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Abstract

Carbohydrates are a class of biomolecules present in all domains of life that
provide energy for cellular processes, afford structural support, and take part in
molecular recognition and signalling. Given the ubiquity of carbohydrates in living
systems, gaining an improved understanding of the proteins that process them -
glycosyl transferases, glycoside hydrolases, lectins, and sugar transporters — is of key
interest. Compared to in vitro assays, few live-cell or in vivo assays of carbohydrate-
processing proteins have been developed, despite the wealth of knowledge that they
provide. This discrepancy is largely due to the difficulties associated with live-cell and in
vivo examination of protein function, namely issues of substrate selectivity, sensitivity,
reactivity, and cell permeability. This thesis aims to develop substrates and methods to
study two carbohydrate-processing proteins: human O-GIcNAcase, a glycoside
hydrolase involved in Alzheimer’'s disease, cancer, and the stabilization of nascent
proteins; and bacterial AmpG, a sugar transporter implicated in B-lactam antibiotic
resistance. In doing so, | hope to not only provide insight into the function of these
proteins, but to also lay a foundation for live-cell or in vivo study of these and related

proteins in the years to come.

Keywords: glycoside hydrolase O-GIcNAcase; sugar transporter AmpG; live-cell and
in vivo; spheroplast transport assay; PET quenched substrates; B-lactam
antibiotic resistance
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Chapter 1.

Introduction

1.1. Carbohydrates and Their Roles in Living Systems

It is without question that the chemistry that occurs in living systems is
immensely complicated. However, aspects of the chemistry of life can, largely, be
thought of as the interactions between four molecular classes: nucleic acids, proteins,
lipids, and carbohydrates. While the structure and function of nucleic acids and proteins
are relatively well characterized, carbohydrates remain arguably the least well
understood of the four major classes of biological molecules. The importance of
carbohydrates in living systems is highlighted by estimates that they make up 50% of the
dry weight of Earth’s biomass.? Not only do carbohydrates provide a critical energy
source for cells, they also comprise polymers that afford structural integrity and act as
key protein maodifications and effectors of numerous processes including cell adhesion,
recognition, and signalling.! The plethora of functional roles that can be fulfilled by
carbohydrates stems from their potential for structural complexity. In fact, for a chain
composed of six monosaccharides the number of all linear and branched isomers is on
the order of 10%2, many orders of magnitude greater than the number of possible isomers
for a similar length chain of any other biological molecule.? It is for this reason that, while
many techniques exist for the characterization and high-throughput construction of
nucleic acid and amino acid polymers, progress in this regard for carbohydrates has
lagged behind. In this section, a brief history and a description of carbohydrate structure
will be given to provide the reader a foundation in carbohydrate terminology. A
discussion of some of the biological functions of carbohydrates across the domains of
life will also be described, as this will offer insight into the ubiquity of carbohydrates and

will emphasise the importance of continued research into their structures and functions.



1.1.1. Carbohydrate Structure

The term ‘carbohydrate’ was coined as a descriptive term, as at the time of its
inception all known molecules within this class were thought of as simple hydrates of
carbon, with the generic formula (CH.O),. Today the definition has broadened slightly,
and carbohydrates are defined to be polyhydroxylated aldehydes/ketones of at least
three carbons, or compounds which can be derived from these by oxidation or reduction
of the carbonyl group, or by replacement of the hydroxyl groups with other substituents.3
Much of the first work on carbohydrates was carried out by Emil Fischer who, following
the works of Van't Hoff and Le Bel who postulated the asymmetry of carbon atoms,
elucidated the stereochemical configurations of many sugars including glucose,
mannose, and gulose. As an accurate and descriptive way to represent these chiral
molecules in two dimensions, Fischer developed the projection which bears his name
and which still sees use to this day as a way of representing carbohydrates. Although
the popularity of the Fischer projection has waned in recent years in favour of the more
conformationally informative ‘chair’ representation, the Fischer projection remains the
basis for defining the absolute stereochemical configuration of a sugar. To represent a
sugar using the Fischer projection, the carbon backbone is drawn as a vertical line
oriented such that the aldehyde/ketone is positioned as close as possible to the top of
the chain, and substituents are indicated by horizontal lines perpendicular to the carbon
backbone. The atoms of the backbone are numbered sequentially, with the topmost
carbon being designated as C-1 (Figure 1.1). The vertical lines comprising the carbon
backbone project into the page, and can be imagined to curve around to form the shape
of a ‘C’ looked at edge-on, while the horizontal lines project out of the page toward the

reader.

Every sugar has an enantiomer, a nonsuperimposible mirror image, resulting
from the inversion of all the stereocentres along the carbon backbone. These two
possible configurations are termed ‘D’ or ‘L’ based on the stereochemistry of the chiral
carbon furthest away from the carbonyl group in the Fischer projection, which itself is
known as the configurational atom. If the substituent bound to the configurational atom is
positioned on the right-hand side of the carbon backbone, the sugar is said to be the ‘D’

configuration (from Latin ‘dexter’ for ‘right’), while a sugar with a left-hand positioned



hydroxyl substituent is designated as the ‘L’ configuration (from Latin ‘laevus’ for ‘left’)
(Figure 1.1).2 The ‘D’ and ‘L’ configurations should not be confused with the case where
only some of the stereocentres are inverted, such as in D-glucose and D-gulose where
the C-3 and C-4 stereocentres are inverted, or D-galactose and L-altrose where the C-5
stereocentre is inverted; these molecules are diastereomers. In particular for single atom
stereochemical inversion (as in the case of D-galactose and L-altrose), the resulting

isomers are known as epimers (Figure 1.1).

diasteriomers enantiomers
.0
invert C-3 invert all
and C-4 stereocentres
- B
OH
D-gulose D-glucose L-glucose
| = configurational centre
diasteriomers .
(epimers) enantiomers
//O //O /O
H——OH ) H——OH invert all
HO——H invertC-5 5 | stereocentres
- ,
HO——H HO—H
1 HO——H H-—OH.
OH “OH OH
L-altrose D-galactose L-galactose

Figure 1.1.  Fischer projections of various sugars indicating stereochemical
relationships, atom numbering, and configuration.

In the case of cyclic sugars an additional naming convention exists when
referring to the stereochemistry of the anomeric carbon — the carbon bearing the
aldehyde or ketone in the open-chain form. For example, the most common form of D-
glucose is the 6-membered ring (glucopyranose, the term derived from its structural
similarity to the oxygen heterocycle pyran) formed when the C-5 hydroxyl of the open-
chain form attacks the aldehyde at C-1 to produce a hemiacetal. If the newly formed
hydroxyl group at C-1 is on the same side of the carbon backbone in the Fisher

projection as is the substituent of the configurational atom, the prefix ‘a’ is given and the
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isomer is said to be the a-anomer (a name specific to epimers at the anomeric carbon,
Figure 1.2). Alternatively, if the two are on opposite sides of the carbon backbone in the
Fisher projection, the isomer is termed the B-anomer (Figure 1.2). The atom designated
as the configurational atom does not change, and when the attacking hydroxyl group is a
substituent of the configurational atom, the relative positions in the Fischer projection of
the cycle and the newly formed hydroxyl are used to determine the ‘o’ or ‘B’ designation
(as is the case for glucopyranose). Although the B-pyranose isomer of D-glucose is the
most thermodynamically favoured isomer, a solution of D-glucose actually exists as an
equilibrium mixture of several possible isomers. This is a result of the lability of the
hemiacetal. In fact, regardless of the isomer initially dissolved, a room temperature
solution of D-glucose in water will always consist of 66% B-D-glucopyranose and 33% a-
D-glucopyranose at equilibrium, with the remaining 1% being a mixture of the open-chain
form and the a- and B-anomers of the 5-member cycle (glucofuranose, the term derived
from its structural similarity to the oxygen heterocycle furan, Figure 1.2).2 This is indeed
the case for all sugars, with thermodynamics dictating the proportions of each isomer at
equilibrium. While pyranose rings are almost universally depicted in their low-energy
‘chair’ representation, the analogous ‘envelope’ or ‘twist’ representations are not as
commonly used for furanose rings, which are usually depicted using the Haworth

representation (Figure 1.2).
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Figure 1.2.  Fischer projections of the a- and B-anomers of D-glucopyranose and
D-glucofuranose, along with the appropriate modern representation.

After undergoing intramolecular reaction to form a hemiacetal, a sugar can then
be reacted with an alcohol in the presence of strong acid to form an acetal. The resultant
bond between the anomeric carbon of the sugar and the oxygen of the alcohol is called
the glycosidic linkage. If two monosaccharides are linked via a glycosidic linkage, the
resultant molecule is called a disaccharide. A typical case is the formation of a glycosidic
linkage between D-galactose and the C-4 hydroxyl of D-glucose to give the disaccharide
lactose, which is commonly found in milk (Figure 1.3). Lactose (B-D-galactopyranosyl-(1-
4)-D-glucopyranose), like monosaccharides with a free hydroxyl at the anomeric centre,
is a reducing sugar because it still bears a hemiacetal (in this case on the glucose
residue) giving it the potential to act as a reducing agent in subsequent reactions. This is
in contrast to a non-reducing disaccharide such as sucrose (table sugar, a-D-
glucopyranosyl-(1,2)-B-D-fructofuranoside), formed when the anomeric positions of D-
glucopyranose and D-fructofuranose react to form a bis-acetal, in which case no
hemiacetal remains (Figure 1.3). The sequential reaction of reducing sugars forms oligo-
(up to 10 residues) or poly- (potentially thousands of residues) saccharides; and

branching, which results from the formation of additional glycosidic linkages with an



internal sugar residue in the chain, can produce highly complex structures. It is these
linear and branched polysaccharides that nature uses to solve many of the structural

and energy-storage requirements of cells.
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Figure 1.3. Disaccharides lactose and sucrose, as well as the O-glycoside 4-
methylumbelliferyl B-D-glucopyranoside, with glycosidic linkages
indicated.

When a sugar and a non-sugar alcohol are linked via a glycosidic linkage the
resultant molecule is called a glycoside, wherein the sugar is called the glycone and the
non-sugar is called the aglycone (Figure 1.3). Like the disaccharide sucrose, glycosides
are generally non-reducing because of the formation of an anomeric acetal. Although the
term glycoside typically refers to O-linked glycosides in which the glycone and aglycone
are linked by an acetal, N-linked, S-linked, and C-linked glycosides; in which the glycone
and aglycone are linked via a hemiaminal ether, thioacetal, or ether, respectively, also
exist.* All classes of glycosides fall under the broader category of glycoconjugates,
which include glycopeptides, glycoproteins, and glycolipids, and which are responsible
for critical roles in living systems including, for example, providing barriers against

infection,® facilitating cell signaling,® and aiding in the quality control of protein folding.’

1.1.2. Carbohydrates as a Source of Energy

At the forefront of most people’s minds is the picture of carbohydrates as a key
energy source, and this view is not without merit since much of the energy produced in
human cells is derived from carbohydrate metabolism. By virtue of our dependence on
carbohydrates, so too are we dependant on plants, which are responsible for producing
most of the planet’s carbohydrates. All species of plants take advantage of the daily and

essentially inexhaustible supply of energy provided by the sun in order to carry out



photosynthesis. In this endothermic multistep process, water is photolysed to liberate O,
and produce ATP and NADPH, which are then used to reduce CO, to give
glyceraldehyde-3-phosphate.® Further biosynthesis consumes glyceraldehyde-3-
phosphate to produce more complex carbohydrates, chief among them being glucose.
Sugars which are not immediately required by the plant are stored as two D-glucose
polymers which together make up starch: amylose, a shorter and mostly linear polymer
joined by a(1-4) glycosidic linkages; and amylopectin, a much longer and highly
branched polymer with abundant a(1-6) linkages (Figure 1.4). Storage of excess
carbohydrates as a polysaccharide rather than as the monosaccharide is necessary, as
polysaccharides are generally water insoluble and therefore osmotically inactive in
contrast to monosaccharides, which would otherwise exert a tremendous osmotic
pressure on the cells.® Furthermore, the carbonyl moieties of open-chain
monosaccharides have a propensity to react with proteinaceous amines to form toxic
adducts, but the occurrence of these reactions is precluded by polymerization, which
ensures the saccharides remain in their more inert cyclized form.1° Interestingly, it has
been postulated that the evolutionary emergence of glucose as the universal metabolic
fuel is due to the superior stability of its cyclic forms (which constitute 99% of its isomers
under physiological conditions) over its open chain form (less than 1%) in comparison to

other sugars.!!

Animals derive a large portion of their energy from the consumption of starch,
which is metabolized to produce glucose monomers that are in turn used to fuel the
cells. In humans, this process begins with the breakdown of starch by a-amylases and a-
dextrinases in the mouth and small intestine to give D-glucose monosaccharides, which
can then be taken up by the intestinal mucosa.® After transport via the blood stream to
cells throughout the body, glycolysis begins by first converting D-glucose into two
molecules of glyceraldehyde-3-phosphate by five steps using two molecules of ADP.8
From here, each glyceraldehyde-3-phosphate molecule is transformed through five
steps into pyruvate to produce one molecule of NADH and two of ATP.8 Pyruvate can be
metabolized further via the citric acid cycle to give three molecules of NADH.8 Glucose
that is not required immediately can be stored as the polysaccharide glycogen, whose
biosynthesis has been shown to be seeded on the protein glycogenin by O-glycosidic

linkages to two tyrosine residues.'?> Glycogen shares the a(1-4) linkages and a(1-6)



branching points of the amylopectin component of starch (Figure 1.4), but is very large
(108 g/mol) and much more highly branched than amylopectin, with branching points
every dozen or so residues.® The storage of glucose as the polysaccharide glycogen
instead of one of the starch polysaccharides is of critical importance for animal cells,
which have much more acute energy requirements than plants — the size and dendritic
structure of glycogen affords a large number of non-reducing ends, which in turn

facilitate rapid degradation of the polymer when energy demands are high.
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Figure 1.4. Basic structures of the energy storage polysaccharides amylose,
amylopectin, and glycogen, with the a(1-4) and a(1-6) glycosidic
linkages indicated.

1.1.3. Carbohydrates as Structural Elements

Not only are polymers a convenient form in which to store carbohydrates for later
use, they also act to provide physical barriers or afford rigidity, thereby protecting cells
from the extracellular environment and providing structural support in multicellular
organisms. The most abundant structural polysaccharide, and indeed the most common
organic polymer found on earth,’3 is cellulose, which is a major component of the cell
wall in all plants and accounts for approximately 30% of the dry weight of plant tissues.'4
In cellulose, D-glucose units are joined by B(1-4) linkages to form linear chains (Figure
1.5), which then assemble into microfibrils whose crystalline nature, water
impermeability, and tensile strength contribute to the insolubility of cellulose and its
inertness towards chemical and enzymatic degradation.® Cellulose is the major

carbohydrate polymer responsible for the rigidity of plant cells, and affords plants with



the structural scaffold required for vertical growth. While most animals gain little
nutritional benefit from the cellulose they consume, some, such as the ruminants, have
developed a symbiotic relationship with microbial gut flora that express ((1-4) D-

glucosidase (cellulase), and so acquire most of their energy from cellulose itself.

The structural polysaccharide chitin is perhaps the second most abundant, after
cellulose, and is found in invertebrates and fungi. In the case of invertebrates chitin is
found almost exclusively in the exoskeleton, which serves as both a barrier against the
environment and as a frame to maintain the organisms shape. Fungi, on the other hand,
employ chitin as a major structural component of their cell walls, akin to cellulose for
plants, leading to a relatively even distribution throughout the organism.! Chitin is
composed of B(1-4) linked 2-acetamido-2-deoxy-D-glucopyranose residues (GIcNAC)
(Figure 1.5), and the macroscopic structure of chitin is quite similar to that of cellulose,
with individual chitin polymers coming together to form microfibrils with macroscopic
properties.! The N-acetyl functionality of GIcNAc allows for increased hydrogen bonding
within chitin, and thus provides increased strength when compared to cellulose. To
provide further strength, in the shells of crustaceans for example, chitin is usually

present as a composite along with proteins and calcium carbonate.

