equatorially or axially. These mixtures of isomers were characterized using 19F-NMR
and high-resolution mass spectrometry and used in the next step directly without further
purification.
11a: 19F-NMR (Figure 4.2, 376.5 MHz, CDCl3): δ -199.17 (ddd, J(F2-H2) = 50.96 Hz, J(F2H3) =

14.47 Hz, J(F2-H1) = 1.55 Hz, 0.13F, gluco β-anomer), -200.60 (dd, J(F2-H2) = 49.39 Hz, J(F2-H3)

= 12.66 Hz, 0.59F, gluco α-anomer), -205.68 (ddd, J(F2-H2) = 49.60 Hz, J(F2-H3) = 27.70 Hz, J(F2-H1)
= 6.18 Hz, 1F, manno α-anomer); Monoisotopic m/z calculated for C24H33O16FNa+: 619.17;
MALDI-TOF MS found: 619.1; ESI-HRMS found: 619.1650
11b: 19F-NMR (Figure 4.3, 376.5 MHz, CDCl3): δ -198.84 (ddd, J(F2-H2) = 51.11 Hz, J(F2H3) =

15.11 Hz, J(F2-H1) = 1.91 Hz, 0.06F, gluco β-anomer), -200.40 (dd, J(F2-H2) = 49.51 Hz, J(F2-H3)

= 12.63 Hz, 0.39F, gluco α-anomer), -205.82 (ddd, J(F2-H2) = 49.33 Hz, J(F2-H3) = 27.53 Hz, J(F2-H1)
= 6.70 Hz, 1F, manno α-anomer); Monoisotopic m/z calculated for C36H49O24FNa+: 907.25;
MALDI-TOF MS found: 907.1; ESI-HRMS found: 907.2496
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β-2’4’-dinitrophenyl 2-deoxy-2-fluoro-(per-O-acetylated)glycosides (12a, 12b): The
synthesis for these compounds followed previously reported glycosylation methods191,281 with
modifications. The diastereomeric mixture of 11a (60 mg) or 11b (90 mg) was dissolved in 5 mL
of dry DMF containing 4 Å activated molecular sieves and anhydrous DABCO (5 eq.). A solution
of 2 eq. of 2,4-DNFB in 1 mL dry DMF was added to the reaction mixture through an oven-dried
steel needle. The reaction was stirred for 3.5 h, concentrated using rotary evaporator, re-dissolved
in DCM (100 mL) and washed with NaHCO3 (3×) and brine (1×). TLC analysis of the product
mixtures using toluene/acetone (2.5:1) indicated 3 spots each when visualized under UV lamp
(indicating the presence of aromatic group), as well as on charring after dipping in 10% sulfuric
acid solution (Figure 4.4, Rf = 0.40, 0.47, 0.55 for diastereomeric mixture of 12a, Rf = 0.34, 0.38,
0.47 for diastereomeric mixture of 12b), of which, spots A2 and B2 were separated by column
chromatography using isocratic toluene/acetone (6.5:1) and identified to be the desired β-gluco
diastereomers 12a and 12b. The spots A1/B1 and A3/B3 were identified to be the manno α and
gluco α diastereomers respectively (for
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F NMR spectra and assignments of A1 and A3, see

Figures C5 and C6 respectively). The column fractions indicating the desired product were pooled
together and concentrated using rotary evaporation to yield diastereomerically pure 12a (24 mg,
33%) and 12b (26 mg, 24%).
12a: 1H-NMR (Figure C7, 400 MHz, CDCl3): δ 8.78 (d, J(H’3-H’5) = 2.70 Hz, 1H, H′3), 8.44
(dd, J(H’5-H’6) = 9.16 Hz, J(H’5-H’3) = 2.70 Hz, 1H, H′5), 7.39 (d, J(H’6-H’5) = 9.16 Hz, 1H, H′6), 5.29
(dd, J(H1-H2) = 7.47 Hz, J(H1-H3) = 3.43 Hz, 1H, H1), 5.25-4.96 (m, 4H), 4.74 (d, J(H1II-H2II) = 7.86 Hz,
1H, H1II), 4.69-4.64 (m, 1H), 4.34 (dd, J= 12.51 Hz, J= 4.23 Hz, 1H), 4.22 (d, J= 3.76 Hz, 2H),
4.14-4.07 (m, 2H), 3.94-3.89 (m, 1H), 3.72-3.68 (m, 1H), 2.10-2.01 (6s, 18H, COCH3). 13C-NMR
(Figure C8, 100.6 MHz, CDCl3): δ 170.46-169.05 (6×CO), 153.39 (C′3), 142.43 (C′4), 140.38
75

(C′5), 128.56 (C′1), 121.72 (C′2), 118.39(C′6), 101.39 (C1II), 98.59 (J(C1-F2) = 24.93 Hz, C1), 91.07
(J(C2-F2) = 190.19 Hz, C2), 79.47, (J(C3-F2) = 18.13 Hz, C3), 72.85, 72.56, 71.88, 71.33, 67.97 (C4II),
67.37 (J(C4-F2) = 8.31 Hz, C4), 61.70 (C6, C6II), 20.69-20.33 (6×CH3). 19F-NMR (Figures C9, 4.5,
376.5 MHz, CDCl3): δ -198.81 (ddd, J(F2-H2) = 50.51 Hz, J(F2-H3) = 15.27 Hz, J(F2-H1) = 3.17 Hz, gluco
β-anomer); Monoisotopic m/z calculated for C30H35O20N2FNa+: 785.17; MALDI-TOF MS found:
785.2; ESI-HRMS found: 785.1667
12b: 1H-NMR (Figure C10, 400 MHz, CDCl3): δ 8.76 (d, J(H’3-H’5) = 2.38 Hz, 1H, H′3),
8.43 (d, J(H’5-H’6) = 9.16 Hz, J(H’5-H’3) = 2.38 Hz, 1H, H′5), 7.38 (d, J(H’6-H’5) = 9.16 Hz, 1H, H′6),
5.28 (dd, J(H1-H2) = 7.36 Hz, J= 3.97 Hz, 1H, H1), 5.23-5.00 (m, 5H), 4.91 (t, J= 8.07 Hz, 2H), 4.69
(d, J(H1II-H2II) = 7.68 Hz, 1H, H1II), 4.53-3.59 (m, 12H), 2.13-1.98 (9s, 27H, COCH3).
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C-NMR

(Figures 4.6, C11, 100.6 MHz, CDCl3): δ 170.54-169.00 (9×CO), 153.41 (C′3), 142.36 (C′4),
140.28 (C′5), 128.60 (C′1), 121.78 (C′2), 118.22 (C′6), 101.39 (C1III), 100.59 (C1II), 98.47 (J(C1F2) =

25.15 Hz, C1), 91.01 (J(C2-F2) = 191.14 Hz, C2), 79.58 (J(C3-F2) = 18.11 Hz, C3), 75.96, 72.89,

72.83, 72.76, 72.16, 72.04, 71.63, 71.50, 67.72, 67.29 (J(C4-F2) = 7.04 Hz, C4), 61.80 (J(C6-F2) = 23.14
Hz, C6), 61.50 (C6II, C6III), 20.82-20.43 (9×CH3). 19F-NMR (Figure C12, 376.5 MHz, CDCl3): δ
-198.32 (ddd, J(F2-H2) = 50.23 Hz, J(F2-H3) = 15.28 Hz, J(F2-H1) = 3.54 Hz, gluco β-anomer);
Monoisotopic m/z calculated for C42H51O28N2FNa+: 1073.25; MALDI-TOF MS found: 1073.6;
ESI-HRMS found: 1073.2513
β-2’4’-dinitrophenyl 2-deoxy-2-fluoroglycosides (13a, 13b): The deprotected glycosides
were obtained by Zemplen deprotection of 12a (24 mg) or 12b (26 mg) in 10 mL methanol/DCM
(9:1) containing 0.5 eq. of NaOMe (25% in MeOH). The solution was stirred at 4°C for 16 h and
monitored by TLC. Upon completion, the reaction was neutralized by adding 3 g of silica and
concentrated to dryness under reduced pressure to yield a pale silica powder to which the product
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was adsorbed. This powder was dry loaded on a flash column and pure product was eluted using
water/methanol/ethyl acetate (1:2:18) as the mobile phase. The fractions containing the product
were pooled together and concentrated to give a syrup, which was re-dissolved in water and freezedried to give a white, fluffy powder 13a (5.1 mg, 30%) and 13b (6.6 mg, 40%).
13a: 1H-NMR (Figure C13, 400 MHz, D2O): δ 8.93 (d, J(H’3-H’5) = 2.65 Hz, 1H, H′3), 8.57
(dd, J(H’5-H’6) = 9.31 Hz, J(H’5-H’3) = 2.65 Hz, 1H, H′5), 7.64 (d, J(H’6-H’5) = 9.31 Hz, 1H, H′6), 5.78
(dd, J(H1-H2) = 7.62 Hz, J= 2.90 Hz, 1H, H1), 4.74 (d, J(H1II-H2II) = 7.71 Hz, 1H, H1II), 4.30-4.22 (m,
1H), 4.01-3.32 (m, 11H). 13C-NMR (Figure C14, 100.6 MHz, D2O): δ 154.08 (C′3), 141.97 (C′4),
139.22 (C′5), 130.04 (C′1), 122.40 (C′2), 118.10 (C′6), 102.66 (C1II), 97.91 (J(C1-F2) = 23.14 Hz,
C1), 91.39 (J(C2-F2) = 188.12 Hz, C2), 81.43 (J(C3-F2) = 17.10 Hz, C3), 76.49, 76.18, 75.72, 73.38
(C5), 69.79 (C4II), 67.40 (J(C4-F2) = 7.92 Hz, C4), 60.91 (C6II), 60.21 (J(C6-F2) = 20.12 Hz, C6). 19FNMR (Figure C15, 376.5 MHz, D2O): δ -199.39 (ddd, J(F2-H2) = 50.61 Hz, J(F2-H3) = 15.05 Hz, J(F2H1)

= 2.39 Hz, gluco β-anomer); Monoisotopic m/z calculated for C18H23O14N2FNa+: 533.10;

MALDI-TOF MS found: 533.1; ESI-HRMS found: 533.1018
13b: 1H-NMR (Figure C16, 400 MHz, D2O): δ 8.90 (d, J(H’3-H’5) = 2.50 Hz, 1H, H′3), 8.55
(dd, J(H’5-H’6) = 9.33 Hz, J(H’5-H’3) = 2.50 Hz, 1H, H′5), 7.62 (d, J(H’6-H’5) = 9.33 Hz, 1H, H′6), 5.76
(dd, J(H1-H2) = 7.36 Hz, J= 2.21 Hz, 1H, H1), 4.71 (d, J(H1II-H2II) = 7.40 Hz, 1H, H1II), 4.51 (d, J(H1IIIH2III)

= 7.33 Hz, 1H, H1III), 4.29-3.29 (m, 18H).
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C-NMR (Figure C17, 100.6 MHz, D2O): δ

153.86 (C′3), 141.72 (C′4), 138.94 (C′5), 129.86 (C′1), 122.19 (C′2), 117.89 (C′6), 102.54, (C1III),
102.21 (C1II), 97.65 (J(C1-F2) = 24.14 Hz, C1), 91.18 (J(C2-F2) = 188.12 Hz, C2), 81.11 (J(C3-F2) =
16.09 Hz, C3), 78.53, 76.24, 75.94, 75.44, 74.77, 74.05, 73.12, 72.94, 67.50 (C4II/III), 67.14 (J(C4F2) =

8.05 Hz, C4), 60.54 (C6II, C6III), 60.03 (J(C6-F2) = 11.06 Hz, C6). 19F-NMR (Figure C18, 376.5

MHz, D2O): δ -199.24 (ddd, J(F2-H2) = 50.88 Hz, J(F2-H3) = 15.02 Hz, J(F2-H1) = 2.42 Hz, gluco β77

anomer); Monoisotopic m/z calculated for C24H33O19N2FNa+: 695.16; MALDI-TOF MS found:
695.1; ESI-HRMS found: 695.1552
4.2.4

Synthesis of β-CNP Laminaribioside
β-2’-chloro-4’-nitrophenyl-(per-O-acetylated) laminaribioside (14) was synthesized from

α-laminaribiosyl bromide 9a according to a previously established protocol258 with some
modifications. Traditional phase-transfer conditions331, although generally high-yielding, can
result in partially de-O-acetylated side-products, which necessitates an extra re-acetylation step to
obtain maximum yields258. To circumvent this, the sodium salt of 2-chloro-4-nitrophenol (NaCNP)
was prepared first by the addition of NaOH (400 mg) into an aqueous solution (50 mL) of 2-chloro4-nitrophenol (CNP, 1.74 g). The solution was stirred for 10 min and subsequently acetone (200
mL) was added to precipitate the salt. The precipitated salt was filtered, washed with acetone
several times, and stored as a dry powder (1.92 g, 98%) at 4°C until further needed. A solution of
the sodium phenolate salt (1.5 g, 4.5 eq.) in water (3 mL) was added to a solution of αlaminaribiosyl bromide304 (9a, 1.2 g) and benzyl tri-n-butylammonium chloride (536 mg, 1 eq.) in
DCM (120 mL). The reaction mixture was stirred at room temperature for 48 h and monitored via
TLC analysis. Subsequently, it was diluted with more DCM (120 mL), washed with water (2×),
dried over MgSO4, and concentrated in vacuo. The pure compound (1.1 g, 81%) was isolated via
flash chromatography using ethyl acetate/hexanes (3:4) as eluent (Rf= 0.25).
1

H-NMR (Figure C19, 400 MHz, CDCl3): δ 8.30 (d, J(H’3-H’5) = 2.63 Hz, 1H, H′3), 8.12