Other prominent structural polysaccharides are found in bacteria, which make up
a considerable portion of the Earth’s biomass. Chief among them is peptidoglycan (PG),
a variable length heteropolymer consisting of alternating D-GIcNAc and 2-acetamido-2-
deoxy-3-O-[(R)-1-carboxyethyl]-D-glucopyranose (N-acetylmuramic acid, D-MurNAc)
residues joined by B(1-4) linkages, and with adjacent chains intermittently cross-linked
by peptides 5-10 residues in length (Figure 1.5). The PG surrounds both Gram-paositive
and Gram-negative bacteria, although the layer is much thicker in Gram-positive
bacteria, and acts primarily to counteract a strong osmotic pressure brought about by the
relatively high solute concentration within the cytosol which would otherwise burst the
cell.® Additionally, the PG layer acts as a barrier preventing passive permeation of
molecules larger than 2 nm, thereby retaining nutrients and preventing internalization of
extracellular toxins.*®> The importance of the PG layer in affording the survival of bacteria
is highlighted by the fact that B-lactam antibiotics, a class of drugs which interfere with

PG synthesis, are the most widespread antimicrobial agents in clinical use.®
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Figure 1.5. Basic structures of the structural polysaccharides chitin, cellulose,
and peptidoglycan, with the B(1-4) linkages indicated.

1.1.4. Carbohydrates in Recognition and Signalling

While carbohydrates play critical roles as structural and energy-providing
molecules, perhaps their most diverse functions stem from their serving as modulators of
protein function, as recognition features in macromolecular interactions, and as
signalling molecules. Outlined are a few choice illustrations of the broad scope of
glycans in the functioning of living systems. A fascinating example is the pathway
governing the quality control of protein folding in the endoplasmic reticulum (ER), which
ensures that newly synthesized proteins reach their active conformations in a timely
fashion, and that those proteins which fail to do so are sent for recycling (Figure 1.6).”
Within the crowded ER, where the protein concentration can be in excess of 100 mg/mL,
newly synthesized proteins are greatly outhumbered by folding chaperone proteins such
as membrane-bound calnexin and its soluble homologue -calreticulin.” In order to
recognize proteins and assist in their folding, calnexin and calreticulin associate with the
oligosaccharide modification GlciMangGIcNAc,, which is attached to proteins by the

reducing end GIcNAc residue.l” After folding is attempted, the terminal glucose is
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removed by action of the glycoside hydrolase (GH) a-glucosidase Il, yielding the
ManyGIcNAc.-protein, which is then released from the chaperone.l” Despite the
abundance of folding chaperones, there are inevitably proteins which are unable to
achieve their native conformations due to issues such as mistranslation. If the protein is
not properly folded after release from the chaperone, it is recognized as unfolded by the
glycosyl transferase (GT) UDP-glucose:glycoprotein glucosyltransferase (UGGT), which
reinstalls the terminal glucose residue to facilitate recognition of the unfolded protein by
chaperones so that folding can be attempted again. If folding efforts repeatedly fail, a-
mannosidase | will remove a mannose residue from the oligosaccharide.'® Removal of
the first mannose residue, and indeed subsequent demannosylation, causes iterative
decreases in the affinity of the glycopeptide for UGGT, and therefore makes it
increasingly likely that the unfolded protein will be targeted to the ER-associated
degradation (ERAD) pathway via lectins that recognize a partially demannosylated
feature such as MangGIcNAC,.18° In this way, the degree of mannosylation on newly
synthesized ER proteins acts as a molecular clock, indicating how long a protein has
spent in the calnexin/calreticulin cycle and determining when it should be sent for

degradation.
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Figure 1.6. Simplified schematic of the quality control pathway for protein
folding within the endoplasmic reticulum (ER).

Particularly significant in medicine is the role of carbohydrates in making up the
blood group antigens in the ABO blood typing system. Of the 300 blood groups defined
thus far, most of which are based on proteins, the carbohydrate-based ABO antigens are
perhaps the most important as they have proven to be among the most immunogenic.12°
As a result, defining a person’s ABO blood group is critical for the purposes of blood
transfusions and organ transplantation. All antigens in the ABO blood group are
glycoproteins or glycolipids in which the terminal saccharides are responsible for the
immunogenicity. Specifically, O-type (also called H-type) arises from a terminal fucose
with an a(1-2) linkage to galactose; while A-type and B-type are based on the O-type
template but contain an additional N-acetylgalactosamine (GalNAc) or galactose
residue, respectively, a(1-3) linked to the galactose (Figure 1.7).! Furthermore,
individuals can be of blood type AB, in which case their erythrocytes express both the A-
type and B-type antigens. Since the only differences between blood antigens under the
ABO classification lay in the identity of the terminal saccharide residues, significant effort

has been invested in developing methods to convert A-type and B-type antigens to the
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universal donor O-antigen.?! Much of the focus of this area of research has been on
using a-glactosidase enzymes to trim the terminal GalNAc/galactose residues of the
immunogenic blood groups to yield O-type erythrocytes. However, issues with the
efficiency of enzymes employed in this process have hampered advancement of this

technology to a level suitable for clinical use.?*
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Figure 1.7. Blood group antigens A, B, and O, with a(1-2) and a(1-3) linkages
indicated.
The blood group antigens are bonded to a Gal-Glc-ceramide (R) that is
embedded in the erythrocyte cell membrane. Subtypes with varying degrees of
branching and with sugar residues located between the antigen and the R group
also exist.

1.2. Glycan Processing Proteins

Given the prevalence and complexity of glycans in living systems, there is
naturally a diverse set of proteins involved in their synthesis, recognition, and
degradation. Transmembrane proteins are responsible for transporting sugars, either
simple monosaccharides or more complicated oligosaccharides or glycoconjugates, into
the cell from the extracellular environment or from one cellular compartment to another.
Using activated sugar donors, glycosyl transferases (GTs) synthesize
oligo/polysaccharides or modify other biomolecules to form glycoconjugates. Once
synthesized, these more complex glycans can interact with carbohydrate binding
proteins (lectins) to mediate signalling within a cell, or to communicate with other cells
within an organism. Ultimately, glycans which are no longer needed, or that require
structural modification to tune their function, are either completely or partially degraded
by glycoside hydrolases (GHs). The resulting liberated monosaccharides are then

recycled. In this section, the superfamilies of enzymes which install (GTs) and hydrolyse
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(GHs) glycosidic linkages will be discussed, as will the proteins responsible for

transporting carbohydrates across biomembranes.

1.2.1. Glycosyl Transferases

In general terms, proteins and polysaccharides are quite similar — they are both
constructed from a pool of possible monomers, and are linked together in variable length
chains to produce macromolecules with properties that serve particular functions.
However, this is where the similarities between these two classes of molecules end, and
examination of their structure and how they are assembled sheds light on their
differences. Proteins consist of a linear chain of amino acids linked together by amide
bonds, and whose sequence is predetermined by the genetic code. Polysaccharides on
the other hand often have complex branching patterns, are linked together by glycosidic
bonds with variable regio- and stereochemistry, and have no pre-determined template
for their synthesis. The complex task of oligo- and polysaccharide synthesis is
undertaken by a class of enzymes known as glycosyl transferases (GTs), which either
install sugars on protein or lipid scaffolds, or elongate pre-existing carbohydrate chains.*
In order for the reactions they catalyze to be thermodynamically favourable, GTs use
activated (high-energy) glycosyl donors. Most commonly, glycosyl donors are nucleotide
mono- or di-phosphates (UDP- GDP-, and CMP-sugars) known as Leloir donors.
However, non-nucleotide glycosyl donors (phosphate/pyrophosphate-sugars, or lipid-
phosphate/pyrophosphate-sugars) also exist, and these are termed non-Leloir donors.??
In the majority of cases, a given GT is responsible for forming one specific type of
glycosidic linkage, an idea first popularized as the so-called ‘one enzyme one linkage
hypothesis’. What is meant by this hypothesis is that GTs are unigue regarding the
stereo- (a or B) and regio- (1-2, 1-3, 1-4, etc.) chemistry of the glycosidic linkage they
form, and the acceptor/donor saccharide they recognize. This is in stark contrast to
protein synthesis, in which all the peptide bonds in a polypeptide are installed by one,
albeit complex, protein — the ribosome. Exceptions to the one enzyme-one linkage
hypothesis do exist, an example being EXTL2 which exhibits the ability to transfer both

GalNAc and GIcNAc in the initiation of heparin sulfate synthesis.?3
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The enzymes which are responsible for the assembly, modification, and
breakdown of oligo- and poly-saccharides, whether or not they are part of a
glycoconjugate, have been classified into families based on their sequence in the
carbohydrate active enzymes (CAZy) database.?* As of 2015, the CAZy database
classifies 97 families of GTs based on sequence similarity, and new families are
identified regularly. However, despite the relatively large number of GT families, all GTs
whose structures have been solved to date adopt one of three canonical folds: GT-A,
GT-B, or GT-C.?®> Enzymes belonging to the GT-A superfamily are composed of two
abutting B/a/f Rossmann-like domains, a structural motif found in many nucleotide-
binding proteins.?® GT-A superfamily proteins are generally dependant on a divalent
metal ion to stabilize the charged phosphate of the nucleotide donor and aid in leaving
group departure.?® The first member of the GT-A superfamily to be structurally
characterized was SpsA, which is responsible for the synthesis of a structural
polysaccharide found in Bacillus subtilis (Figure 1.8).2” Converse to the GT-A enzymes,
those belonging to superfamily GT-B, such as the B-glucosyltransferase from T4
bacteriophage (Figure 1.8),2 are composed of two facing Rossmann-like domains and
are metal ion independent, with leaving group departure instead facilitated by enzymatic
residues.?® While the solved structures of GT-A and GT-B enzymes have indicated that
these superfamilies use Leloir (nucleotide) donors, the more recently discovered GT-C
superfamily is predicted to prefer lipid-activated donors. Indeed, a recent crystal
structure of oligosaccharyltransferase, a GT-C enzyme from Campylobacter lari (Figure
1.8), in complex with an acceptor peptide was shown to have a hydrophobic cleft into
which a lipid-anchored glycosyl acceptor might bind.?° In addition to classification based
on sequence or fold, GTs can also be classified according to the mechanism by which
they act — either with retention or inversion of anomeric stereochemistry. Although
correlations can be drawn between the catalytic mechanisms of GTs and those used by
the more thoroughly understood glycoside hydrolases (GHs), the mechanistic

characterization of GTs lags behind, especially in the case of retaining GTs.??
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Figure 1.8.  Structures representing GT-A, GT-B, and GT-C glycosyltransferase
folds.
Adapted, with permission, from Gloster 2014.25

1.2.2. Glycoside Hydrolases

Converse to the GTs, which install glycosidic linkages, the glycoside hydrolases
(GHSs) catalyze their hydrolytic cleavage to liberate a sugar hemiacetal/hemiketal from a
polysaccharide or glycoside. GHs are remarkably proficient, affording rate
enhancements of up to 10" times as compared to the uncatalyzed hydrolysis reaction.3°
Among the enzymes classified within the CAZy database, GHs are the most numerous
and the best understood, with 135 families existing as of 2015. Since the three
dimensional structures of proteins are better conserved and often more informative than
their sequence, the GHs are also grouped on this basis into 12 superfamilies (clans).3!
Separate from the CAZy family and clan classifications, GHs can be categorized into two
groups depending on the location of the glycosidic bond on which they act.
Endoglycosidases catalyze the cleavage of internal glycosidic linkages to produce two
smaller saccharide chains, while exoglycosidases hydrolyze terminal glycosidic linkages
to liberate a monosaccharide, usually but not always at the non-reducing end of the
chain (Figure 1.9).32 Despite the many GH families, only two main active-site topologies
exist: pocket- and cleft-shaped.3? The pocket-shaped active site can be thought of as a
crater in the surface of the enzyme, and is usually only able to accommodate one sugar
residue. As such, pocket-shaped active sites are characteristic of exoglycosidases such

as glucocerebrosidase.®® Conversely, multiple residues of a polysaccharide can dock
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within a cleft-like active site, and so these are the mark of endoglycosidases such as
chitinases.3* A third topology, tunnel, is found far less commonly and is essentially a
cleft-like active site which is closed over on the substrate. It is thought that these active-

sites allow the enzyme to maintain an association with the substrate after the hydrolytic

carrageenase.32:3536

event to allow further processing, and examples include cellobiohydrolase and
exo-acting
glycosidase

0 0 o) \ 0
Homom%o\%@&%omm

endo-acting
glycosidase

Figure 1.9. Positions of glycosidic linkages cleaved by endo- and exo-acting
glycosidases.

Despite the great variety in the structure of the substrates they process, GHs
nevertheless act by a limited set of rather similar mechanisms. The basics of these
mechanisms were first postulated by Koshland in 1953,%” and since that time a great
deal of progress has been made towards their understanding. Succinctly, glycoside
hydrolases act by either an inverting or retaining mechanism, wherein the anomeric
stereochemistry (a/B) of the resultant reducing sugar either changes or remains the
same, respectively, relative to its stereochemistry before cleavage. The inverting
mechanism is the more simple of the two, and consists of a one-step single-
displacement involving an oxocarbenium ion-like transition state (Figure 1.10).#%8 In this
process, a general base (Asp/Glu) enhances the nucleophilicity of a water molecule to
facilitate its attack on the anomeric centre. Concomitantly, leaving group departure is
aided by an enzymatic general acid (Asp/Glu) that stabilizes the building negative
charge on the anomeric oxygen. The resulting dissociative transition state in which
positive charge develops at the anomeric centre is stabilized by electron donation from
the endocyclic oxygen to form an oxocarbenium ion-like species. At the resolution of this
process, the resulting sugar hemiacetal/hemiketal has an anomeric stereochemistry that

is inverted relative to the substrate.
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Figure 1.10. Generalized catalytic mechanism for an inverting a-glycosidase.

The mechanism for retaining glycosidases is somewhat more complicated,
occurring by a two-step double-displacement wherein a covalent glycosyl-enzyme
intermediate is flanked in the reaction coordinate by two oxocarbenium ion-like transition
states (Figure 1.11).4#%8 Akin to inverting enzymes, retaining enzymes feature two
catalytic residues, which are either aspartic or glutamic acid in the majority of cases.
However, these residues serve different roles in retaining enzymes, with one acting as a
general acid/base while the other acts as a catalytic nucleophile/leaving group.® In the
general catalytic cycle for a retaining GH, attack on the anomeric centre by the catalytic
nucleophile occurs in concert with leaving group departure, which is facilitated by a
residue serving as a general acid as for inverting enzymes. This results in formation of
an oxocarbenium ion-like transition state, with the endocyclic oxygen facilitating charge
delocalization, which collapses with the catalytic nucleophile to give a covalent glycosyl-
enzyme intermediate with inversion of anomeric stereochemistry relative to the
substrate. The short-lived glycosyl-enzyme intermediate is then hydrolysed by general
base-facilitated nucleophilic attack of water on the anomeric centre, and the catalytic
leaving group concomitantly departs through a dissociative oxocarbenium ion-like
transition state. The formation of the glycosyl-enzyme intermediate with inversion of
stereochemistry is key, as it allows the nucleophilic attack of water to be directed such
that overall retention of stereochemistry is achieved. Interestingly, the distance between
the catalytic residues for retaining glycosidases is usually around 5 A.3839 This is in
contrast to inverting glycosidases for which the distance is closer to 9 A so that the
active site can simultaneously accommodate the intact substrate as well as the

nucleophilic water molecule.®® Accordingly, the distance between the catalytic residues
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can give some indication of whether a newly discovered GH acts by an inverting or

retaining mechanism.
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Figure 1.11. Generalized catalytic mechanism for a retaining a-glycosidase
involving the formation of a glycosyl-enzyme intermediate.