(dd, J(H’-H’6) = 9.05 Hz, J(H’5-H’3) = 2.63 Hz, 1H, H′5), 7.22 (d, J(H’6-H’5) = 9.05 Hz, 1H, H′6), 5.40 (d,
J(H1-H2) = 8.18 Hz, 1H, H1), 5.19-4.90 (m, 5H), 4.65 (d, J(H2-H1) = 8.18 Hz, 1H, H2), 4.39 (dd, J=
12.31 Hz, J= 4.32 Hz, 1H), 4.25-4.00 (m, 4H), 3.93- 3.88 (m, 1H), 3.72-3.68 (m, 1H), 2.18-2.00
(7s, 21H, COCH3). 13C-NMR (Figure C20, 100.6 MHz, CDCl3): δ 170.60-168.79 (7×CO), 157.45
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(C′3), 143.38 (C′4), 126.31 (C′5), 125.15 (C′1), 123.66 (C′2), 116.77 (C′6), 101.08 (C1II), 99.52
(C1), 78.34 (C3), 72.97, 72.73, 71.92, 71.18, 68.12 (C2), 62.07 (C6 or C6II), 61.82 (C6 or C6II),
21.01-20.49 (7×CH3); Monoisotopic m/z calculated for C32H38O20NClNa+: 814.16; MALDI-TOF
MS found: 814.3; ESI-HRMS found: 814.1571
β-2’-chloro-4’-nitrophenyl laminaribioside (15): Compound 14 (1.1 g) was dissolved in
MeOH/DCM (9:1) (30 mL) containing 0.5 eq. of NaOMe (25% in MeOH) and stirred at 4°C
overnight. The reaction mixture was then neutralized with Amberlite® IR120 hydrogen foam and
purified with flash chromatography (water/methanol/ethyl acetate (1:2:9) to afford 15 (394 mg,
57%). 1H-NMR (Figure C21, 400 MHz, D2O): δ 8.33 (d, J(H’3-H’5) = 2.75 Hz, 1H, H′3), 8.21 (dd,
J(H’5-H’6) = 9.19 Hz, J(H’5-H’3) = 2.75 Hz, 1H, H′5), 7.46 (d, J(H’6-H’5) = 9.19 Hz, 1H, H′6), 5.27 (d, J(H1H2)

= 7.55 Hz, 1H, H1), 4.65 (d, J(H1II-H2II) = 7.93 Hz, 1H, H1II), 3.95-3.32 (m, 12H).
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C-NMR

(Figure C22, 100.6 MHz, D2O): δ 157.46 (C′3),142.67 (C′4), 126.39 (C′5), 124.49 (C′1), 123.56
(C′2), 115.82 (C′6), 102.98 (C1II), 99.94 (C1), 83.77 (C3), 76.25, 76.21, 75.74, 73.65, 72.61, 69.80,
67.92, 60.91 (C6 or C6II), 60.56 (C6 or C6II); Monoisotopic m/z calculated for C18H24O13NClNa+:
520.08; MALDI-TOF MS found: 520.0; ESI-HRMS found: 520.0831
4.2.5

Inhibition Kinetics Measurement
The inhibition of a laminarinase from Bacteroides uniformis (BuGH158) in the presence

of compounds 13a and 13b was measured using a previously described method170,171. The
chromogenic substrate β-2’-chloro-4’-nitrophenyl laminaribioside (15) was used to measure
residual activity. The Michaelis-Menten kinetic parameters for 15 were determined in duplicates
at 50 °C in 50 mM sodium citrate buffer at pH 6 using a non-linear fit of the Michaelis-Menten
equation with concentrations ranging from 0.078-7.5 mM (Figure C24).
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Inhibition kinetics were performed using a 50 mM sodium citrate buffer at pH 6 at 50 °C
(optimum temperature of BuGH158 activity123). The range of concentrations of each inhibitor used
was 10 mM to 0.31 mM. 100 µL solution of 0.13 mM enzyme in buffer was incubated with the
inhibitor (with 0.1 mg mL-1 bovine serum albumin added to prevent non-specific loss of activity).
At various times up to 180 min, a 10 µL aliquot of this incubate was withdrawn and diluted 1:100
in the same buffer and 100 µL of this diluted enzyme- inhibitor incubate was mixed with 100 µL
solution of the chromogenic substrate 15 (0.25 mM after dilution). This solution was added to a 1
cm quartz cuvette prewarmed to 50°C and residual activity of the enzyme at that time interval was
determined by measuring the rate of release of 2-chloro-4-nitrophenolate at 405 nm in an Agilent
Cary 60 UV–vis spectrophotometer (ε= 15.8 mM-1 cm-1). Inhibition kinetics parameters Ki and ki
were determined according to the Kitz-Wilson kinetics model221 using Equations 1.4 and 1.5 as
described previously170,171.
4.2.6

Intact-protein Mass Spectrometry Labelling Studies
A 20 µL solution of the enzyme BuGH158 (4.13 µM), BoGH16 (2.60 µM) or BuGH16

(4.24 µM) in 10 mM sodium citrate buffer at pH 6 containing 2.5 mM inhibitor was incubated at
50 °C for 2 h. A control experiment with no inhibitor was run in parallel. Thereafter, intact-protein
masses were determined on a Waters Xevo LC-ESI-MS Q-TOF with a NanoAcuity UPLC system
as previously described264, and analyzed using Masslynx 4.0 software.
4.3
4.3.1

Results and Discussion
Chemoenzymatic Synthesis of Target Inhibitors and Substrate
To produce the target inhibitors, the polysaccharides laminarin and MLG were

enzymatically digested to yield the oligosaccharides G3G and GG3G respectively, which were
then used as starting materials for chemical syntheses. G3G was obtained from commercially
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purchased laminarin, which was subjected to a limit digest by a laminarinase from Bacteroides
uniformis (BuGH158)123. This yielded a mixture of oligosaccharides, which was easily separable
via column chromatography upon per-O-acetylation. Per-O-acetylated GG3G was obtained from
oat β-glucan MLG through digestion by the proficient MLGase from Bacteroides ovatus,
BoGH1644 acetylation, and purification, as described in Chapter 3. Facile preparation of both
BuGH158 and BoGH16 enabled multi-gram-scale production of both oligosaccharide starting
materials.
The peracetylated oligosaccharides were each converted to their respective glycosyl
bromides using established protocols with excellent yields304,330. The conversion of glycosyl
bromides 9a and 9b to the respective glycals 10a and 10b was accomplished through a method
established previously281, with minor modification of the mobile phase used for the column
chromatography.
The incorporation of the C2-fluoro group in 2F DNP glycosides is typically achieved by
electrophilic fluorination of the corresponding per-O-acetylated glycal. Previously, highly reactive
reagents such as acetyl or trifluoromethyl hypofluorite332,333, xenon fluoride334 or elemental
fluorine335 were used for this conversion. More recently, these reagents have been superseded by
Selectfluor™

(1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane

bis(tetrafluoroborate))336,337, due to its inexpensive commercial availability, ease of handling, high
yields, and simultaneous one-pot introduction of an anomeric functional group336. However, the
stereoselectivity of fluorine and hydroxyl group addition upon reaction with Selectfluor™ depends
upon various factors including the specific configuration of the glycal, the nature of the hydroxyl
protecting groups, and the choice of solvent and temperature260. In numerous previous examples,