A second type of retaining GH exists in which no catalytic nucleophile/leaving
group is required. Such enzymes rely on substrate-assisted catalysis (SAC), in which an
N-acetyl moiety facilitates departure of the anomeric substituent via anchimeric
assistance (neighbouring group participation). Despite the fact that relatively few explicit
examples of SAC exist in the literature for glycosidases, this mechanism is well
established for a variety of other enzyme classes including serine proteases and
GTPases.*® The fact that a given GH processes an N-acetyl-bearing substrate does not
obligate that enzyme to act by SAC; many such enzymes, including the GH-3 [3-N-
acetylglucosaminidases like NagZ,** act by the more classical retaining mechanism. All
known GHs which do engage in SAC can be placed in the GH families 18, 20, 25, 56,
84, or 85. The catalytic mechanism for GHs using SAC is similar to that used for typical
retaining GHs: a two-step double-displacement involving oxocarbenium ion-like
transition states and a relatively low energy intermediate. However, attack on the

anomeric centre to displace the anomeric substituent is performed not by an enzymatic
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residue, but rather intramolecularly by the C-2 N-acetyl moiety to yield an oxazoline
intermediate (Figure 1.12Error! Reference source not found.). An enzymatic
carboxylate usually aids in this process, although it remains unclear whether its role is to
electrostatically stabilize the developing positive charge on an oxazolinium ring, or to act
as a general base to generate an oxazoline intermediate.*? Subsequent to its formation,
the oxazoline is hydrolyzed by general base-facilitated nucleophilic attack of water to
yield the reducing sugar with overall retention of anomeric configuration. A particularly
prominent GH which uses SAC is the human nucleocytoplasmic GH-84 enzyme [3-N-
acetylglucosaminidase,*®* also known as human O-GIcNAcase (hOGA), which is
discussed in more detail in Chapter 3. Interestingly, several GHs exist whose
mechanism of hydrolysis differs from those discussed. Two notable examples include
the sialidases and trans-sialidases of GH families 33, 34, and 89 which use a tyrosine
residue as the catalytic nucleophile,* and GH family 4 and 109 GHs which require

NAD+ as a co-factor.*®
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Figure 1.12. Generalized catalytic mechanism for substrate-assisted catalysis
involving the formation of an oxazoline/oxazolinium intermediate.
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1.2.3. Sugar Transport Proteins

Cell and organelle membranes are in place to exclude unwanted foreign
substances and to compartmentalize cellular processes. Despite this requirement, a
mechanism must also exist to allow compounds to permeate membranes so that
substrates can reach the cellular compartments in which they are processed, and so that
nutrients and metabolic waste products can be gathered and discarded, respectively.
Although some materials can permeate biomembranes with relative ease via passive
transport (diffusion), this is limited to small non-polar molecules which are not repelled
by the hydrophobic environment of the lipid bilayer.® On the other hand, large molecules,
or those which are highly polar or bear formal charges, must be assisted in crossing
membranes by transport proteins. The breadth of molecules whose transport must be
aided in this way is quite large and, as such, all organisms express a large repertoire of
transport proteins. Indeed, a significant number of diseases in humans result from
aberrantly functioning transport proteins. Prominent examples include the glucose
transporter GLUT4 which plays a role in obesity and diabetes,*®#’ and the chloride

channel CFTR whose mutation causes cystic fibrosis.*®

Two major subsets of transport proteins exist: those belonging to the major
facilitator superfamily (MFS) which rely on electrochemical gradients to facilitate
transport, and those belonging to the ATP-binding cassette (ABC) superfamily which
drive transport with the energy derived from ATP hydrolysis.*® Originally, proteins in the
MFS were thought to primarily function in the transport of sugars,®® but work in recent
decades has shown that many other classes of molecules, including amino acids,
vitamins, nucleobases, enzyme cofactors, and organic and inorganic ions, are also
transported by members of this superfamily.® As of 2012, the MFS consists of 74
subfamilies, many of which are still of unknown function.5* MFS proteins can operate by
three general transport reactions.>? The first is uniport, or facilitated diffusion, which
transports a recognized substrate along its concentration gradient and therefore does
not require the use of cellular energy (Figure 1.13). The second, symport, is a type of
active transport that can be used to move a substance against its concentration gradient.
This is accomplished by coupling the transport of the substrate of interest with the

transport of a monovalent cation (usually H* or Na*) which moves along its concentration
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gradient and in the same direction as the substrate (Figure 1.13). The third transport
reaction is antiport, which is also a type of active transport and is similar to symport
except that the substrate of interest and the co-transported species travel in opposite
directions. Moreover, in the case of antiport the coupled species may either be a cation,
or a compound whose structure is similar to that of the substrate of interest (Figure
1.13). Among the MFS subfamilies, eight are involved in the transport of sugars and their
derivatives, with the largest of these being the sugar porter (SP) subfamily.5? This
subfamily is ubiquitous in nature, with member proteins being distributed through all
domains of life: bacteria, archaea, and eukaryota.>> The members of the SP subfamily
are mainly responsible for the transport of monosaccharides including glucose, fructose,
mannose, galactose, arabinose, and xylose; but can also transport other saccharide

species including, but not limited to, maltose, lactose, and a-glucosides.>?
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Figure 1.13. lllustrations of carbohydrate transporters acting by uniport,
symport, and antiport.

Two particularly well characterized sugar transporters belonging to the MFS are
LacY and GIpT, both of which are native to E. coli and act to scavenge nutrients from the
environment. LacY is a member of the oligosaccharide:H* symporter (OHS) subfamily
and is responsible for the proton-coupled internalization of lactose, which is then
metabolized to produce energy for the cell.53 On the other hand, GIpT belongs to the
organophosphate:phosphate antiporter (OPA) subfamily and acts to internalize glycerol-
3-phosphate which serves as an energy source and as a precursor to the biosynthesis of
phospholipids.>* The 12 transmembrane helices that comprise LacY and GIpT, known as
the canonical MFS fold, are arranged to form a cylindrical bundle.535* The helices are

amphipathic and are carefully arranged to create a hydrophilic binding pocket for the
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saccharide at the bundle’s core, while maintaining a hydrophobic surface on the exterior
of the bundle for interfacing with the alkyl chains of the membrane phospholipids.
Although the directionality of substrate transport differ for LacY (a symporter) and GlpT
(an antiporter), the data for both suggest that they act by an alternating-access
mechanism. This mechanism is particularly well supported in the case of LacY, for which
biochemical and biophysical data exist (Figure 1.14).% For LacY, the alternating-access
transport mechanism begins with an outward facing V-shaped conformation such that
the binding pocket can be accessed from the periplasmic space. Protonation of this
conformation results in lactose having a higher affinity for the binding site, and binding of
lactose triggers a conformational transition of LacY to the inward (cytoplasmic) facing V-
shaped conformation. Release of lactose to the cytoplasm, followed by release of the
proton, allows the protein to again adopt the periplasmic-facing conformation such that
the process can be repeated. Since the elucidation of the structures of LacY and GIpT,
only a handful of other MFS proteins have been crystallized, and for each not more than
one conformation has been structurally characterized. However, together these crystal
structures paint a picture supporting the alternating-access mechanism, as each of the
structures obtained thus far happen to represent distinct conformations in the proposed
transport cycle.>¢5” Moreover, all of the crystal structures obtained so far exhibit the
canonical MFS fold seen in LacY and GIpT, offering further support that the alternating-
access mechanism is shared among all members of this family of transporters. Indeed it
is believed that the majority of MFS proteins act by this alternating-access
mechanism,%:57 consistent with bioinformatic analysis which predicted that most family

members contain the 12 transmembrane helices characteristic of the MFS fold.5!
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Figure 1.14. Alternating-access mechanism for Lacy.

Yellow ovals are the N- and C-terminal domains, blue lines are hydrogen bonds,
red and green circles are the proton and substrate, respectively. Beginning in the
open periplasm-facing conformation (A), a proton binds (B) which primes the
transporter for substrate binding (C). Substrate binding triggers a conformational
transition to the cytoplasm-facing conformation (D), and release of substrate (E)
and proton (F) to the cytoplasm allows transition back to the periplasm-facing
conformation. Adapted, with permission, from Abramson et al. 2003.53

1.3. Monitoring the Activity of Glycan Processing Proteins

Many approaches have been developed to study enzyme-catalyzed reactions
and the various aspects of catalysis. Using genetic techniques, an enzyme’s expression
can be reduced or entirely eliminated, and the resulting phenotypic effects can be
observed to gain an understanding of the role of the enzyme within an organism.
Further, information on the catalytic role of enzymatic residues can be obtained by using
site-directed mutagenesis to alter residues of interest. The three-dimensional structure of
a crystallized enzyme can be determined using X-ray crystallography, and more in depth
information can be gleaned by co-crystallization of the enzyme with a substrate, product,
or inhibitor. Moreover, through rational substrate design or mutation of enzymatic
residues, certain steps of the catalytic process can be sufficiently slowed to provide a
shapshot of catalysis. Multidimensional NMR techniques have also been employed to
determine enzymatic structures and to study enzyme dynamics.%85° However, the most
prevalent and easily applied technique to study enzymes is kinetic analysis, in which

natural enzyme substrates or labelled analogues are used to monitor enzymatic activity.
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Further, structural modification of labelled substrates to alter the kinetics of their
processing can give insight into the important structural elements required for substrate
recognition and catalysis. Not only can kinetic techniques offer insight into the
mechanism of an enzyme, they can also be used to screen for modulators of enzyme
activity which may ultimately be used as probes for further research or even as
therapeutics.®® This section will examine how enzymes, in particular glycoside
hydrolases and sugar transporters, are characterized using kinetic techniques. Special
attention will be given to fluorescent substrates, and specifically to those whose
fluorescence is activatable and are thus used to study enzymes in the more

physiologically relevant environment of a living system.

1.3.1. Michaelis-Menten Kinetics

Humanity has unwittingly been putting enzymes to use for thousands of years,
particularly in the preservation or flavour enhancement of foods (cheese, wine, bread),
but also for other purposes such as the softening of leather. Despite this, only in the
previous two centuries did we learn of the existence of enzymes and gain an appreciable
understanding of their function. Toward the turn of the 20" century, researchers
discovered that the rate of product formation in an enzyme-catalyzed reaction exhibits a
non-linear dependence on the concentration of substrate. British scientist Adrian Brown
put forth a qualitative description to explain this phenomenon, which was supported by
growing evidence that enzymes form complexes with the substrates on which they act.
Brown proposed that free enzyme (Es) and free substrate (Sy) first combine (rate constant
ki) to form an enzyme-substrate complex (ES), and that this complex either dissociates
(rate constant k.1) to reform the enzyme and substrate, or reacts (rate constant k) to
furnish the product (P) and regenerate E: (1.1).5* In the scheme proposed by Brown
(1.1), product formation depends only on the existence of the enzyme-substrate
complex, and thus the rate of product formation (v) can be written in terms of a rate

constant (k2) and the concentration of the complex ([ES]) (1.2).

ki k,
Ef+S; = ES Ec+P  (1.1) v =Kk,[ES] (1.2)
k_y
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Based on these equations, it is understandable how v can have a non-linear
dependence on the free substrate concentration ([S1]). At sufficiently low [Si], when not
all the enzyme is bound to form ES, an increase in [S¢] causes a proportional increase in
[ES], and thus v appears to depend on [S{] in a first-order manner. However, when [S{] is
high such that essentially all E is bound to form ES, increasing [S7] has a negligible effect
on [ES], and so v appears independent of [S¢]. A graphical depiction of this relationship is
given below (Figure 1.15). Although Brown’s model provided a qualitative understanding
of enzyme saturation, a mathematical approach was developed in 1903 by French
chemist Victor Henri. In 1913 the works of Brown and Henri were built upon by German
biochemist Leonor Michaelis and Canadian physician Maud Menten to study the kinetics
of invertase, a GH which hydrolyses sucrose to yield glucose and fructose.®? Although
Michaelis and Menten were standing on the shoulders of giants, their formalization of
previous research into a general procedure which was readily applicable to other cases
has cemented them as the most prominent historical figures in the field of enzyme

kinetics.
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Figure 1.15. A depiction of the non-linear dependence of the rate of product
formation on the substrate concentration for an enzyme-catalyzed
reaction.

The model of enzyme kinetics first followed by Michaelis and Menten is known as
the rapid equilibrium model. This model assumes that E; and Sr are in rapid equilibrium
with the ES complex, and that the complex reacts relatively slowly to give Es and P. In
terms of rate constants, this can be described as the situation where k; << k. in (1.1).

However, this assumption is not always accurate, as some systems may convert the ES
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complex relatively rapidly to E; and P, resulting in a significant value for k.. Therefore, to
arrive at a more generalizable theory, Briggs and Haldane proposed the steady-state
model in which the rate of formation of the ES complex is exactly matched by its rate of
decay.®® This model does not require k; << k.1, so long as any ES complex consumed in
the formation of P is rapidly replenished, thus holding [ES] at a steady-state. This
situation arises during the initial stages of the reaction, when [S{] >> [Ef] and the total
concentration of product ([P]) is insignificant. In this case, the abundant S; rapidly
complexes with any E: to reform the ES complex, and the low [P] means that this
process is negligibly impacted by product inhibition. Due to the conditions required to
achieve steady-state, some assumptions can be made about the initial stages of the
reaction.®* Firstly, the enzyme molecules in the system are assumed to have two
possible states: either free or bound in the ES complex. Thus, the total enzyme
concentration ([E]) can be written as the sum of [Ef] and [ES] (1.3). Secondly, since [Si]
>> [Eq], the amount of Sy consumed to form the ES complex is assumed to be negligible
as compared to the total substrate concentration ([S]). As a result, [S¢] can be reasonably
approximated by [S] (1.4). Lastly, since it's assumed in the steady-state model that the
rate of ES complex formation is exactly matched by its rate of decay, the rate of change
in [ES] is zero (1.5).

[E] = [Eq] + [ES] (1.3) [Sel = [S] (1.4) @ =0 (15)

Using these assumptions to simplify the mathematics, an equation can be
derived to describe steady-state kinetics. Looking at (1.1), the [ES] at a given moment is
affected by two processes, the rate of ES complex formation (vf) from St and E; (1.6),
and the rate of ES complex decay (vq) into reactants or products (1.7). Since the total
rate of change in [ES] is negligible from (1.5), the rate of formation and rate of decay

must be equal (1.8).

ve =k, [Sel[Ef] (1.6) vg = (k-1 +kp)[ES] (1.7)

ky [Sel[Ef] = (k_y + kp)[ES] (1.8)

Rearranging this equation, an expression can be obtained for [ES] (1.9).
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ky [S¢][Ef]
ES]=—— (19
B8] =, (19
The rate constants in (1.9) are abbreviated as the Michaelis constant (Ky), which
represents the apparent dissociation constant for the ES complex (1.10). This results in

a simplified expression for [ES] (1.11).

kgt ky _ [Sel[Eq]
W= (110) [BS] =

(1.11)

Further substitutions can be made to (1.11) such that [ES] is expressed in terms
of total, as opposed to free, species concentrations (1.12). These substitutions include
the assumptions made earlier: that [E] can be written as a sum of the concentrations of

the enzyme species (1.3), and that substrate depletion is negligible (1.4).

_ [SI[E]
[Es]_m (1.12)

Substitution of (1.12) with the relation from Brown’'s model, that the rate of
product formation (v) is governed by [ES] and k2 (1.2), results in a description for v in

terms of total enzyme and substrate concentrations (1.13).

k[SI[E]

TR+ 18]

(1.12)

From a plot of v against [S], it is clear that as [S] approaches infinity the rate of
product formation asymptotically approaches some maximum value (Vmax, Figure 1.15).
When substituting an arbitrarily large [S] into (1.12) such that [S] >> Ky, the Ky becomes
negligible and so the [S] terms cancel, resulting in an expression for Vmax (1.13). This
can then be inserted into (1.12) to obtain a final expression for v in terms of Vmax, [S],
and Ky (1.14).