81

all four possible stereoisomers were obtained, yielding difficult-to-separate mixtures199,261,262,338,339
and additional anomeric acetylation or selective crystallization are often required191,340.
To overcome this problem, various approaches to achieve diastereomerically pure products
have previously been devised. For example, individual functionalized monosaccharide moieties
were assembled using trichloroacetimidate chemistry to obtain the desired stereochemical
configuration, such as in the synthesis of the disaccharides 2,4-dinitrophenyl 4’-azido-2,4’dideoxy-2-fluoro-β-xylobioside215

and

2,4-dinitrophenyl

2-acetamido-2-deoxy-

β-D-

glucopyranosyl-(1,4)-2-deoxy-2-fluoro-β-D-glucopyranoside199. In another approach, specifically
engineered glycosynthase enzymes were used to add activated glycosyl donors to the non-reducing
end of monosaccharide inhibitors to yield the corresponding di-and tri-saccharide inhibitors198.
Yet, the use of Selectfluor™ on glycals based on larger (>1) oligosaccharides, particularly those
containing β-(1,3) glycosidic linkages has not yet been explored.
Therefore, in an attempt to optimize the reaction to obtain exclusively the gluco epimer,
small amounts (20 mg each) of 10a and 10b were subjected to electrophilic fluorination using
SelectfluorTM using several solvents (DMF, acetonitrile, nitromethane/H2O, and acetone/H2O
mixtures). However, no notable preference for the gluco epimer was observed in any case (Figure
4.1). Reactions using solvents with MeNO2 or acetone yielded the gluco (α and β anomer) and
manno (α anomer) epimers approximately in the same ratio. Reactions performed in DMF or
acetonitrile yielded additional products, that were not further investigated, but were likely the
result of solvent participation, as has been observed previously260,272. The absence of the manno
β- anomer in all cases can be rationalized by the anomeric effect as well as the syn- addition of
Selectfluor™, with the subsequent addition of the nucleophile proceeding with an inversion of
configuration, consistent with the previous reports339–341. Notably, in our previous work (described
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in Chapter 2)281, the reaction of a highly branched xyloglucan heptasaccharide glycal afforded
exclusively the gluco epimer with an anomeric α/β mixture (as confirmed by
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F-NMR

spectroscopy).

Figure 4.1: Overlay of 19F NMR spectra of crude product mixture 11a obtained by reaction of glycal 10a
with Selectfluor™ in various solvents, as indicated with their epimeric product ratio. The diastereomers are
identified using fluorine-proton coupling constant values. gluco β-anomer: ddd, J(F2-H2) = 51.78 Hz, J(F2H3) = 14.35 Hz, J(F2-H1) = 1.89 Hz, gluco α-anomer: dd, J(F2-H2) = 49.96 Hz, J(F2-H3) = 13.06 Hz, manno
α-anomer: ddd, J(F2-H2) = 49.48 Hz, J(F2-H3) = 26.97 Hz, J(F2-H1) = 6.35 Hz

Based on these results, the reactions of glycals 10a and 10b with Selectfluor™ were scaled
up using acetone/water (5:1) as the solvent system. The product mixtures 11a and 11b respectively
were obtained in moderate yields. The 19F-NMR spectra of the compounds 11a (Figure 4.2) and
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11b (Figure 4.3) indicated a mixture of diastereomers similar to that observed in the small-scale
reaction of glycal 10a described above.

Figure 4.2: 19F NMR spectrum of 11a (1-hydroxyl 2-deoxy-2-fluoro per-O-acetylated G3G)
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Figure 4.3: 19F NMR spectrum of 11b (1-hydroxyl 2-deoxy-2-fluoro per-O-acetylated GG3G)

Due to the difficulty in separating the three diastereomers as free sugars, the mixture was
directly subjected to reaction with 2,4 dinitrofluorobenzene in the presence of DABCO. Upon
workup, TLC of the crude product mixture showed three individual spots in each case (Figure
4.4). Purification using flash chromatography (toluene/acetone, 6.5:1) enabled the isolation of
fractions corresponding to spots A2 and B2 as the desired gluco-β diastereomers, 12a and 12b,
respectively, as ascertained by the 19F NMR chemical shift and spin coupling constant values of
fluorine with adjacent protons (Figures 4.5, 4.6). Spots A1 and B1 correspond to manno α
diastereomers while spots A3 and B3 correspond to the gluco α diastereomers, respectively, as
also concluded by 19F NMR analysis (for 19F NMR spectra and assignments of A1 and A3, see
Figures C5 and C6 respectively). Synthesis of a mixed-linkage tetrasaccharide based GGG3G
(2F)-β-DNP was attempted but subsequently abandoned due to an inability to chromatographically
separate of a similar mixture of diastereomers of this longer oligosaccharide.

Subsequent
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deprotection of 12a and 12b using Zemplen conditions and purification using flash
chromatography yielded the target compounds 13a and 13b.

Figure 4.4: Thin-layer chromatography of crude product mixture of 12a and 12b 2’4’-dinitrophenyl 2-deoxy2-fluoro-(per-O-acetylated) glycosides in toluene/acetone (2.5:1) depicting a mixture of diastereomers. First
lane (A) is spotted with crude 12a and second lane (B) is spotted with crude 12b. (a) TLC plate visualized under
a UV lamp. (b) TLC plate on charring after dipping in 10% sulfuric acid solution. A2 and B2 are the desired
β-glycoside diastereomers at Rf= 0.47 (12a) and 0.38 (12b) respectively.
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Figure 4.5: 19F NMR spectrum of 12a (β-2’4’-dinitrophenyl 2-deoxy-2-fluoro-(per-O-acetylated) G3G)

Figure 4.6: 19F NMR spectrum of 12b (β-2’4’-dinitrophenyl 2-deoxy-2-fluoro-(per-O-acetylated) GG3G)
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4.3.2

Evaluation of Inhibitory Potential Toward Endo-β(1,3) Glucanases
Recently, our group elucidated the mechanism of laminarin digestion by a prominent