_ Vmax [S]

Vmax = k2[E] (1.13) V= Ky + [S]

(1.14)
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Interestingly, the final equation of the steady-state model is almost identical to
the one found earlier by Michaelis and Menten using the rapid equilibrium model, with
the only difference being the identity of the equilibrium constants. The steady-state
model more accurately takes into account the value of k» and uses Kw (1.10), the
apparent dissociation constant for the ES complex. On the other hand, the rapid
equilibrium model assumes k; << ki and uses Ks (ka/ki), the thermodynamic
dissociation constant for the ES complex. The similarity between the final equations of
the two models has led to (1.14) being commonly known as the Michaelis-Menten

equation.%*

1.3.2. Fluorescent Substrates

Although Michaelis and Menten developed an excellent procedure to monitor
enzyme activity based on initial rates, a variety of detection methods had to be
developed to generalize this procedure to other enzymes. In the case of invertase, the
enzyme studied by Michaelis and Menten, polarimetry was used to distinguish between
reactant and products.®? Although polarimetry was an advanced technique for its day, a
plethora of techniques with improved sensitivity and adaptability exist today. One simple
technique is colourimetry, in which the appearance or disappearance of a coloured
compound is monitored. This can easily be used as a qualitative measurement of
enzyme activity, as the change in colour can be observed by eye, however quantitative
measurements can also be obtained using a spectrophotometer. Extending this
approach to monitor changes in UV absorption is particularly useful since many
substances of interest absorb in this region of the electromagnetic spectrum.®> Enzymes,
such as chitinases, that can degrade insoluble material to produce soluble metabolites
can be studied by turbidimetry, which measures decreases in transmitted light intensity
due to scattering by suspended particles.®® Radioactive assays are often used to monitor
the incorporation of small molecules into larger biomolecules, such as the
phosphorylation of proteins using radiolabelled ATP.%” Simple assays using radiolabelled
substrates require the labelled product to be separated from the excess substrate for
guantification. This complication can be surmounted using scintillation proximity assays
in which the target is bound to a scintillant, and only substrates that come into proximity

of the scintillant by association with the target will result in a signal.®8
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In recent years there has been a surge in the use of fluorescence techniques to
study enzyme activity, in part as a desire to move away from radiolabelling which can
pose safety concerns, be inconvenient and cumbersome, and for which proper use and
waste disposal can be complicated and costly. Moreover, the sensitivity of fluorescence
measurements, which are made directly with respect to a dark background, over other
optical techniques, which are made with respect to a bright reference beam background,
has increased the attractiveness of fluorescent substrates.®® There are two general
designs for fluorescent substrates: those that are intrinsically fluorescent, and those
whose fluorescence is activatable. The more conceptually simple of the two are the
intrinsically fluorescent substrates, in which an appended fluorescent compound results
in the substrate itself being fluorescent. These compounds are akin to simple
radiolabelled compounds in that the signal is always detectable. As such, in order to
employ intrinsically fluorescent substrates a method must be used to separate the
excess substrate and the product resulting from enzyme processing. Commonly,
separation technigues such as filtration, chromatography, immunoprecipitation, and
centrifugation are used. Intrinsically fluorescent substrates are often employed for the
study of transporters, as these proteins do not effect a chemical change on their
substrates. An exemplary case is that of 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-
2-deoxyglucose (NBD-Glc), an intrinsically fluorescent glucose analogue that is widely
used to monitor glucose uptake activity in cells as a measure of cell viability (Figure
1.16).° The fact that transport proteins act to translocate their substrates into
compartments affords a basis on which to remove any excess material — cells/vesicles
can be washed so that only the internalized material is retained for quantification.
Another class of substrate-like molecules which can be intrinsically fluorescent are
activity-based probes (ABPs). These mimic an enzyme’s natural substrate in order to be
recognized, but during one of the catalytic steps they form a reactive species which
covalently bonds with an enzymatic residue, resulting in labelling of the enzyme. A
separation technique such as SDS-PAGE or immunoprecipitation can then be used so
that the labelled protein can be identified. While a large number of ABPs have been
designed for proteases,’”’ examples also exist for GHs, such as a BODIPY labelled

substrate for examination of a-fucosidase activity (Figure 1.16).72
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NBD-Glc a-fucosidase activity-based probe

Figure 1.16. Examples of intrinsically fluorescent probe substrates: NBD-Glc and
an a-fucosidase activity-based probe.

Separate from intrinsically fluorescent substrates are the activatable substrates
which, while intact, exhibit minimal fluorescence at the desired emission wavelength.
However, processing of the substrate by the target enzyme gives rise to a highly
fluorescent product. As a result, the background signal arising from the unprocessed
compound is often negligible for activatable substrates, allowing for real-time
measurements and increased detection sensitivity as compared to intrinsically
fluorescent substrates.”® Generally, activatable substrates require the targeted enzyme
to have hydrolytic activity in order to release a fluorescent moiety, though this is not
universally true.” Activatable substrates can be further classified as either fluorogenic or
guenched. Fluorogenic substrates are somewhat simpler in design and application than
are quenched substrates, and because of this they are widely used to examine enzyme
activity in vitro when the researcher has access to a relatively large amount of enzyme
and to carefully controlled conditions. Fluorogenic substrates employ an array of
fluorophores including, for example, coumarins (umbelliferones), phenoxazines
(resorufins), and xanthenes (fluoresceins) (Figure 1.17).”® These fluorophores exhibit a
significant red-shift in their fluorescence when free compared to when they are
covalently linked to the recognition feature of the substrate, and hence allow for turn-on
fluorescence. In the case of the coumarins and phenoxazines, the red-shift is due to the
phenolate’s increase in intramolecular charge transfer (ITC) relative to the intact
substrate,”® whereas in the xanthenes an increase in conjugation due to lactone

cleavage is responsible for the red-shift in fluorescence.’®
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Figure 1.17. Fluorophores commonly used in the design of fluorogenic
substrates.
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While even the most simple fluorogenic substrates can be powerful tools to study
enzyme activity, numerous advancements have been made to improve their utility. One
particular challenge for the coumarin- and phenoxazine-based substrates is that the
fluorescence intensity is dependent on the protonation state of the phenol; the phenolate
ion is highly fluorescent while the phenol is not. One could foresee solving this issue by
running enzymatic assays under basic conditions such that the vast majority of the free
fluorophore molecules exist as the phenolate. However, enzymatic activity is highly pH
dependent, with the majority of enzymes operating at the physiological pH of 7 which, for
example, is significantly lower than the pH 10 optimum for coumarin fluorescence.’
While the pH-dependence of fluorescence may not have a significant impact when
monitoring highly active enzymes which produce a large quantity of product molecules, it
can become an impedance when assaying low activity enzymes where measurements
rely on the relatively few product molecules being highly fluorescent. Aside from
circumventing this problem by using inconvenient stopped assays, in which a basic
solution is added to ionize the free fluorophore, synthetic fluorophore derivatives can be
designed such that the optimum pH for fluorescence coincides with the optimum pH for
enzyme activity. Specifically, coumarin and phenoxide derivatives have been designed
in which modification of the aromatic rings with electron-withdrawing groups (EWGSs)
stabilizes the buildup of negative charge on the phenolic oxygen, and thus increases the

acidity of the phenol to afford pK, values below the pH used in the assay.’’ In fact, even
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in the simple case of EWG-substituted coumarins versus unsubstituted coumarins,
measurement of the signal intensity found a 10-fold increase for the substituted
derivative at physiological pH.”® A side-effect of increasing phenolate stability in the
coumarins and phenoxazine fluorophores is that they are made better leaving groups,
which increases the rate of non-enzymatic hydrolytic cleavage. This can raise the
background so much that the enzymatic rate of hydrolysis can be obscured in some

cases.

To counter the increased propensity for non-enzymatic hydrolysis, self-
immolative linkers have been designed which bridge the enzymatically cleavable bond
and the fluorophore via a bond with increased stability towards acid-catalyzed
hydrolysis. Upon cleavage of the enzymatically-labile bond, a cascade begins which
results in rapid degradation of the self-immolative linker to yield the free fluorophore.
Moreover, these linkers have the potential to prevent steric congestion from impacting
the rate of enzymatic hydrolysis by placing the bulky fluorophore at a distance from the
active site.”® Recent work has applied self-immolative linkers as a technique to study B-
galactosidases, with a p-benzoxycarbonyl-based linker used to join galactose and a
synthetic phenoxazine-derived fluorophore (Figure 1.18).”° Upon enzymatic cleavage of
the glycosidic linkage, the adjoined fluorophore and linker are released and the linker
undergoes rapid hydrolysis to yield the fluorophore, 4-hydroxy-3-nitrobenzyl alcohol,
carbon dioxide, and glycine. Interestingly, hydrolysis of the released linker to vyield
glycine appeared to occur rapidly in water without the aid of another enzyme, as a
mixture of the substrate and [(-galactosidase in buffer showed glycine by HPLC. In
addition to being fluorogenic this substrate is also chromogenic, with the intact substrate
appearing yellow while the released 4-hydroxy-3-nitrobenzyl alcohol is blue in colour,

thus providing a method to quantify the rate of linker breakdown.
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Figure 1.18. A self-immolative substrate for B-galactosidase, along with the
proposed mechanism of linker breakdown.

Somewhat more complex than fluorogenic substrates are quenched substrates,
which require a substrate to be substituted with a complementary fluorophore-quencher
pair. While the substrate is intact, any energy which goes into excitation of the
fluorophore is dissipated by the quencher, thereby preventing fluorescence. It is only
once the fluorophore and quencher are no longer in contact that fluorescence is
restored. As such, the locations at which these groups are installed is critical —
hydrolysis of the enzymatically labile bond must result in separation of the fluorophore-
guencher pair, allowing the two to diffuse apart so that the fluorophore can be detected.
Many of the first examples of quenched substrates took advantage of the fluorescent
properties of the amino acid tryptophan to study peptidases. One early example
consisted of a dipeptide (Gly-Trp) to which a 5-(dimethylamino)-1-sulfonyl quencher was
attached.®® Upon cleavage of the peptide bond by carboxypeptidase A, tryptophan
fluorescence was restored and so the activity of the enzyme could be monitored in real-
time. However, the early examples of quenched substrates shared a limitation: their

qguenching mechanisms (mostly collisional) were very short-range processes,
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necessitating nearly adjacent positioning of the fluorophore/quencher pair.”® Since the
majority of early fluorophores/quenchers were large aromatic molecules, the resulting
steric bulk near the enzymatically cleavable linkage placed limitations on which enzymes
could be studied using these substrates.”® However, the design of substrates quenched
by a longer range process, Forster resonance energy transfer (FRET), meant that a
much greater diversity of enzymes could be approached. The first of such designs was
for an HIV-1 protease and used the synthetic fluorophore/quencher pair, 5-[(2-
aminoethyl)amino]naphthalene-1-sulfonic acid (EDANS)/4-(4-dimethylaminophenylazo)
benzoic acid (DABCYL) (Figure 1.19), separated by an eight amino acid peptide.8 In the
years following, a great variety of fluorophore/quencher pairs have been described for
the design of FRET quenched substrates: coumarin/p-nitroaniline,®? 5-
carboxyfluorescein/DABCYL,® and tetramethylrhodamide/black hole quencher-2,8* to
name a few (Figure 1.19). Although the short range of collisional quenching can be a
detriment, it can also offer an advantage in that the proximity of the fluorophore and
guencher can be known with high precision. This has particular use in examining protein
dynamics, for which the range of FRET quenching is too large to precisely study the
structure of proteins.8 Moreover, identification of small collisional quenchers, such as
thioamides which quench by photoinduced electron transfer (PET),%¢ may open the
possibility of collisionally quenched substrates being used to study hydrolytic enzymes
that have sterically congested active sites. As a result of their potential for exceptionally
low background fluorescence and the superior photophysical properties of the
fluorophores used, quenched substrates are generally preferable over fluorogenic
substrates for live-cell and in vivo assays. Further details about quenching mechanisms
and the application of quenched substrates to assays in living systems will be described

in following sections.
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Figure 1.19. Examples of fluorophores and quenchers commonly used in the
design on FRET quenched substrates.

1.3.3. Mechanisms of Fluorescence and Quenching

Fluorescence, along with phosphorescence, is a type of luminescence —
emission of light from a substance resulting from relaxation of excited-state electrons.
One requirement for fluorescence is that the excited-state electron and its paired
ground-state electron have opposite quantum mechanical spin states. As such, return of
the excited-state electron to the ground state is spin allowed as dictated by the Pauli

Exclusion Principle, and so relaxation by the release of a photon happens rapidly with a
lifetime (T, the average time between excitation and relaxation) on the order of 10°®

seconds.®® Phosphorescence is similar, except that the excited and ground-sate
electrons have same quantum mechanical spin, and so the Pauli Exclusion Principle

forbids the excited-state electron from relaxing to occupy the same quantum state as the
ground-state electron. As such, the T for phosphorescence is many orders of magnitude

greater than for fluorescence, and gives rise to applications such as glow-in-the-dark

toys.5°
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The processes of luminescence can be described pictorially using a Jablonski
diagram, named after Polish physicist Aleksander Jablonski who was a pioneer in the
field of fluorescence spectroscopy (Figure 1.20).%° The electronic energy levels are
depicted as line groupings, while individual lines within a grouping represent vibrational
energy levels. The singlet electronic energy levels (So, Si1, S2) represent the case where
the paired electrons have opposite spin, while the triplet level (T1) indicates paired
electrons with the same spin. At room temperature and without an external stimulus,
only the lowest electronic energy level (So) is occupied. Within So, the ground state
vibrational level is by far the most populated, with thermal energy allowing only a small
number of electrons to populate the higher vibrational energy levels.®® Upon exposure to
light, an So electron (which is statistically likely to be in the ground state vibrational level)
absorbs a photon and is promoted to a higher electronic energy level. The cumulative
energy of the electronic and vibrational level to which an electron is promoted
corresponds to the energy of the photon that was absorbed. After absorption, the excited
electron can lose energy to vibrational relaxation within an excited electronic state, or to
internal conversion from higher to lower excited electronic states. Internal conversion
occurs rapidly (typically within 1012 s), and vibrational relaxation even more so, and thus
there is usually time for the excited electron to reach the lowest vibrational level of the
first excited electronic state (Si) before luminescence occurs. After sufficient time, an
excited singlet-state electron can relax to Sp, and usually to an excited vibrational level
therein, emitting a photon (fluorescence) in the process. The wavelength (colour) of the
photon emitted is inversely proportional to its energy, which is simply the difference
between the energy of the excited electronic/vibrational level from which the electron
comes, and the energy of the electronic/vibrational level to which the electron relaxes.
The photon emitted is universally of lower energy (higher wavelength) then the absorbed
photon, since some of the absorbed energy is lost to vibrational relaxation and internal
conversion after absorption, and because the relaxation usually occurs to an excited
vibrational energy level within So. After emission, further vibrational relaxation brings the
electron back to the ground vibrational state of Sp from which it is likely to have
originated. In an alternative process, after excitation an electron may undergo relaxation
by spin-conversion to a triplet excited state in a process called intersystem crossing.

From the lowest energy triplet state (Ti), phosphorescent relaxation to Sy occurs
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similarly to fluorescence, but over a much longer timescale due to the relaxation process

being spin forbidden as mentioned previously.
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Figure 1.20. A Jablonski diagram indicating singlet (So, Si, S2) and triplet (T1)
electronic energy levels, associated vibrational levels, and various

relaxation mechanisms.
Adapted, with permission, from Lakowicz 2006.%°

When the energy of a fluorophore’s excited-state electron is dissipated by a non-
luminescent process, thereby causing a decrease in the fluorescence intensity, the
fluorescence is said to be quenched.®® Many mechanisms of fluorescence quenching
exist, including excited-state reactions, molecular rearrangements, energy transfer,
complex formation, and molecular collisions. Today, the most common quenching
mechanism taken advantage of in the design of quenched enzyme substrates is energy
transfer, and specifically Forster resonance energy transfer (FRET). In a FRET process,
irradiation with an appropriate wavelength of light first causes an electron in the highest
occupied molecular orbital of the ground-state fluorophore (FRET donor, Dg) to be
promoted to the lowest unoccupied molecular orbital (Figure 1.21). Upon relaxation of
the excited-state fluorophore (D¢*), the energy which would otherwise be converted to a
photon is instead transferred to the ground-state acceptor (FRET quencher, Ag), causing
an electron in its highest occupied molecular orbital to be promoted to the lowest
unoccupied molecular orbital. The efficiency of the energy transfer depends on the
amount of overlap between the emission spectrum of the donor and the excitation
spectrum of the acceptor — greater overlap means an increased likelihood that the
guanta of energy released upon relaxation of the donor will be appropriate to cause

excitation of the acceptor. If the quencher is also fluorescent, relaxation of its excited
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state (Ar*) can then occur to emit a photon. Alternatively, if the quencher is non-
fluorescent then the excess energy of Ag* is dissipated as heat to return to Ae. If a
fluorescent quencher is used, then the emission wavelength of the fluorophore should be
significantly different from that of the quencher to enable distinguishing an intact

substrate from the products of enzymatic cleavage.
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Figure 1.21. A molecular orbital depiction of FRET quenching.
Relaxation of a donor (fluorophore) excited-state electron from the lowest
unoccupied molecular orbital to the highest occupied molecular orbital results in
non-radiative resonance energy transfer (RET) to the ground-state acceptor
(quencher), promoting an electron. The quencher can then relax either through
luminescence or through a non-radiative process such as collisions. Adapted,
with permission, from Lakowicz 2006.5°

FRET is a non-radiative through-space process, meaning that it does not rely on
interactions between the electron clouds of the fluorophore and quencher.®® As such,
FRET efficiency is mostly independent of factors that affect the propensity of close-range
interactions, such as steric shielding and electrostatics. The efficiency of FRET (Eg) for a

particular fluorophore-quencher pair is described by equation (1.15).