member of the human gut microbiota Bacteroides uniformis123, with a particular focus on the
structural and biochemical characterization of the GHs BuGH158 and BuGH16 encoded within a
complex Polysaccharide Utilization Locus342. BuGH158 was confirmed to be a highly specific
endo-β-(1,3) glucanase with high activity on laminarin from Laminaria digitata (Ld) (brown algae)
and limited activity on barley MLG (about 140 × lower). BuGH16 was found to be a broadspecificity endo-β(1,3)/β(1,4)-glucanase with activity on Ld laminarin about 4 times higher than
barley MLG123.
Prior to this work, the stereochemical outcome of catalysis by GH158 members was
unknown. Hence, compound 15 was used to reveal the catalytic mechanism of BuGH158 as
configuration-retaining by 1H-NMR spectroscopy (Figure C23, published in ref.123). 1H-NMR
spectra at various time intervals were recorded upon the addition of BuGH158 (20 µM final
concentration) to 15 (10 mM final concentration) in D2O. The anomeric configuration of the firstformed laminaribiose product (5 min) was observed to be β, which subsequently underwent
mutarotation over 24 h.123.
As a representative retaining laminarinase/MLGase, BuGH158 was then used to study the
potency of 13a and 13b as potential inhibitors, using the chromogenic substrate β-CNP
laminaribioside (15) to measure residual activity (Km= 12.6 ± 1.15 mM, kcat= 1918 ± 154 min-1,
Figure C24). At concentrations ranging from 0.31 to 10 mM, both 13a and 13b exhibited a timeand concentration-dependent inactivation of BuGH158 over 3 h, with rapid and complete
inactivation by 13b being particularly apparent (Figures 4.7a, 4.8a). The values of the apparent
inactivation rate constant kapp were calculated by fitting Equation 1.4 to the data. Subsequent
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fitting of Equation 1.5 to the plot of individual kapp vs inhibitor concentration (Figures 4.7b, 4.8b)
allowed the calculation of inhibition constants for 13a (ki= 0.087 ± 0.006 min-1, Ki= 3.88 ± 0.624
mM, ki /Ki= 0.022 min-1 mM-1) and 13b (ki= 0.374 ± 0.018 min-1, Ki= 3.12 ± 0.373 mM, ki /Ki =
0.119 min-1 mM-1). The ki values reported here are either in a similar range99,191,196,205,343,344 or 12 orders of magnitude lower194,195,202,206,345 than similar 2-deoxy-2-fluoro-dinitrophenyl or 2deoxy-2-fluoro-glycosyl fluoride inhibitors. The Ki values observed here are in a comparable
millimolar range99,191,194,205,206,344,345.

Figure 4.7: Inhibition kinetics and intact-protein MS of BuGH158 by inhibitor 13a. (a) Plot of initial-rate
enzyme activity versus time (single determinations) at inhibitor concentrations indicated. (b) Plot of pseudofirst-order rate constants (kapp), obtained from the fitted curves shown in panel a, versus inhibitor
concentration. (c) wild type BuGH158. Expected mass: 48377.5 Da; a significant phosphogluconoylation peak
is observed at +178 Da. (d) BuGH158 incubated with 2.5 mM 13a (510.1 Da) at 50 °C for 2 h. Expected mass:
48704.6 Da; the phosphogluconoylated proteins are equally labelled.
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Figure 4.8: Inhibition kinetics and intact-protein MS of BuGH158 by inhibitor 13b. (a) Plot of initial-rate
enzyme activity versus time (single determinations) at inhibitor concentrations indicated. (b) Plot of pseudofirst-order rate constants (kapp), obtained from the fitted curves shown in panel a, versus inhibitor
concentration. (c) wild type BuGH158. Expected mass: 48377.5 Da; a significant phosphogluconoylation peak
is observed at +178 Da. (d) BuGH158 incubated with 2.5 mM 13b (672.2 Da) at 50 °C for 2 h. Expected mass:
48866.7 Da; the phosphogluconoylated proteins are equally labelled.

Intact-protein mass spectrometry of the enzyme upon incubation with 2.5 mM of 13a or
13b revealed a stoichiometric 1:1 labelling of the enzyme after 2 h and the covalent nature of
inhibition (Figures 4.7c, 4.7d and 4.8c, 4.8d). An increase in protein molecular weight of 325.8
Da and 488.0 Da, respectively, were observed for 13a and 13b upon incubation with the enzyme.
These results are consistent with the addition of a single 2-deoxy-2-fluoro G3G moiety and a single
2-deoxy-2-fluoro GG3G moiety, respectively. No trace of the free enzyme was observed for either
inhibitor, indicative of relatively stable glycosyl-enzyme intermediates with limited
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turnover191,195,200,202. For comparison, the retaining MLGase BuGH16123 was labelled by 13a
(Figure C25a) and 13b (Figure C25b). However, labelling with 13a was incomplete, suggesting
either slow inhibition or slow turnover. Complete labelling of the MLGase BoGH1644 was
observed using 13b (Figure C25c).
4.4

Conclusion
In summary, two mechanism-based oligosaccharide inhibitors of retaining GHs were

chemoenzymatically synthesized in moderate overall yields, starting from readily available per-Oacetylated oligosaccharides. To the best of our knowledge, this is the first report of the synthesis
and isolation of β-2’4’dinitrophenyl-2-deoxy-2-fluoro glucosides with β-(1,3) glycosidic linkages.
Through covalent labelling and inhibition kinetics, the utility of these inhibitors was demonstrated
for the biochemical characterization of β-(1,3) glucanases and MLGases. This work contributes to
the developing field of small-molecule covalent probes for GH characterization and aims to
enhance our understanding of the functional and mechanistic aspects of GH catalysis147,148,346.
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Chapter 5: General Conclusions and Future Directions
5.1

General Conclusions
The CAZy database is a dynamic collection of carbohydrate-processing enzymes with an

exponentially increasing number of entries78,127. GHs acting on myriad substrates form the largest
class of CAZy database and see the bulk of this input, with extensive research conducted to
delineate various aspects of their utility. The industrial applications of GHs in diverse
biotechnological fields motivate the profiling of GHs to obtain information about their homology,
atomic structure details, mechanism of catalytic action, substrate specificity, and product
configuration. Careful examination of the active site of GHs elicits this information and facilitates
GH application.
Complex carbohydrate substrates of GHs found in the plant, algal and bacterial cell walls
are highly useful biomolecules and key components of dietary fibre. Such carbohydrates serve
important roles in influencing bacterial pathogenicity, provide renewable feedstocks for the biofuel
industry, and are used as additive materials for the food industry. Highly potent covalent inhibitors
of GHs, along with crystallographic analysis of in-complex enzyme-structures, have a precedent
of dissecting transition-state structures and elucidating minute mechanistic details. The work
described in this thesis focuses on utilizing the affinity of small-molecule covalent inhibitors
towards GH active site to develop strategies for the exploration and analysis of the latter.
In chapter 2, a highly branched mechanism-based inhibitor XXXG (2F)-β-DNP targeting
endo-xyloglucanases was developed using a multistep synthetic strategy starting from a natural
xyloglucan source tamarind kernel powder. The synthetic methodology yielded one of the most
complex oligosaccharide-based 2-deoxy-2-fluoro inhibitors to date. An inhibitor-bound protein
crystal structure of a representative GH5 endo-xyloglucanase enzyme, along with inhibition
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kinetics and protein mass spectrometry data confirmed the inhibitory potential of XXXG (2F)-βDNP, which turned out to be a “slow-substrate” of the CjGH5D enzyme with relatively high
turnover rate.
In chapter 3, the synthetic strategy from a previously developed active-site affinity-based
inhibitor of endo-xyloglucanases (XXXG-NHCOCH2Br43,170) was adopted for the incorporation
of an electrophilic warhead on a mixed-linkage oligosaccharidic backbone to target mixed-linkage
β-(1,3)/(1,4)-glucanases. Two (GG3G-NHCOCH2Br and GGG3G-NHCOCH2Br) of the three
inhibitors proved to be highly potent inactivators of a vanguard MLGase, BoGH16, with the lack
of inhibition by the third (G3GGG-NHCOCH2Br) reflecting the linkage preference of the enzyme.
The applicability of this group of inhibitors extends beyond BoGH16, with the variable linkage
providing versatility across MLGases with alternative substrate specificities310.
Chapter 4 describes a combination of the chemoenzymatic synthetic strategies from
Chapters 2 and 3, with the use of β-(1,3) and β-(1,3)/(1,4) linked disaccharide and trisaccharide to
synthesize a dinitrophenyl 2-deoxy-2-fluoroglycoside mechanism-based inhibitor targeting β-(1,3)
glucanases and MLGases. These inhibitors showed potency towards the laminarinase BuGH158,
with intact-protein mass spectrometric experiments suggesting successful inhibition of MLGases
(BuGH16 and BoGH16) by the 2F-DNP inhibitors. A similar synthetic protocol to synthesize the
corresponding tetrasaccharide GGG3G (2F)-β-DNP inhibitor was met with failure due to difficulty
in chromatographic separation of the diastereomeric mixture obtained after the installation of the
2,4 dinitrophenyl group.
Collectively, the work described in this thesis further enhances the knowledge of GH active
site make-up by identification of key active site residues via covalent labelling. Inexpensive and
abundantly available natural sources of the polysaccharide starting materials facilitate large-scale
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production of novel, highly versatile inhibitors with proven potency towards vanguard GHs. With
the aid of such rationally designed chemical tools, the roles of GHs and glycans can be better
understood, and new approaches towards examining GH functions and structures can be
developed. Additionally, the synthetic methodologies described in this thesis could be extended
for the discovery of novel covalent inhibitors targeting GHs of diverse substrate specificities.
5.2