1
Ep . (RLO)é (1.15)

In this equation, r is the centre-to-centre distances between the electron clouds
of the fluorophore and quencher, and Ry is the Fdrster distance — the distance at which
FRET is 50% efficient. The value of R varies depending on the overlap of the emission
spectrum of the fluorophore and the excitation spectrum of the quencher, and is typically
between 20 A and 60 A.87 As can be seen, the FRET efficiency decreases with the 6™

power of r, and so FRET quenching is rapidly negated as the fluorophore and quencher
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diffuse beyond Ro. In fact, the strong distance-dependence of the FRET plays a major
role in making FRET-quenched substrates such powerful tools, since the increase in
average distance between the fluorophore and quencher upon enzymatic processing,

even if only modest, yields a dramatic increase in signal.

Collisional quenching processes were the first employed in the
development of quenched enzyme substrates. However, the short-range of collisional
guenching mechanisms, requiring interaction of the electron clouds of the fluorophore
and quencher,%® meant that the only enzymes amenable to this technique were those
having active sites that could tolerate steric crowding.”38%888% Three -collisional
guenching mechanisms exist: intersystem crossing, electron-exchange, and
photoinduced electron transfer (PET).%° The short-range nature of collisional quenching
means that the rate of diffusion, sterics, charge-charge interactions, and the lifetime of
the fluorophore all impact the likelihood of quenching.®® The efficiency of collisional
guenching (Ec) is given by equation (1.16).

1
E. = (1.16)

1
Lt — o0

In equation (1.16), T is the lifetime of the fluorescent state, § and A are constants

relating to the distance and time dependencies of orbital interactions, respectively, r is
the centre-to-centre distance between the fluorophore and quencher, and r¢ is the

distance of closest approach at molecular contact.®® From the equation, it is clear that E.
approaches unity as T increases, which is logical since a longer lifetime means that the

fluorophore and quencher have more time to encounter one another so that quenching

can occur. Moreover, as r approaches the value of r. the exponential term tends toward
unity. In such a case E: depends only on T and A, and approaches unity if the

fluorescent state is long-lived (large t) and orbital interactions occur frequently (large
A).69

Although collisional quenching is a short-range process, the technique
gains applicability for quenched enzyme substrates if small quenchers are used that will

not adversely influence enzyme function. Thioamides have been shown to quench
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fluorescence of many fluorophores, and are anticipated to do so by a PET mechanism.®
As for FRET, PET quenching can be depicted using a simple molecular orbital diagram
(Figure 1.22). The fluorophore (PET donor, Dp), has an electron promoted from the
highest occupied molecular orbital to the lowest unoccupied molecular orbital upon

excitation with a wavelength of light corresponding to the energy difference between the
orbitals. If, during the lifetime of the excited state (T), the excited fluorophore (Dp*)

comes into contact with the quencher (PET acceptor, Ap), a charge-transfer complex
(Dp*Ar)* is formed by transfer of the fluorophore’s excited state electron to the lowest
unoccupied molecular orbital of the quencher. The complex can then return to the
ground state with or without emission of a photon, although if emission does occur the
wavelength is shifted with respect to the emission wavelength of the fluorophore. Once
in the ground state, the complex dissociates with transfer of an electron from the
guencher back to the fluorophore. The case that the fluorophore acts as the electron
donor and the quencher as the electron acceptor is not universal, as the direction of
electron transfer depends on oxidation and reduction potentials, however the principles

remain the same regardless.®®
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Figure 1.22. A molecular orbital depiction of PET quenching.

Collision of the excited donor (fluorophore) with the ground-state acceptor
(quencher) during the lifetime of the excited state can result in a transfer of an
electron from the lowest unoccupied molecular orbital of the donor to that of the
acceptor, forming a charge-transfer complex. Transfer of the electron back to the
donor may result in emission, but at a wavelength distinct from that of donor due
to energy losses from the collision and from relaxation of the charge-transfer
complex. Adapted, with permission, from Lakowicz 2006.%°
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1.3.4. Properties of Live-Cell and in vivo Fluorescent Substrates

While the in vitro study of enzymes is certainly invaluable, providing a convenient
and rigorous method to identify kinetic parameters, screen substrates/inhibitors, and
better understand catalytic mechanisms, the information gleaned is nevertheless limited.
This arises from the simple fact that no matter how well suited an in vitro technique may
be, it will still fall short from capturing the true complexity present in an enzyme’s
endogenous environment. While the function of an enzyme is tied to its primary
sequence and tertiary structure, a host of other factors play essential roles in its activity,
including: spatiotemporal regulation of enzyme expression, interaction of the enzyme
with molecular effectors, and posttranslational modifications to the enzyme.®® As a result,
methods that allow the study of enzymes within the physiologically relevant environment
of whole cells or a living organism are invaluable, and ultimately offer novel approaches
towards understanding, diagnosing, monitoring and treating diseases caused by enzyme
deficiencies.” However, the interior of a cell, be it part of a single- or multi-cellular
organism, is a highly complex mixture of molecules, and so a number of factors must be
considered when approaching the design of substrates for live-cell or in vivo assays. In
brief, ideal fluorescent substrates for such applications must: (a) be dark when intact and
bright when processed, (b) have significantly red-shifted product fluorescence, (c) be

selective for the enzyme of interest, and (d) be cell permeable.

The stipulation that a live-cell or in vivo substrate should be dark when intact
(have a low background signal), while being highly fluorescent when processed, ensures
that even a small signal can be detected. This is necessary because unlike in vitro
assays, in which the enzyme concentration can be greatly increased in order to obtain
adequate signal, endogenous enzyme levels may be comparatively low and are not
easily manipulated. Even in the case of transfected cells, in which enzyme expression is
induced by the researcher, oftentimes overexpression is limited by toxicity or strength of
the promotor system used.®® Ensuring that the fluorescent product of the enzymatic
cleavage is bright increases the sensitivity of the substrate by allowing the signal to be
detected over any residual fluorescence of the intact substrate and over cellular
autofluorescence. Further gains in sensitivity and an increase in tissue penetration can

be achieved by using a fluorophore whose emission is shifted towards the near-infrared
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(NIR) region of the electromagnetic spectrum. Common fluorophores, which generally
emit in the ultraviolet (UV) or visible region of the spectrum, suffer a decreased signal-to-
noise ratio when used in vivo due to scattering of visible light and the propensity of
biomolecules to absorb and emit UV-visible light.°2 Further, other major biological
components such as water and lipids strongly absorb in the infrared.®® Thus, the NIR
region provides an optimum window for observing fluorescence in a living system.
Notably, conventional dyes can have their emission profiles shifted towards the NIR
region by extension of the 1T-conjugation system, although this can lead to complications
such as increased sensitivity to photobleaching and decreased water solubility.
However, such problems can be circumvented by further modification of the fluorophore,
as was done in the case of a 7-hydroxycoumarin derivative for which the water solubility

issue was solved by introducing sulfonate moieties (Figure 1.23).%

orange fluorescence, low water solubility NIR fluorescence, high water solubility

Figure 1.23. Extension of the m-conjugation system and installation of sulfonate
moieties shifts fluorescence to the NIR region and improves water
solubility.

Separate from the photochemical traits preferred for in vivo substrates are the
requirements of selectivity cell permeability. When an enzyme is studied in vitro, it is
often the case that a pure or nearly pure sample of the enzyme is being used. As a
result, the researcher can be fairly certain that any observed signal arises from catalysis
by the enzyme of interest, assuming that non-enzymatic hydrolysis was also tested for
using a deactivated enzyme preparation as a control. The same assumption cannot be
made as easily in an in vivo assay however, as the substrate may be recognized and
processed by other enzymes within the cell or tissue. Even in the case that the substrate
is processed most efficiently by the enzyme of interest, minor off-target activities from
other enzymes can still obscure the results of the assay. Circumventing this issue often

involves engineering a compound to have increased affinity for the target enzyme while
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having decreased affinity for off-target enzymes. For example, protease substrates
containing unnatural amino acids can be used to find substrates which are selective for
particular members of the same protease family.®® The use of unnatural amino acids, as
opposed to the 20 classically natural amino acids, provides a huge increase in the
number of structures that can be evaluated, and thus greatly increases the likelihood

that a sequence specific for one enzyme can be found.

Most fluorophores in use today are highly conjugated organic molecules, and so
it would seem that their hydrophobic character would lend to their cell permeability.
However, their overall bulk, as well as installation of charged moieties to increase water
solubility,*® tends to detract from their ability to passively diffuse across cell membranes.
Accordingly, methods to increase the cell permeability of substrates are desired. Cell-
penetrating peptides (CPPs), short peptide sequences that are recognized and
internalized by cells, often by endocytosis, can be used in this regard.®® By attaching
CPPs to fluorescent substrates their cell permeability has been dramatically increased,
facilitating imaging of, for example, caspase activity in live cells.®”% Interestingly, the
attachment of moieties to increase cell-penetration is not limited to CPPs, other tags
such D-glucosamine in the case of a TEM-1 B-lactamase substrate have also been
examined (Figure 1.24).°° In situations where solubility is less of an issue or can be
recovered in another way, the ‘prodrug’ approach can be taken in which polar groups are
chemically modified to afford an increase in cell permeability of the prodrug. On
permeation, these modifications are removed by the action of endogenous enzymes,
unmasking the substrate and allowing it to be processed by the enzyme of interest.
Moreover, the difference in permeability between the masked an unmasked substrate
results in accumulation within the cell and a concomitant increase in signal. A B-
galactosidase substrate has been designed in this way — the acetylated galactose
provides an increase in cell permeability leading to a buildup of substrate within the cell,

and endogenous esterases act to yield the active substrate (Figure 1.24).19°
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B-galactosidase substrate

Figure 1.24. Cell permeable fluorescent substrates.
A TEM-1 B-lactamase substrate which makes use of glucosamine transporters by
attachment to the N-acetyl moiety. A B-galactosidase substrate which uses the
‘prodrug’ approach to increase cell permeability by acetylation of the sugar.

1.3.5. Assays of Glycoside Hydrolases

Since glycoside hydrolases (GHs) catalyze a hydrolytic reaction, they make ideal
candidates for study using activatable substrates. Moreover, the fact that GHs are
usually specific for a given recognition saccharide and anomeric stereochemistry should
facilitate their study in the complex environment of a living system. Simple in vitro assays
of glycoside hydrolases typically use a fluorogenic substrate, such as 4-
methylumbelliferyl 2-acetamido-2-deoxy-f-D-glucopyranoside (4MUGIcNAc) which is
typically used to study B-hexosaminidases (Figure 1.25). In fact, in vitro techniques for
GHs have become so refined that many high-throughput screening (HTS) methods have
been developed to identify potential therapeutics. One such assay using a fluorogenic

substrate has been developed for the human enzyme a-glucosidase A (GAA), the
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deficient enzyme in Pompe disease.! GAA is a lysosomal enzyme belonging to GH
family 31, and is responsible for hydrolyzing the terminal a-1,4 and a-1,6 linkages of
glycogen. Those afflicted with Pompe disease, also called glycogen storage disease
type Il, suffer from progressive muscle weakening, and do not usually survive beyond
two years of age.%? Recently, small-molecule chaperones have been shown to rescue
unstable proteins, and in particular the aminosugar N-butyldeoxynojirimycin has been
shown to have this effect for mutant GAA.X% Accordingly, development of a HTS to
identify additional GAA activators was thought to be a promising approach to drug
development for Pompe disease. To this end, resorufin a-glucoside (Res-a-Glu) was
synthesized (Figure 1.25), with resorufin chosen for its red-shifted fluorescence in
comparison to the previously trialed fluorophore 4-methylumbelliferone.! Red-shifted
fluorescence is important not only for live-cell or in vivo assays, but also for in vitro HTS
assays due to the propensity for many compounds from chemical libraries to fluoresce in
the blue region of the spectrum, and because small particles such as dust tend to add to
the background in this region.®* Moreover, the increased acidity of the phenol moiety of
resorufin as compared to 4-methylumbelliferone enables use of a continuous kinetic
assay, which is much more amenable to HTS than are stopped assays. Using Res-a-Glu
in a 1536-well plate format, a standard library of 1280 pharmaceutically active
compounds was screened with GAA, from which two compounds were identified as GAA
inhibitors.1°! In comparison, an assay using the blue-fluorescent substrate 4MU-a-Glu
appeared to have also found three GAA activators. However these compounds were
found to be false positives due to inherent fluorescence in the blue region of the

spectrum, again highlighting the concerns of using such fluorescent substrates for a HTS

application.
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Figure 1.25. Substrates for in vitro assays of B-hexosaminidases (4MUGIcNAcCc),
and for high-throughput screening of a-glucosidase A (Res-a-Glu).
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While the optical properties of fluorogenic substrates are not always well suited
to live-cell or in vivo experimentation, this is not universally the case, as is exemplified by
a fluorescein-based B-galactosidase substrate (HMRef-BGal) that has been used for in
vivo imaging of tumors (Figure 1.26).1% Traditionally, E. coli B-galactosidase, expressed
from the gene LacZ, has been extensively used as a marker enzyme to study gene
expression. Interestingly, human B-galactosidase has been found to be overexpressed in
ovariani® as well as breast and colon cancer cells,°” and thus could act as a marker to
identify metastases originating from these tissues. The design of HMRef-BGal improved
upon previous [3-galactosidase substrates, which either were cell impermeable, had their
fluorescent products exported by overexpressed organic anion transporters, or whose
low fluorescence enhancement upon cleavage prevented specific visualization of
cancerous tissue.'% Although HMRef-BGal fluorescence occurs in the blue region of the
spectrum, fluorophore red-shift is not critical for detection of surface tumors by
laparotomy or laparoscopy, since the light does not need to penetrate tissues.%
Moreover, the fluorescence enhancement and brightness of HMRef-BGal proved to be
significantly greater than the previously reported blue-fluorescent compound which was
used in cultured cells, suggesting usefulness for in vivo imaging of surface tumors. The
in vivo testing of HMRef-BGal was carried out using a tumor mouse model, which was
prepared by intraperitoneal injection of cancer cells into live mice followed by two to four
week incubation. After adequate time was allowed for tumors to develop, mice were
injected intraperitoneally with HMRef-BGal, which was allowed time to incubate before
imaging. Importantly, an HMRef-BGal dose 10-times higher than was used for imaging
caused neither significant body weight change nor lethality in the mice. Even after 5 min
incubation, tumors as small as 1 mm were detectible in sacrificed mice using an imaging
system, and after 1 hr incubation the fluorescence was intense enough to be detected by
the unaided eye and enable real-time fluorescence-guided tumor resection (Figure
1.26).1% The short incubation period required before detection could allow rapid
diagnosis of suspicious lesions encountered during surgery. Moreover, tumors of
anesthetized mice were even able to be visualized through a small abdominal incision

using an endoscope equipped with a fluorescence detection system.
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Figure 1.26. HMRef-BGal, a substrate used for in vivo imaging of B-galactosidase
which is overexpressed in ovarian tumor metastases, and images of
abdominal surgery on mice treated with HMRef-BGal.

Adapted, with permission, from Asanuma et al. 2015.1%°

Owing to their generally lower background and the improved optical properties of
the fluorophores used, quenched substrates are often the preferred choice for live-cell or
in vivo enzyme assays. However, using quenched substrates to study glycoside
hydrolases, especially exo-acting enzymes with pocket shaped active-sites, can be a
challenge since the fluorophore and quencher can be sterically bulky and often have to
be appended directly to the features of the substrate important for recognition by the
enzyme. However, the approach can be tractable if the enzyme active-site is relatively
open or if a flexible linker can be installed as a bridge to orient the bulky substituent
away from the active-site. A recent paper elegantly applied a FRET quenched substrate
to study the activity of glucocerebrosidase (GCase) in live human cells (Figure 1.27).1%8
A lysosomal glycolipid hydrolase classified in GH family 30, GCase is responsible for the
catabolism of glucosylceramide to yield glucose and ceramide.®® Not only is GCase the
defective enzyme in patients with the most prevalent lysosomal storage disorder,
Gaucher's disease,'® recent work has also showed a link between GCase and
Parkinsonism.® To allow optimization substrate properties, a modular synthesis was
designed in which installation of the fluorophore and quencher were the final steps.
While a substrate employing an EDANS/DABCYL fluorophore/quencher pair was
synthesized as a proof-of-concept for in vitro use, the fluorescence maxima (490 nm)
precluded live-cell use and so an alternate substrate using BODIPY and BHQ-2 as the
fluorophore and quencher, respectively, was prepared.'% Rather than take the traditional
approach of appending the fluorophore to the sugar by the enzymatically labile bond,
these substrates instead placed the quencher at this position (C-1). By designing the

substrates in this way, it was anticipated the resolution and sensitivity of the assay would
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be improved, since the fluorophore would remain appended to the polar sugar after
enzymatic activity and so would likely be unable to diffuse out of the lysosome. Since
GCase has been shown to tolerate modification to C-6,! it was at this position that
fluorophores were installed. Design of the substrate also drew parallels from the natural
substrate, in which the aliphatic ceramide moiety is accommodated at the anomeric
centre, by installing an aliphatic linker between glucose and the anomeric quencher to
prevent steric congestion in the enzyme’s active site. Quenching efficiencies of 97.6%
and 99.9% were determined for the EDANS and BODIPY substrates, respectively, and
their catalytic efficiencies (kca/Km) With respect to GCase were determined to be within
an order of magnitude of the widely used GCase substrate 4-methylumbelliferyl 3-D-
glucopyranoside (4MUGIc).1°® When used in human cells, signal arising from the
BODIPY substrate was localized to the lysosome, increased in a time-dependant
manner (Figure 1.27), and showed no toxicity after up to 20 hr incubation. Pre-treatment
of human cells with conduritol B epoxide, which inactivates GCase but not other [3-
glucosidases, abolished processing of the BODIPY substrate, indicating selectivity for
GCase.

No substrate 0.5 hr

\l
o}
HO Q
H(;%O\/\/
o]

1hr 4 hr

Figure 1.27. A FRET guenched substrate used to monitor GCase activity in live
human cells. Images show a time-dependant increase in signal.
Adapted, with permission, from Yadav et al. 2015.1%¢

1.3.6. Assays of Sugar Transporters

The functional analysis of transport proteins is more challenging and laborious
than analysis of glycoside hydrolases. This is due in large part to the fact that

transporters do not effect a chemical change on their substrates, and so the visualization
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strategies used for GHs, such as fluorescence enhancement on catalysis, are not readily
applicable for transporters. Moreover, being native to biological membranes, transport
proteins are highly hydrophobic and so are intrinsically more difficult to handle in
aqueous media.'*?> Accordingly, assays of transporters require that the protein be
imbedded in a natural or artificial membrane,**? and usually monitor the amount of a
labelled substrate entering or exiting a vesicle as a function of time. Also possible is to
measure changes in vesicle volume or pH.'** Much of the pioneering work on carrier-
mediated transport was done on the E. coli lactose permease, the founding member of
the major facilitator superfamily (MFS), which was first identified as a specific system for
lactose transport and metabolism in 1956.112114 |t was quickly recognized that the
lactose permease operates by the protonmotive force, with protons being transported
down their electrochemical gradient. However, it was not until 1979 that a lactose
transport assay using radioactively labelled lactose was used to identify that the
permease acted by symport, with a 1.1 proton:lactose stoichiometry, and was

independent of extracellular pH.1%®

Radiolabelling strategies have also been used to determine kinetic parameters
and substrate selectivity for transport proteins. Human glucose transporters GLUT-1,
GLUT-2, and GLUT-3 were characterized by this strategy using the non-metabolizable
glucose analogues 3-O-methyl-D-glucose (3-O-MG) and 2-deoxy-D-glucose (deGlc)
(Figure 1.28).11¢ These permeases, along with other GLUT glucose transporters, move
glucose down its concentration gradient by facilitated diffusion and are found throughout
the body. Many GLUT isoforms exist and their affinity for glucose, as well as their
spatiotemporal expression, varies significantly in order to regulate the distribution of this
essential nutrient.!'” In order to study the kinetics of GLUTs 1 — 3, an equilibrium-
exchange assay was employed in which labelled and unlabelled 3-O-MG were allowed
to exchange across the membrane of frog oocytes.'® The oocyte system was chosen
due to their particularly low levels of endogenous glucose transport activity.'6 Oocytes,
each expressing one of the GLUT isoforms, were incubated with a range of unlabelled 3-
O-MG concentrations, and time was allowed for the extra- and intracellular
concentrations to equilibrate. Labelled 3-O-MG was then added to the equilibrated
oocytes, and exchange was allowed to occur. At multiple timepoints the reaction was

stopped by aspirating the solution and washing the oocytes thrice with ice-cold buffer
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containing the transport inhibitor phloretin. The oocytes were then transferred to
scintillation vials and lysed with sodium docecyl sulphate, and the radioactivity arising
from the internalized 3-O-MG was measured. A first-order plot was used to obtain the
observed rate constants (koss) for each unlabelled 3-O-MG concentration, and a
Lineweaver-Burk plot was used to determine the Ky for GLUTs 1 — 3 by plotting 1/Kops'[3-
O-MG@G] against 1/[3-O-MG]. The substrate specificity of GLUTs 1 — 3 was also examined
(Figure 1.28), but deGlc was used since its rapid intracellular phosphorylation prevents
efflux, which allowed study of the outward-facing binding site of the GLUT transporters in
isolation.'® Oocytes were first incubated with an unlabelled sugar (one of either the D- or
L-isomer of glucose, mannose, arabinose, or xylose, or the D-isomer of fructose), and
then an aliquot of labelled deGlc was added. After time was allowed for transport to
occur, the reaction was stopped and the radioactivity was measured for each oocyte as
before. Interestingly, differential selectivity between the three isoforms was observed.
While D-glucose and D-mannose competed with deGlc for transport in all three isoforms,
GLUT-2 was the only isoform for which D-fructose showed any significant competition,
and only GLUT-3 showed competition by D-xylose. None of the isoforms showed
competition by the L-isomers, which is unsurprising since these isomers are not native to

animal biochemistry.
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Figure 1.28. Non-metabolizable glucose analogues used in equilibrium-exchange
transport assays to study GLUT transporters. A competition assay
for GLUT-1 showed that only D-glucose and D-mannose are
substrates.

Adapted, with permission, from Gould et al. 1991.11¢
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Intrinsically fluorescent substrates have also been developed to assay glucose
transporters, especially as a method to determine cell viability. Earlier cell viability
assays used the activity of intracellular enzymes, such as esterases, as a marker to
differentiate between living and dead cells.*'® However, since glucose uptake is the
phenomenon most closely related to metabolic activity, it is perhaps a more promising
indicator of cell viability. While previous work had shown that glucose modified at the C-6
position was internalized by mammalian cells,'*® no uptake was observed in E. coli.??°
This is not unsurprising, as the main transport system used by E. coli under conditions of
glucose excess is the phosphoenolpyruvate:carbohydrate phosphotransferase system
(PTS), which internalizes glucose and concomitantly phosphorylates the C-6 position,
requiring this position to be unsubstituted.'?* Accordingly, a C-2 substituted fluorescent
glucose analogue, 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (NBD-
Glc), was synthesized (Figure 1.29).70 Initial rates of transport were measured by
incubating E. coli cells with varying concentrations of NBD-Glc, centrifuging and washing
the cells, and quantifying the fluorescence using excitation and emission wavelengths of
475 and 550 nm, respectively. From a Lineweaver-Burk plot, the Ky for NBD-Glc
transport mediated by the glucose transporter was determined (Figure 1.29). The
presence of D-glucose during the assay inhibited the uptake of NBD-Glc, while neither L-
glucose nor sucrose had any impact on NBD-Glc internalization. Fluorescence
microscopy was also performed to determine whether NBD-Glc could be used as a
marker for cell viability. Native E. coli cells that had been incubated with NBD-Glc
exhibited fluorescence in the green region of the visible spectrum, while those which had
been killed by 10 min of pre-treatment with ethanol showed none. Further, a 1:1 mixture
of native and ethanol-treated E. coli were incubated with NBD-Glc and propidium iodide,
a red fluorescent indicator for dead cells. Upon examination, approximately half of the
cells were coloured green while the remainder exhibited red fluorescence. Due in large
part to its synthetic simplicity and ease-of-use, NBD-Glc is still widely used to determine
the viability of bacterial cells, and has also been used to measure glucose transport in

mammalian cells.122
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Figure 1.29. Fluorescent glucose analogue NBD-Glc (2-NBDG), and a
Lineweaver-Burk plot showing its uptake by E. coli cells and
inhibition by glucose.

Adapted, with permission, from Yoshioka et al. 1996.7°

Despite the fact that most transporters do not catalyze the chemical conversion
of a substrate, real-time assays of these transporters have been developed by
monitoring non-rate-determining reactions that are subsequent to transport. Such an
assay exists for the Lactobacillus pentosus xyloside transporter XylP, a member of the
galactoside-pentoside-hexuronide (GPH) transporter family.123 Xylosides are the building
blocks of the structural hemicelluloses of plants, and it is likely that bacteria harbour
xyloside transporters such as XylP in order to use these saccharides as a source of
energy. The assay indirectly measures the XylP-mediated transport of the disaccharide
isoprimeverose by detecting rapid subsequent oxidation by soluble quinoprotein glucose
dehydrogenase (sGDH) — a process that converts the artificial electron acceptor 2,6-
dichlorophenol-indophenol (Cl:Ind) from a blue to colourless state (Figure 1.30).1%4
Histidine-tagged XylP was expressed in Lactococcus lactis, purified by affinity
chromatography using a nickel column, and reconstituted into proteoliposomes. Next,
Ca?*-dependent sGDH was expressed from E. coli, reconstituted with its redox cofactor
pyrrologuinoline quinone (PQQ),*?* and enclosed within the prepared proteoliposomes.
While preloading with sGDH was essential, ClzInd is highly membrane permeable and so
its preloading was not necessary, as it easily permeates the proteoliposomes during the
assay. To minimize background signal, excess sGDH associated with the exterior of the

proteoliposomes was deactivated using EDTA to complex extravesicular Ca?*. This
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process did not affect the sGDH enclosed within the proteoliposomes, since EDTA is
membrane impermeable. After washing and resuspension of the sGDH-containing
proteoliposomes in buffer containing EDTA, the suspensions were used to determine the
kinetics of isoprimeverose transport. To do so, the proteoliposomes were added to
solutions containing Cl.Ind and varying concentrations of isoprimeverose, and the
decrease in absorbance at 600 nm resulting from reduction of Cl.Ind was monitored over
time to obtain initial rates of isoprimeverose transport. Any residual activity from external
sGDH was taken into account by carrying out a control experiment with the disaccharide
maltose instead of isoprimeverose, which is a substrate for sGDH but not for XylP.
Differences in the Ky of isoprimeverose and maltose for sGDH were also taken into
account by appropriately adjusting the concentrations of the substrates used in the
assay. The corrected initial rates were plotted against the isoprimeverose
concentrations, and these data were fitted to the Michaelis-Menten equation to obtain Ky
and Vmax values for isoprimeverose transport by XylP. To ensure that the rate of
isoprimeverose oxidation by sGDH was not rate-limiting, the kinetics were carried out
using proteoliposomes containing varying sGDH concentrations, and a saturating sGDH
concentration was used for the Ky and Vmax determinations. Interestingly, preloading the
proteoliposomes with the non-oxidizable methyl-isoprimeverose resulted in a two-fold
stimulation of the oxidation rate, indicating that exchange transport occurs faster than
does unidirectional uptake. Further, while other members of the GPH transporter family
transport monosaccharides, XylP was unable to transport xylose, and instead seems to
require a glycosidic linkage at the anomeric position. While this assay provides a real-
time approach to the study of XylP, the labour required to prepare the proteoliposomes
for the assay is substantial. Perhaps more convenient would be the use of a quenching
approach, in which a membrane-impermeable extracellular compound quenches the
fluorescence of a substrate until it is transported into a cell, as has been done to observe

the transport of lipids into adipocytes.'?6
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Figure 1.30. A representation of the XyIP transport assay.
External sGDH is deactivated by EDTA, which cannot pass the proteoliposome
membrane. Incubation with isoprimeverose and ClzInd results in internalization
by XylP and passive diffusion, respectively. Upon entry into the proteoliposome
isoprimeverose is rapidly oxidized by sGDH, with concomitant reduction of the
cofactor PQQ to PQQH2. In this process, the electron acceptor Clnd is
converted from a blue to colourless state.

1.4. Aims of Thesis

This thesis details the development of tools and methods to study glycan
processing proteins in the relevant environment of a living system. In particular, studies
will focus on the Gram-negative inner membrane permease AmpG and the human f3-
hexosaminidase O-GIcNAcase (hOGA). While AmpG plays an important role in bacterial
cell wall recycling and in B-lactam antibiotic resistance, hOGA is involved in a number of
processes from neurodegeneration and cancer to stabilization of nascent proteins. As
alluded to, development of live-cell and in vivo techniques to study protein function are
not trivial, and so this thesis reports extensions of previous works that describe the
design of quenched and inherently fluorescent substrates and their use in assays of
glycoside hydrolases and sugar transporters. The techniques described here will not
only help improve the understanding of AmpG and hOGA, but may also be expanded

upon to enable the study of other glycoside hydrolases and transport proteins.
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1.4.1. Development of a Transport Assay for AmpG Permeases

AmpG is a Gram-negative inner membrane permease that translocates
peptidoglycan (PG) fragments (GIcNAc-1,6-anhydroMurNAc-peptides) from the
periplasm to the cytoplasm for recycling. Despite its involvement in maintaining the
structural integrity of the bacterial cell wall and in affording antibiotic resistance, no
convenient nor quantitative assays of AmpG transport exist. This thesis details the
development of such an AmpG transport assay using live spheroplasts as substrate
capture vessels for a fluorescently labelled analogue of the natural AmpG substrate.
This project has been a collaborative effort involving chemical synthesis of the
fluorescent AmpG probe by Anuj Yadav; assay development, transport quantitation,
kinetic measurements, and fluorescence microscopy by me; and genetic manipulations
and B-lactamase assays by Judith Winogrodzki. Together we have shown that uptake of
the probe is AmpG-mediated, and that the transport assay can be used to examine the
kinetics of AmpG-mediated transport and to identify AmpG inhibitors. Further, we applied
this assay to study AmpG homologues from the clinically relevant pathogen
Pseudomonas aeruginosa and found that only one, Pa-AmpG, is responsible for the

transport of PG fragments that induce antibiotic resistance.

1.4.2. Design of Quenched Substrates for the B-hexosaminidase OGA

Attachment of N-acetylglucosamine to the serine and threonine residues of
nucleocytoplasmic proteins is known as the O-GIcNAc modification. Despite the fact that
hundreds of proteins are modified with O-GIcNAc, only two proteins are involved in its
installation and hydrolysis — O-GIcNAc transferase (OGT) and O-GIcNAcase (OGA),
respectively. This modification is involved in a host of processes from neurodegeneration
to the cell cycle, but to date no methods exist to study the responsible proteins in real-
time within the relevant context of a living system. This thesis details the development of
qguenched fluorescent substrates that will enable live-cell or in vivo study of human OGA
(hOGA). This work has been a collaborative effort between myself, Sami Cecioni, and
Nevena Cekic. However only my work, which has focused on installation of a quencher
at the C-6 position, will be discussed. | have prepared three hOGA substrates with

thioamides installed at the C-6 position to act as fluorescence quenchers of the intact
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substrate. | have shown that these substrates are processed by hOGA, and that
guenching of up to 90% is observed in comparison to the widely used commercial
substrate 4AMUGIcNAc. Further | have demonstrated that the quenching efficiency can
be tuned through the installation of a linker between the thioamide quencher and the

sugar.
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Chapter 2.