Future Directions
Taking advantage of the affinity and specificity of covalent inhibitors towards GHs of

interest, novel chemical probes derived by further chemical derivatization of these inhibitors can
be designed347. This strategy has found direct application in the field of activity-based protein
profiling (ABPP)184,348,349. ABPP is a proteomics technique that facilitates the study of protein
function in vivo and/or in vitro using chemical probes (activity-based probes or ABPs) targeting
certain proteins or protein classes. The common features of such probes are a reactive group (or
warhead), a recognition element with affinity towards the target protein(s), and a reporter entity
(or a ligation handle for facile attachment of the reporter group)350 (Figure 5.1). The reporter group
aids the imaging, purification, or enrichment of the labelled proteins.
The ABPP technique relies on the development of enzyme labels that bind to the target
enzyme and facilitate the quantifiable detection of the enzyme with the help of reporter groups
such as fluorophores, chromophores, radioactive labels, and biotin350–354. This technique can also
be used to discover new enzymes with unknown functions148,355,356 as well as for targeted imaging
of subcellular function and localization357,358.
A well-known method to attach a reporter group towards the non-reducing end of inhibitors
is via ligation handles such as azido, amino, or alkyne groups. Such handles can be installed using
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chemically functionalized donor sugars with the help of glycosynthases of GHs237,305,359–361,
resulting in the development of various ABPs.

Figure 5.1: Schematic representations of one- and two-step ABPP strategies. (A) General composition of a
direct ABP (left) and a two-step ABP (right). (B, C) Labeling of enzymatic activity by a direct ABP (B) or a
two-step ABP (C). (Reused with permission from Willems, Overkleeft, and van Kasteren350 (Copyright (2014)
American Chemical Society))

There have been multiple reports of ABPs based on GH inhibitors173,239,240,362–366. For
example, the mechanism-based inhibitor cyclophellitol367,368 was used to develop a fluorescentlylabelled probe capable of labelling and detecting human enzyme glucocerebrosidase in cell
extracts and cultured cells369,370. Similarly, 2-deoxy-2-fluoroglycosides have been used as ABPP
probes for retaining glycosidases198,371. The covalent inhibitors described in Chapters 2, 3, and 4
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could be functionalized by the addition of azide or amino group-bearing α-fluoro glucose donors
using straightforward glycosynthase chemistry.
To investigate the scope of ABPs based on the inhibitors described in this thesis,
preliminary experiments using a GH1 glycosynthase from Phanerochaete chrysosporium
(Pha_GH1)372,373 (using a previously reported protocol373) were conducted. This glycosynthase
was generously provided by Dr. Zachary Armstrong from Withers lab, UBC. The glycosynthase
Pha_GH1 was used to attach 4-amino glucose at the non-reducing end of GG3G NHCOCH2Br
(Scheme 5.1) using 4-amino-α-fluoro glucose as the donor. The reaction, as monitored by
MALDI-TOF spectrometry, indicated full conversion. Further confirmation of the identity of the
product would be needed by NMR spectroscopy experiments. Incomplete conversions were also
recorded by MALDI-TOF spectrometry for the addition of the same donor to GG3G-β-CNP and
GGG3G NHCOCH2Br, suggesting promising results in this field and setting the stage for future
investigation into complex molecular probes for activity-based protein profiling of GHs.

Scheme 5.1: Glycosynthase-mediated addition of 4-amino glucose to GG3G-NHCOCH2Br
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Appendix A: Supporting Information for Chapter 2: Synthesis and Application of a Highly
Branched,

Mechanism-based

2-deoxy-2-fluoro-oligosaccharide

Inhibitor

of
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Figure A1: 1H NMR spectrum of 2 (per-O-acetylated XXXG-Glycal)
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Figure A2: 13C NMR spectrum of 2 (per-O-acetylated XXXG-Glycal)
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Figure A3: 19F NMR spectrum of 3 (α/β hydroxyl 2-deoxy-2-fluoro per-O-acetylated XXXG)
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Figure A4: 1H NMR spectrum of 4 (β-2’4’-dinitrophenyl 2-deoxy-2-fluoro-(per-O-acetylated) XXXG)
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Figure A5: 13C NMR spectrum of 4 (β-2’4’-dinitrophenyl 2-deoxy-2-fluoro-(per-O-acetylated) XXXG)
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Figure A6: 19F NMR spectrum of 4 (β-2’4’-dinitrophenyl 2-deoxy-2-fluoro-(per-O-acetylated) XXXG)
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Figure A7: 1H NMR spectrum of 5 (β-2’4’-dinitrophenyl 2-deoxy-2-fluoro XXXG)
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Figure A8: 13C NMR spectrum of 5 (β-2’4’-dinitrophenyl 2-deoxy-2-fluoro XXXG)
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Figure A9: 19F NMR spectrum of 5 (β-2’4’-dinitrophenyl 2-deoxy-2-fluoro XXXG)
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Figure A10: Inhibition of CjGH5D with XXXG NHCOCH2Br. (a) Initial-rate enzyme activity over time
(single determinations). (b) Pseudo-first-order rate constants (kapp) obtained from the fitted curves shown in a.
Bars represent errors in kapp values from curve-fitting. The 95% confidence interval is indicated (pink band)
for the fitted curve (solid line).
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Figure A11: Intact protein mass spectrometry of endo-(xylo)glucanases incubated with 2.5 mM XXXG(2F)-βDNP. a. Bacteroides ovatus GH5, b. Prevotella bryantii GH5, c. Cellvibrio japonicus GH5D, d. Cellvibrio
japonicus GH5D(Glu255Ala) variant, e. Cellvibrio japonicus GH74.
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Figure A12: Inhibition of CjGH5D with 10 mM XXXG(2F)-β-DNP for up to 18 h
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Figure A13: Tertiary structure of the non-productive complex of CjGH5D(E255A) with XXXG(2F)-β-DNP.
(a): Divergent (wall-eyed) stereo cartoon representation of the secondary structure of CjGH5D mutant,
obtained by soaking the enzyme crystal in the inhibitor solution. Backbone colour is ramped from the Nterminus (blue) to the C-terminus (red), with the inhibitor ligand shown in green sticks. (b): Maximumlikelihood/σA weighted 2Fo-Fc electron density contoured at an r.m.s.d. level of 1 σ for ligand XXXG(2F)-β-DNP
(c): Hydrogen bonding and aromatic interactions. In panels b and c, side chains of interacting residues are
shown in ice blue and hydrogen bonds are shown as dashed lines.
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Table A1: Crystallographic data collection and refinement statistics.