Design of a Fluorescent Substrate and Transport
Assay to Probe AmpG Membrane Permeases and
Their Roles in Antibiotic Resistance

2.1. Contributions

This work has been a multidisciplinary undertaking requiring the collaborative
efforts of multiple researchers. The substrate GlcNAc-anhMurNAc-AF350 was
synthesized by Anuj Yadav, and the genetic manipulations, immunoblots, and [3-
lactamase assays were carried out by Judith Winogrodzki. My part in this work was
focused around development and implementation of the transport assay, although | also
carried out corroborative immunoblots when expressing Pseudomonas aeruginosa
AmpG and AmpP under spheroplasting conditions, as well as single-step chemical
reactions and purification to obtain compounds for inhibition experiments. My major
contributions include: developing and optimizing the spheroplasting conditions for
BW25113 and MG1655 strains; developing the AmpG transport assay and obtaining
guantitative measurements of transport for Escherichia coli AmpG, and P. aeruginosa
AmpG and AmpP; fluorescence microscopy; adaptation of the transport assay to obtain

Michaelis-Menten and inhibition data; and preparation of the manuscript for publication.

2.2. Abstract

Inducible AmpC [B-lactamases deactivate a broad-spectrum of [-lactam
antibiotics and are a clinically formidable mechanism of antibiotic resistance within
Gram-negative bacteria. Increased peptidoglycan (PG) fragmentation caused by [-

lactams leads to accumulation of GIcNAc-1,6-anhydroMurNAc-peptides, that are then
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transported by AmpG into the cytoplasm where they induce AmpC [-lactamase
expression. Loss of AmpG restores susceptibility toward -lactams, highlighting AmpG
as a potential target for resistance-attenuating therapeutics. We describe the synthesis
of a GIcNAc-1,6-anhydroMurNAc-fluorophore conjugate, and its use in convenient
guantitative assays to probe AmpG transport activity. Using live Escherichia coli
spheroplasts, we show that transport of the probe is AmpG-dependent and follows
Michaelis-Menten kinetics. We further show that this assay can be used to quantitatively
assess inhibition of AmpG. Finally, we illustrate the generality and utility of this probe by
assessing the function of two AmpG homologues from the clinically relevant pathogen
Pseudomonas aeruginosa (Pa). We show that Pa-AmpG, but not Pa-AmpP, acts as a
transporter of GIcNAc-1,6-anhydroMurNAc PG fragments. We support this finding by
monitoring AmpC induction in ampG- E. coli complemented with either Pa-AmpG or Pa-
AmpP. We anticipate that this AmpG transport assay will enable improved
understanding of the PG recycling pathway and sugar transporters from the major
facilitator superfamily, as well as identification of AmpG antagonists that could be useful

in combating bacteria with AmpC-mediated antibiotic resistance.

2.3. Introduction

Antibiotic drug resistance is a growing problem of major societal concern.?”
Resistance to B-lactams, which constitute more than 50% of the antibiotics in clinical
use, is particularly disconcerting.'® B-lactams block biosynthesis of peptidoglycan (PG), a
critical structural component of the bacterial cell wall that confers cellular rigidity and
prevents osmotic lysis.'?® Due in large part to overreliance on and misuse of 3-lactams,
clinically relevant bacteria are acquiring a variety of B-lactamases — enzymes that
hydrolytically deactivate B-lactams.?® The chromosomally-encoded group 1, class C, B-
lactamase AmpC,130131  which confers resistance against penicillins and
cephalosporins,'3? is particularly problematic and has been identified in clinically relevant
strains of Pseudomonas aeruginosa and Enterobacteriaceae.’®'133 Indeed, AmpC-
bearing P. aeruginosa causes life-threatening nosocomial infections in the
immunocompromised, as well as chronic respiratory infections in patients with cystic

fibrosis.34135 Although B-lactamase inhibitors exist, many only poorly inhibit AmpC.13! To
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block AmpC-mediated resistance to B-lactams, efforts have been made to develop
AmpC-targeting inhibitors.1%¢.137 Unfortunately, B-lactamases such as AmpC can develop
mutational resistance toward these inhibitors,'3213813% and so new approaches to
combatting B-lactam antibiotic resistance are needed. One promising strategy for
targeting AmpC involves preventing its induction — a process that is intricately linked to
the Gram-negative PG recycling pathway and is stimulated by B-lactams in most AmpC-

producing bacteria (Figure 2.1).
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Figure 2.1.  Induction of AmpC B-lactamase is stimulated by the impact of -
lactam antibiotics on the Gram-negative PG recycling pathway.
In the presence of B-lactam antibiotics PG fragmentation is increased, leading to
a buildup of AmpC-inducer molecules (boxed in green). These bind to
transcriptional regulator AmpR and convert it from a repressed state, bound to
AmpC-repressor molecules (boxed in red), into an activator of ampC
transcription.

The PG layer is a mesh-like heteropolymer of glycan strands composed of
alternating [3-1,4-linked N-acetylglucosamine (GIcNAc) and N-acetylmuramic acid
(MurNACc) residues that are cross-linked by short-stem peptides.**° PG recycling enables

cell growth and division while maintaining the structural integrity of the cell wall.14
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Beginning this process, auto-lysins'#?> act on the PG layer to generate a pool of GIcNAc-
1,6-anhydroMurNAc disaccharides bearing stem peptides of three to five amino acids
that are linked to the lactyl group of MurNAc (GIcNAc-anhMurNAc-peptides, Figure
2.1).14! These species are then transported from the periplasm into the cytoplasm by the
inner membrane permease AmpG,*® where the (-glucosaminidase NagZ removes
GIcNAc to produce anhMurNAc-peptides.'44145 The anhydrosugar-peptides are
metabolized further to yield UDP-MurNAc-pentapeptide, a precursor of PG
biosynthesis.**! Binding of PG recycling intermediates to the LysR-type transcriptional
regulator AmpR is thought to control AmpC expression, with the anhMurNAc-
peptidest46147 acting as AmpC inducers while UDP-MurNAc-pentapeptide acts as a
repressor.'*® In the absence of B-lactams, UDP-MurNAc-pentapeptide binds AmpR,
repressing ampC transcription. However, increased PG fragmentation caused by (-
lactams results in accumulation of anhMurNAc-peptides in the cytoplasm, one of which
binds AmpR and converts it into an activator of ampC transcription.14614” The resulting
AmpC protein deactivates B-lactams to restore PG homeostasis, which in turn brings

AmpC expression back to basal levels.146

Deletion of the gene encoding NagZ attenuates AmpC induction in P.
aeruginosa.'*® Moreover, inhibitors targeting NagZ have indicated that a small-molecule
therapeutic approach to combatting AmpC-mediated resistance is tractable. 149150
Compared to NagZ, the highly conserved inner membrane permease AmpG — a member
of the Major Facilitator Superfamily of secondary transporters®® — has received little
attention even through it plays a critical role in AmpC induction.'5%152 |Indeed, genetic
inactivation of AmpG in P. aeruginosa reverses AmpC-mediated resistance, even in
mutated strains that exhibit constitutive hyperproduction of AmpC.153 Given its ubiquitous
presence in Gram-negative bacteria,®1:154-156 jts central role in AmpC induction, %154 and
its unusual sugar-conjugate transport activity,’*®> an improved understanding of AmpG
would provide new insights into PG metabolism and could lead to the discovery of
therapeutics that attenuate [-lactam antibiotic resistance. However, a convenient
method to examine the kinetics of AmpG-mediated transport does not exist, making the
characterization of AmpG transporters and the identification of AmpG inhibitors

problematic.
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One difficulty in studying AmpG transporters is that recombinant transmembrane
proteins can be difficult to express due to, among other problems, poor folding efficiency,
toxicity at elevated expression levels, and a propensity for mislocalization in cells.’
Secondly, designing assays for transport proteins, which simply translocate substrates,
is more challenging than for enzymes, which form and break chemical bonds. Assays of
transport proteins require substrate capture vessels that allow transported substrate to
be retained for quantification while extravesicular substrate can be washed away.!13158
Such assays generally use isotopically labeled substrates to monitor transport.
Potentially more convenient than using radiolabelled substrates is to use fluorescently
labeled substrates. Problematic, however, is that the structural perturbations associated
with fluorophore installation may not be tolerated by the target transporter. Indeed, the
difficulty of studying transport proteins using fluorescently labeled substrates is
evidenced by the fact that only one fluorescence-based assay of a sugar transporter has
been described.”® However the probe, 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-
deoxyglucose (NBD-Glc), has proven invaluable for monitoring glucose transport in

bacteria’® and in eukaryotic cells.*??

When using labelled substrates, post-uptake metabolism of the substrate can
lead to errors in measuring substrate transport, especially when using whole cells as
substrate capture vesicles. However, this can be overcome by using non-metabolizable
analogues of the substrate of interest.116.159 Errors can also arise after the uptake phase
of the assay when excess substrate is being washed away. Typically, these erors arise
from internalized substrate being lost from the vesicles during the protracted and
somewhat harsh conditions required for washing. Employing transport inhibitors when
stopping the assay, using cold wash solutions to decrease the activity of exporters, and
minimizing the time required to wash the vesicles, can all reduce the amount of
substrate lost during the washing procedure.''31%8 In order to avoid the complications
associated with using membrane capture vesicles, and to allow the use of unlabelled
substrates, some assays instead use purified membrane transport proteins. In such
assays, the extent of molecular binding between unlabelled substrates and the purified
protein can be measured using surface plasmon resonance or scintillation proximity

assays.'®® However these assays introduce a new difficulty, as membrane proteins are
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notoriously difficult to purify due to their lipophilic character and the fact that their stability

is heavily reliant on being embedded in the phospholipid bilayer.16°

Due to the challenges associated with assaying membrane transport proteins,
only qualitative information of AmpG substrate preference has been established using a
crude assay involving radioactively labelled PG fragments which are complicated to
prepare and handle.*® Here we describe a convenient and quantitative assay of AmpG,
enabled by the synthesis of a fluorescent analogue of the natural AmpG substrate and
the use of E. coli spheroplasts as substrate capture vessels (Figure 2.2). We show that
the assay can be used to measure the kinetics of AmpG-mediated transport and to
identify compounds that inhibit this process. Moreover, we demonstrate the utility of the
assay by examining the transport capabilities of two P. aeruginosa (Pa) proteins, Pa-
AmpG and Pa-AmpP; and establish that Pa-AmpG, but not Pa-AmpP, transports PG
fragments containing GIlcNAc-anhMurNAc. We corroborate this finding by AmpC

induction assays in E. coli.
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Figure 2.2. General schematic of the AmpG transport assay.
Generation of bacterial spheroplasts exposes AmpG to the extracellular
environment, allowing the probe to be internalized.

2.4. Results and Discussion

2.4.1. Design and Synthesis of AmpG Probe 9.

Inspired by previous work on glucose transporters,’® we envisioned that a

fluorescently labeled AmpG substrate could be used to examine the kinetics of AmpG-
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mediated transport. To design such a substrate, we considered qualitative studies
showing that radiolabeled PG fragments, obtained through partial purification of bacterial
cell wall, do not require the pendant peptide in order to be transported by AmpG.143 This
is not unexpected, as metabolism of the PG layer naturally produces structural variation
in the peptide portion of endogenous AmpG substrates (GIcNAc-anhMurNAc-peptides).
In contrast it was found that modification of the disaccharide structure, whether through
hydration of the anhMurNAc sugar or cleavage of the interglycosidic linkage, prevented
AmpG-mediated transport.'*®> We therefore reasoned that replacing the stem peptide
with a chromophore, while retaining the core disaccharide structure, would yield a
fluorescent analogue of the GIcNAc-anhMurNAc-peptides without markedly
compromising recognition and transport by AmpG permeases. To limit the steric
demands of this change, we opted to use the low molecular weight fluorophore Alexa
Fluor 350 (AF350). Moreover, AF350 exhibits high photostability, quantum vyield, and
water solubility, as well as pH independent excitation and emission spectra, qualities that
make it suitable for cell-based assays. With these considerations in mind, we carried out
the synthesis of probe 9 (GIcNAc-anhMurNAc-AF350, Scheme 2.1).
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Scheme 2.1. Synthesis of GIcNAc-anhMurNAc-AF350 (9).

(@) (BusSn)20, 3 A MS, MeCN, reflux, 3 hr; then I, RT, 1.5 hr, 84%; (b) NaNs,
DMF:H20 (9:1), 120 °C, 3 hr, 81%; (c) TBSCI, imidazole, DMF, RT, 82%; (d)
BnBr, BaO, Ba(OH).-8H20, DMF, RT, 2.5 hr, 90%; (e) TBAF, THF, 90%; (f) (S)-
MeCH(OTf)CO2Me, NaH, DCM, 70%; (g) 1) 10% Pd/C, Hz; 2) Ac20, Py; 3) 10%
Pd/C, Hz, pressure, 80%; (h) 1) Phthalic anhydride, TEA; 2) Ac20, Py, 68%; (i)
33% HBr in CH3COOH; 85% (j) AgOTf, 4 A MS, DCM, -40 to 0 °C, 85%; (k) 1)
N2H4, EtOH, reflux; 2) Ac20, Py; 3) KoCOsz, MeOH; 75%; (I) LiOH-H:0,
THF:Dioxane:H20 (4:2:1), 99%; (m) NH2(CH2):NHCbz, HBTU, DIPEA, DMF,
50%; (n) 1) 10% Pd/C, H2, MeOH; 2) AF350, DIPEA, DMF, 40%.

Using an established route with minor modifications, we synthesized the
disaccharide GIcNAc-anhMurNAc through a convergent approach beginning with
commercially available D-glucal 1 and 1,3,4,6-tetra-O-acetyl-2-amino-2-deoxy-f3-D-
glucopyranose hydrochloride 5. D-glucal 1 was first converted to the 1,6-anhydrosugar,
and an azide was installed at the 2-position to obtain azidosugar 2.16* Protecting group
manipulation allowed selective benzylation in three steps to generate azidosugar 3.16?
Subsequent installation of a methyl lactate substituent at the 3-position via direct
displacement to effect stereochemical inversion, followed by debenzylation, acetylation
of the resultant alcohol, and conversion of the azide to an acetamide, furnished glycosyl
acceptor 4.163 The glycosyl bromide donor 6 was obtained in two steps by first protecting
the amine of 1,3,4,6-tetra-O-acetyl-2-amino-2-deoxy-f3-D-glucopyranose hydrochloride 5

as a phthalimide and then treating the product with 33% hydrobromic acid in acetic
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acid.*®* Coupling of glycosyl acceptor 4 and glycosyl donor 6 using Koenigs-Knorr
conditions provided the protected disaccharide which, upon removal of the phthalimide
and subsequent acetylation of the resultant amine, followed by hydrolysis of the methyl
ester, furnished the disaccharide GIcNAc-anhMurNAc 7.1 To facilitate appending a
suitable fluorophore and to ensure the fluorophore did not abut the disaccharide, we
installed a spacer moiety on disaccharide 7 using benzyl 2-aminoethylcarbamate to yield
the Cbz-protected aminoethyl amide 8. Finally, we removed the carboxybenzyl group
using catalytic Pd/C under hydrogen and directly coupled the resultant crude amine with
the fluorophore (AF350) to yield the desired GIcNAc-anhMurNAc-AF350 conjugate
(probe 9).

2.4.2. Transport Assay Development.

With probe 9 in hand, we developed a convenient assay to quantify AmpG-
mediated transport. Transport assays using whole cells have been developed for
different classes of compounds, including but not limited to sugars,’ nucleotides,*®> and
amino acids.'%% In these cases, the natural substrate is scavenged from the extracellular
environment. For AmpG, however, the substrates are generated within the periplasmic
space by action of endogenous auto-lysins,'*> making it unlikely that probe 9 can be
transported directly from the media into intact bacterial cells. Indeed, we observed that
E. coli cells were unable to take up probe 9 even after several hours (Figure 2.3). In
previous work, a freeze-thaw protocol had been used to expose E. coli AmpG to
biosynthetically-derived radiolabeled substrates. This approach enabled qualitative
insights into AmpG specificity, but gave low signal-to-noise and high variability.'4* To
develop a more convenient and quantitative method of studying AmpG, we turned to an
approach used in electrophysiology studies of ion channels,'®” which is to generate
spheroplasts — bacteria that have had their outer membrane and cell wall largely
removed but which maintain an intact inner membrane. Notably, we found that the
production of bacterial spheroplasts is scalable and the results obtained from

independent batches are highly reproducible.
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Figure 2.3. Neither whole cell EcBW nor EcBWAampG are capable of
internalizing probe 9, regardless of incubation time.
Fluorescence observed for native EcBW and EcBWAampG bacteria after
incubation in the presence (+) or absence (-) of probe 9. Error bars represent the
standard error of the mean.