XXXG(2F)CjGH5D(E255A) covalent complex
(co-crystallized)
Data collection
Space group
Cell dimensions
a, b, c (Å)

P212121

56.1, 97.2, 156.7

56.5, 97.8,

90.0, 90.0, 90.0
33.25-1.70 (1.73-1.70)

Rsym or Rmerge
Rpim
CC1/2
I / σI
Completeness (%)
Redundancy

0.066 (1.325)
0.026 (0.544)
0.998 (0.777)
12.3 (1.2)
100.0 (100.0)
8.1 (7.7)

Ramachandran plot
residues
In most favourable
regions (%)
In allowed regions (%)
PDB code

DNP:
CjGH5D(E255A)
non-covalent complex
(soak)

P212121

a, b, g (°)
Resolution (Å)

Refinement
No. reflections
Rwork / Rfree
No. atoms
Protein
Ligand/ion
Water
B-factors
Protein
Ligand/ion
Water
R.m.s deviations
Bond lengths (Å)
Bond angles (°)

XXXG(2F)-β-

158.1

90.0, 90.0, 90.0
83.18-2.00
(2.05-2.00)
0.105 (1.027)
0.05 (0.486)
0.992 (0.630)
7.4 (1.5)
99.9 (99.4)
6.0 (6.3)

89231
0.22/0.27

57026
0.22/0.29

5871
221
357

5870
212
209

39.8
41.9
41.1

42.1
38.9
39.4

0.019
1.917

0.016
1.782

94.7

94.0

4.5
6HAA

5.7
6HA9
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Table A2: Privateer results showing validation for Glc (BGC) and Xyl (XYS) residues in XXXG(2F)CjGH5D(E255A) covalent and XXXG(2F)-β-DNP: CjGH5D(E255A) non-covalent complexes and Glc-2-F
(G2F) in the former.
Residue Name

Q1

Phi

Theta

Anomer

D/L2

Conformation

RSCC3

B-factor

Conformation
Diagnosis4

XXXG(2F)covalent
G2F/A 1001

0.61

250.3

0.8

α

D

4

C1

0.93

27.4

Ok

BGC/A 1002

0.60

81.9

1.9

β

D

4

C1

0.95

26.7

Ok

BGC/A 1003

0.59

177.0

2.1

β

D

4

C1

0.93

30.9

Ok

BGC/A 1004

0.57

131.8

3.6

β

D

4

C1

0.84

41.3

Ok

XYS/A 1005

0.54

286.1

4.5

α

N

4

C1

0.94

27.8

Ok

XYS/A 1006

0.57

340.5

1.9

α

N

4

C1

0.90

37.2

Ok

G2F/B 1001

0.58

150.5

4.6

α

D

4

C1

0.94

29.6

Ok

BGC/B 1002

0.61

44.0

1.7

β

D

4

C1

0.94

31.5

Ok

BGC/B 1003

0.62

139.0

4.7

β

D

4

C1

0.91

39.5

Ok

BGC/B 1004

0.55

222.9

10.6

β

D

4

C1

0.88

54.9

Ok

XYS/B 1005

0.60

73.1

6.6

α

N

4

C1

0.77

56.2

Ok

XYS/B 1006

0.60

333.9

4.7

α

N

4

C1

0.92

30.4

Ok

XYS/B 1007

0.57

322.4

15.1

α

N

4

C1

0.83

43.1

Ok

XXXG(2F)-βDNP noncovalent

1

BGC/A 503

0.53

250.5

25.1

β

D

4

E

0.92

31.4

*

XYS/A 504

0.58

30.9

1.0

α

N

4

C1

0.94

32.5

Ok

XYS/A 505

0.46

237.6

166.0

α

N

1

C4

0.84

26.1

Ok

BGC/A 506

0.60

55.2

6.3

β

D

4

C1

0.93

33.4

Ok

BGC/A 507

0.57

293.5

7.3

β

D

4

C1

0.84

37.7

Ok

BGC/B 506

0.49

229.1

40.6

β

D

4

E

0.93

34.8

*

XYS/B 507

0.56

55.3

8.8

α

N

4

C1

0.91

35.7

Ok

XYS/B 508

0.55

149.0

22.1

α

N

4

C1

0.73

44.6

Ok

BGC/B 509

0.52

151.9

5.1

β

D

4

C1

0.84

47.5

Ok

XYS/B 510

0.56

136.5

167.8

α

N

1

C4

0.85

28.0

Ok

BGC/B 511

0.60

5.0

5.6

β

D

4

C1

0.92

36.1

Ok

Q represents total puckering amplitude (in Å).

determined based solely on the structure.

3

2

Handedness; N is displayed if unable to be

Real Space Correlation Coefficient, measuring
146

agreement between model and positive omit maximum-likelihood/σA weighted Fo-Fc density.

4

Conformation either acceptable (Ok) or might be mistaken (*)
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Appendix B: Supporting Information for Chapter 3: N-bromoacetylglycosylamine-based
Irreversible Inhibitors of Mixed-linkage Glucanases

Figure B1: HPAEC-PAD chromatogram of the limit-digests products of oat β-glucan with BoGH16. GG3G:
Glc β(1,4)-Glc β(1,3)-Glc; GGG3G: Glc β(1,4)-Glc β(1,4)-Glc β(1,3)-Glc
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Figure B2: HPAEC-PAD chromatogram of the limit-digests products of oat β-glucan with VvEG16 (ΔV152).
G: Glc, GG: Glc β(1,4)-Glc, G3GGG: Glc β(1,3)-Glc β(1,4)-Glc β(1,4)-Glc
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Figure B3: 1H NMR of per-O-acetylated G3GGG
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Figure B4: 13C NMR of per-O-acetylated G3GGG
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Figure B5: 1H NMR of G3GGG

152

Figure B6: 13C of G3GGG
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Figure B7: 1H NMR of GG3G-β-NH2
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Figure B8: 1H NMR of GGG3G-β-NH2

155

Figure B9: 1H NMR of G3GGG-β-NH2
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Figure B10: 1H NMR of GG3G NHCOCH2Br (6)
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Figure B11: 13C NMR of GG3G NHCOCH2Br (6)
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Figure B12: 1H NMR of GGG3G NHCOCH2Br (7)
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Figure B13: 13C NMR of GGG3G NHCOCH2Br (7)
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Figure B14: 1H NMR of G3GGG NHCOCH2Br (8)
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Figure B15: 13C NMR of G3GGG NHCOCH2Br (8)
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Table B1: Data collection and refinement statistics

Data Collection
Beamline
Wavelength (Å)
Space Group
Cell dimensions
a, b, c (Å)
𝛼𝛼, 𝛽𝛽, 𝛾𝛾 (°)
No. of reflections
total
unique
Resolution (Å)
Rmeas
CC1/2
I/𝜎𝜎I
Completeness (%)
Multiplicity
Refinement
Resolution (Å)
Rwork
Rfree
No. of atoms
protein
ligand
water
Avg B-factor (Å2)
protein
ligand
water
RMS deviations
bond length (Å)
bond angle (°)
Ramachandran statistics
Favoured (%)
Allowed (%)
Outliers (%)

BoGH16-GGG3GNBrAc (PDB
ID: 6VHO)
APS 23ID-B
1.0332
C2
168.8, 61.2, 49.5
90.0, 93.6, 90.0
93228 (3800)
27459 (1343)
84.12 - 2.15 (2.19 - 2.15)
0.157 (0.908)
0.992 (0.569)
6.8 (1.4)
99.5 (96.1)
3.4 (2.8)

84.12 - 2.15
0.186
0.206
3794
37
199
31.2
39.2
33.1
0.0128
1.75
98.72
1.28
0
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Table B2: Privateer validation results.

Residue

Q1

Phi

Theta

Anomer

D/L2

Conformation

NBG/A
1001

0.61

239.3

52.5

beta

D

4

BGC/A
1002

0.52

254.0

4.4

beta

D

4

BGC/A
1002

0.62

25.1

4.5

beta

D

4

1

RSCC3

B
factor

Diagnostic4

E

0.74

48.99

*

C1

0.84

36.98

Ok

C1

0.81

47.44

Ok

Q is the total puckering amplitude measured in A. 2D/L is the handedness. 3RSCC is

short for Real Space Correlation Coefficient and measures the agreement between model and
positive omit density. 4Conformation is either acceptable (ok) or might be mistaken (*).
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Appendix C: Supporting Information for Chapter 4: Synthesis and Application of
Mechanism-based 2-deoxy-2-fluoro Oligosaccharide Inhibitors of β-(1,3) and β-(1,3)/(1,4)
Glucanases

165

Figure C1: 1H NMR spectrum of 10a (per-O-acetylated -G3G Glycal)
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Figure C2: 13C NMR spectrum of 10a (per-O-acetylated -G3G Glycal)
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Figure C3: 1H NMR spectrum of 10b (per-O-acetylated -GG3G Glycal)
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Figure C4: 13C NMR spectrum of 10b (per-O-acetylate -GG3G Glycal)
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Figure C5: 19F NMR spectrum of compound corresponding to spot A1 manno α-anomer of 12a (α-2’4’dinitrophenyl 2-deoxy-2-fluoro-(per-O-acetylated) Glc β(1,3)- Man): δ -206.58 (ddd, J(F2-H2) = 49.67 Hz, J(F2-H3)
= 26.49 Hz, J(F2-H1) = 5.54 Hz, manno α-anomer)
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Figure C6: 19F NMR spectrum of compound corresponding to spot A3 gluco α-anomer of 12a (α-2’4’dinitrophenyl 2-deoxy-2-fluoro-(per-O-acetylated) Glc β(1,3)- Glc): δ -202.47 (dd, J(F2-H2) = 48.02 Hz, J(F2-H3) =
12.08 Hz, gluco α-anomer)
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Figure C7: 1H NMR spectrum of 12a (β-2’4’-dinitrophenyl 2-deoxy-2-fluoro-(per-O-acetylated) G3G)
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Figure C8: 13C NMR spectrum of 12a (β-2’4’-dinitrophenyl 2-deoxy-2-fluoro-(per-O-acetylated) G3G)
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Figure C9: 19F NMR spectrum of 12a (β-2’4’-dinitrophenyl 2-deoxy-2-fluoro-(per-O-acetylated) G3G)
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Figure C10: 1H NMR spectrum of 12b (β-2’4’-dinitrophenyl 2-deoxy-2-fluoro-(per-O-acetylated) GG3G)
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Figure C11: 13C NMR spectrum of 12b (β-2’4’-dinitrophenyl 2-deoxy-2-fluoro-(per-O-acetylated) GG3G)
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Figure C12: 19F NMR spectrum of 12b (β-2’4’-dinitrophenyl 2-deoxy-2-fluoro-(per-O-acetylated) GG3G)
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Figure C13: 1H NMR spectrum of 13a (β-2’4’-dinitrophenyl 2-deoxy-2-fluoro G3G)
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Figure C14: 13C NMR spectrum of 13a (β-2’4’-dinitrophenyl 2-deoxy-2-fluoro G3G)
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Figure C15: 19F NMR spectrum of 13a (β-2’4’-dinitrophenyl 2-deoxy-2-fluoro G3G)

180

Figure C16: 1H NMR spectrum of 13b (β-2’4’-dinitrophenyl 2-deoxy-2-fluoro GG3G)
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Figure C17: 13C NMR spectrum of 13b (β-2’4’-dinitrophenyl 2-deoxy-2-fluoro GG3G)
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Figure C18: 19F NMR spectrum of 13b (β-2’4’-dinitrophenyl 2-deoxy-2-fluoro GG3G)
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Figure C19: 1H NMR spectrum of 14 (β-2’-chloro-4’-nitrophenyl-(per-O-acetylated) G3G)
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Figure C20: 13C NMR spectrum of 14 (β-2’-chloro-4’-nitrophenyl-(per-O-acetylated) G3G)
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Figure C21: 1H NMR spectrum of 15 (β-2’-chloro-4’-nitrophenyl G3G)
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Figure C22: 13C NMR spectrum of 15 (β-2’-chloro-4’-nitrophenyl G3G)
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Figure C23: 1H-NMR analysis of BuGH158 mechanism of hydrolysis using 15 as the substrate
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Figure C24: Michaelis-Menten plot for substrate 15 showing the relationship between substrate concentration
and activity for BuGH158
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Figure C25: Intact protein mass spectrometry of β-(1,3)/(1,4) glucanases after 2 h incubation. Upper panels
are enzymes with no inhibitor, lower panels are enzymes with 2.5 mM inhibitor. (a) Bacteroides uniformis
GH16 (BuGH16) + disaccharide inhibitor 13a, (b) Bacteroides uniformis GH16 (BuGH16) + trisaccharide
inhibitor 13b (c) Bacteroides ovatus GH16 (BoGH16) + trisaccharide inhibitor 13b
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