We prepared spheroplasts from wild-type E. coli BW25113 (EcBW),%® and an
isogenic strain lacking AmpG (ampG-, EcBWAampG). This preparation involved
elongation of the cells by treatment with cephalexin, followed by treatment with EDTA
and lysozyme to digest the cell wall and cause the elongated cells to balloon outward.
Elongation of the E. coli cells enables formation of larger spheroplasts, making it easier
to monitor their formation by light microscopy. However we noticed that obtaining larger
spheroplasts came at the expense of the overall spheroplast population, as the
elongated E. coli had a higher propensity to rupture on addition of the spheroplasting
reagents. We found that the published cephalexin, lysozyme, and EDTA concentrations
caused our strain to lyse during the elongation or spheroplasting steps,'¢” and so the
concentrations of these reagents were adjusted. To verify that the spheroplasts
generated from the EcCBW and EcBWAampG strains were comparably viable we used
NBD-GIlc.”® This experiment ensured that an inability of ECBWAampG spheroplasts to
transport probe 9 could be unambiguously assigned to the lack of AmpG and not to a
failure of spheroplast viability. After incubation, excess NBD-Glc was removed by

repeated cycles of dilution, gentle centrifugation, and careful aspiration of the
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supernatant. Three cycles of washing was sufficient to eliminate greater than 99.5% of
extravesicular NBD-Glc, putting the supernatant fluorescence from the last wash on par
with the background fluorescence of the diluting solution (Figure 2.4).
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Figure 2.4. Three washes were sufficient to remove the vast majority of excess
NBD-GIc or probe 9 from EcBW or EcCBWAampG spheroplasts.
Supernatant fluorescence after one to three washes of spheroplasts which were
incubated with (+) or without (-) NBD-Glc or probe 9. Error bars represent the
standard error of the mean. Data plotted on a logarithmic y-axis.

Quantitation of spheroplast fluorescence indicated a signal ten-fold higher than
background for both the EcBW and EcBWAampG strains (Figure 2.5). Using
fluorescence microscopy, we observed that for both strains NBD-Glc was localized
within the spheroplasts, excluding the possibility that fluorescence originated from
debris- or membrane-associated NBD-Glc (Figure 2.5). We noted that some of the
elongated E. coli, which make up a portion the post-spheroplasting population, also
exhibited significant fluorescence. This is not unexpected since NBD-Glc can pass
through the cell wall and outer membrane.”® A fraction of the spheroplasts and the
elongated E. coli exhibited no fluorescence. Given that that NBD-Glc is used as a
measure of cell viability, these cells likely ruptured during the spheroplasting process.
Cumulatively, these fluorescence data demonstrate the comparable viability of
spheroplasts prepared from the ECBW and EcBWAampG strains, and support their use
as substrate capture vessels to study transport reactions.
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Figure 2.5. Wild-type (EcBW) spheroplasts, but not isogenic ampG-
(EcBWAampG) spheroplasts, are able to internalize probe 9.
A: Fluorescence of EcCBW and EcBWAampG spheroplasts after incubation in the
presence (+) or absence (-) of either NBD-Glc or probe 9. The spheroplasts
uptake NBD-Glc, indicating they are comparably viable. Error bars reflect the
standard error of the mean. B: DIC (left), fluorescence (middle), and overlay
(right) images of EcBWAampG (top) and EcBW (bottom) spheroplasts after
incubation with NBD-Glc; or probe 9 (C). Scale bars indicate 20 uym.

We next examined AmpG-mediated transport of probe 9 using EcBW and
EcBWAampG spheroplasts. As with NBD-Glc, we found that three washes was sufficient
to remove the vast majority of extravesicular probe 9 (Figure 2.4). We saw that only
EcBW spheroplasts internalized probe 9; no significant internalization was seen for
EcBWAampG spheroplasts (Figure 2.5). Parallel examination of NBD-Glc uptake
confirmed comparable viability of the spheroplast preparations. Examination of the post-
assay spheroplasts by fluorescence microscopy revealed probe 9 localized within the
EcBW spheroplasts, whereas no fluorescence was observed within the EcBWAampG
spheroplasts (Figure 2.5). Notably, image acquisition was facile for probe 9 in
comparison to NBD-Glc, as the high photostability of the AF350 fluorophore prevented
photobleaching during imaging, underscoring the utility of probe 9 in quantitative
fluorescence microscopy. Interestingly, some of the elongated EcBW cells were also
capable of internalizing probe 9, suggesting that during spheroplasting their cell walls
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were made permeable while still retaining sufficient structural integrity to maintain the
native rod-shape of the bacterium. Many of the spheroplasts and elongated E. coli
exhibited no fluorescence whatsoever after incubation with probe 9. It is likely that these
cells suffered damage during elongation or spheroplasting, leading to a destruction of
the proton gradient required for the function of AmpG.14316% Together, these quantitative
fluorescence measurements and fluorescence images indicate that internalization of

probe 9 is AmpG-mediated.

2.4.3. Kinetic Measurements of Transport.

We next assessed the kinetics governing the AmpG-mediated transport of probe
9. Since Michaelis-Menten kinetics have been successfully used to describe membrane
transport proteins,'?4170 we applied this model to AmpG-mediated transport. Given the
high concentration of probe 9 outside the spheroplasts, we made the assumption that
loss of probe 9 from the spheroplasts during the uptake phase of the assay was
negligible. To minimize potential export of probe 9 during washing steps (though no
mechanisms for active export of PG recycling fragments are known), manipulations were
performed at 4 °C and samples were kept on ice.''? Given the high polarity of probe 9,
and particularly the negatively charged sulfonic acid of the fluorophore moiety, we
expected that passive diffusion of probe 9 out of the spheroplasts would be negligible.
To establish the Michaelis constant (Ku) for AmpG-mediated transport of probe 9, we
also needed to ensure that the assay does not proceed beyond steady-state conditions,
thus allowing initial rates of internalization to be determined. We therefore evaluated the
time-dependent uptake of probe 9 using 50 pM of the probe and EcBW spheroplasts.
We found that the rate of internalization remained relatively constant over the first 90
minutes of the assay (Figure 2.6). We opted to use a 1-hour incubation for the kinetic
experiments, as this time point is within the linear region for uptake of probe 9 while
being long enough to minimize errors associated with small time variations in sample
handling. As is required for accurate Michaelis-Menten kinetic analysis, we verified that
the substrate concentration does not change appreciably during the course of the assay
by comparing the fluorescence of the spheroplasts after one hour of uptake (~1200
RFU, Figure 2.5) to that of the first supernatant (~27000 RFU, Figure 2.4). In this way we

estimated that only 4% of probe 9 was internalized. Moreover, we noted that the amount
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of probe 9 within the supernatant does not change appreciably with time, and thus the
amount internalized is negligible when compared to the total concentration in the assay
(Figure 2.6). Using these conditions we measured initial rates of probe 9 internalization
by EcBW spheroplasts, and fit the data to the Michaelis-Menten equation to obtain an
apparent Ky (Kwv,app) of 340 £ 50 uM (Figure 2.7). We also determined the Ky app from a
Lineweaver- Burk plot, and found a value matching this one within error (Figure 2.7).
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Figure 2.6. EcBW spheroplasts exhibit linearity in the initial uptake of probe 9,
and the amount of extravesicular probe remains constant.
A: Time course for the uptake of probe 9 into ECBW spheroplasts. A line of best
fit is indicated for the first five time points, up to and including 90 min, to indicate
the approximately linear rate of probe internalization over this period. B:
Supernatant fluorescence from time course remains constant, indicating that only

a small amount of probe 9 is internalized. Error bars represent the standard error
of the mean.
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Figure 2.7. Initial rates of probe 9 uptake by ECBW spheroplasts can be fit to the
Michaelis-Menten equation.
A: Michaelis-Menten fit of the initial rates of uptake for varying probe 9
concentrations, from which an apparent Ku of 340 yM + 50 uM was calculated.
B: Lineweaver-Burk plot of the five highest concentrations from (A). Km from the
negative reciprocal of the x-intercept conforms to the value obtained from the
Michaelis-Menten equation.

Having established that the uptake assay can quantify the kinetics of AmpG-
mediated transport of probe 9, we next tested whether it could be applied to assess the
binding of competitive ligands. Previous work suggested that the disaccharide GIcNAc-
anhMurNAc is transported by AmpG whereas the monosaccharide anhMurNAc is not.143
Thus, we reasoned that GIcNAc-anhMurNAc should interfere with the transport of probe
9 by acting as a competitive substrate for AmpG. Conversely, the monosaccharides
GIcNAc and anhMurNAc should have no impact on the ability of AmpG to transport
probe 9. To test this idea, we incubated EcBW spheroplasts with 50 uM of probe 9 for
one hour in the presence of varying concentrations of GIcNAc-anhMurNAc, GIcNAc, or
anhMurNAc, and quantified the uptake of probe 9. A dose-response curve showed a
decreasing initial rate of probe 9 internalization with increasing GIcNAc-anhMurNAc
concentration, indicating that GIcNAc-anhMurNAc does indeed compete with probe 9 for
AmpG-mediated transport (Figure 2.8). As expected, the rate of probe 9 internalization
was unaffected by the presence of either GIcNAc or anhMurNAc (Figure 2.8). From the
dose-response curve, we obtained an ICso for GIcNAc-anhMurNAc of 78 £ 1 uM. It has
been shown that a competitive binding assay, in which a labelled and unlabelled

substrate compete for a single binding site, can be used to calculate the dissociation
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constant for the unlabelled substrate-enzyme complex (Kiapp).1’* Doing so uses the
Cheng-Prusoff equation, which takes into account the concentration of unlabelled
substrate causing 50% inhibition of the reaction between the enzyme and the labelled
substrate (ICso), the concentration of the labelled substrate (S), and the Michaelis
constant for the labelled substrate-enzyme complex (Kw).2’%172 This method to establish
a K value is convenient as it requires neither parallel determination of Vmax, nor
simultaneous variation of inhibitor and substrate concentrations. With the obtained ICso
value along with the concentration of probe 9 used in the assay (50 uM) and the Kw,app
for probe 9 with respect to AmpG, we calculated a K app of 70 £ 10 uM using the Cheng-
Prusoff equation.’’? Since the binding of GIcNAc-anhMurNAc-peptides to AmpG has
been proposed to depend primarily on the disaccharide moiety, one would expect that
both probe 9 and GIcNAc-anhMurNAc should have a similar affinities for AmpG. Indeed,
this appears to be the case as the apparent Michaelis constant for the probe 9-AmpG
complex (Kmapp = 340 £ 50 uM) is similar to the apparent inhibition constant of the
disaccharide-AmpG complex (Kiapp = 70 £ 10 pM). The 5-fold difference may be
attributable to the pendant fluorophore of probe 9.
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Figure 2.8. Uptake of probe 9 by EcBW spheroplasts is inhibited by the
competing substrate GIcNAc-anhMurNAc.
A: Dose-response curve indicating inhibition of AmpG-mediated uptake of probe
9 by the competing substrate GIcNAc-anhMurNAc, from which an ICso of 78 + 1
MM was determined. B: Monosaccharides GIcNAc and anhMurNAc have no
impact on the AmpG-mediated transport of probe 9.
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2.4.4. Transport by P. aeruginosa AmpG Homologues.

Two P. aeruginosa (Pa) proteins, Pa4393 (Pa-AmpG), and Pa4218 (Pa-AmpP)
have recently been shown to have 45% and 41% sequence identity, respectively, to E.
coli AmpG.**! Moreover, analysis of their topology shows 14 and 10 transmembrane
helices for Pa-AmpG and Pa-AmpP respectively, lending support to their putative roles
as membrane localized sugar transporters.’3 Despite their similarity to E. coli AmpG and
their topological resemblance to transport proteins, Pa-AmpG and Pa-AmpP share only
19% sequence identity, suggesting they may not have redundant functions.*®! Previous
studies report that Pa-AmpG contributes to maintaining intrinsic 3-lactam resistance in P.
aeruginosa. Specifically, Pa-AmpG was found to complement ampG knockouts in both
P. aeruginosa and E. coli,'*! and to allow maximum expression of B-lactamase AmpC.173
However, the role of Pa-AmpP is less clear, with contradictory reports in the literature
regarding its involvement in AmpC expression.'51:153173 To define the roles of Pa-AmpG
and Pa-AmpP in mediating transport of GIcNAc-anhMurNAc peptidoglycan fragments
and in AmpC-mediated resistance to B-lactam antibiotics, we performed AmpG
transport assays using probe 9 and spheroplasts transformed with these P. aeruginosa

transporters.

We cloned Pa-AmpG and Pa-AmpP fused to V5 and Hiss tags into the pBAD
vector (pBAD-Pa-AmpG-V5His-Km and pBAD-Pa-AmpP-V5His-Km) to enable inducible
expression in E. coli. For reasons unknown, EcBW transformed with either of these two
plasmids would not induce AmpC when co-transformed with a plasmid-borne ampR-
ampC operon. However, E. coli strain MG1655 (EcMG) accommodates this co-
expression system and allowed us to evaluate the function of Pa-AmpG and Pa-AmpP
using both probe 9 and AmpC induction assays within a single E. coli strain (see below).
As a host for the uptake assay with probe 9 we used an ampG- strain (ECMGAampG).
Both Pa-AmpG and Pa-AmpP expressed well using the pBAD system in ECMGAampG,
and the amount of protein expressed was dependent on the inducer concentration
(Figure 2.9).
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Figure 2.9. Expression of V5His tagged Pa-AmpG and Pa-AmpP in native
EcMGAampG is dependent on the dose of inducer.

Spheroplasting of EcMGAampG was carried out similarly to the EcCBW strains
(see Experimental Section). Interestingly, the presence of kanamycin as a selection
antibiotic prevented cephalexin from having an effect on the cells, even when the
cephalexin concentration was increased from 6 to 300 pg/mL. As a result of the impaired
function of cephalexin in the presence of kanamycin, the E. coli reached a maximum
elongation of 5 ym instead of the typical 50 um, although cell division was not impeded
as the OD600 steadily increased. This result was unexpected as kanamycin is an
aminoglycoside antibiotic which inhibits protein synthesis, and so it is unknown how it
imparts apparent resistance to cephalexin (a p-lactam) which was lethal at 50 yg/mL in
the absence of kanamycin. Nevertheless, we were able to monitor spheroplast formation
from these 5 um cells, which were more stable to the spheroplasting conditions than the
50 um cells as significantly less lysis was observed. Cellular fractionation of the
spheroplasts followed by immunoblot revealed that the inner membrane fraction was
enriched in Pa-AmpG and Pa-AmpP, indicating proper targeting of the proteins under
spheroplasting conditions (Figure 2.10). As is typical for membrane proteins, both Pa-
AmpG and Pa-AmpP migrated slightly further during electrophoresis than was predicted

by their molecular weight.'”# (Figure 2.9, Figure 2.10).
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Figure 2.10. EcMGAampG spheroplasts expressing V5His tagged Pa-AmpG (G)
or Pa-AmpP (P) have the proteins properly targeted to the
membrane.

Knowing the P. aeruginosa transporters are properly expressed in spheroplasts,
we next carried out the AmpG transport assay as was done for the EcCBW strains. We
made a slight modification to our previous procedure in that we doubled the spheroplast
concentration, as well as duration of incubation with probe 9. This was in an attempt to
compensate for the modest expression levels we observed for Pa-AmpG. As with ECBW,
analysis of the washing procedure indicated that a negligible amount of either NBD-Glc

or probe 9 was found in the supernatant after three washes (Figure 2.11).
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Figure 2.11. Three washes were sufficient to remove the vast majority of excess
NBD-GIc or probe 9 after incubation with ECMGAampG spheroplasts
bearing the empty vector, or V5His tagged Pa-AmpG or Pa-AmpP.
Supernatant fluorescence after one to four washes of ECMGAampG spheroplasts
bearing the empty vector or tagged Pa-AmpG or Pa-AmpP which were incubated
with (+) or without (-) NBD-Glc or probe 9. Error bars represent the standard error
of the mean. Data plotted on a logarithmic y-axis.

Regardless of whether the ECMGAampG spheroplasts were transformed with an

empty vector (pBAD322-V5His-Km), or one expressing Pa-AmpG or Pa-AmpP, NBD-Glc
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was internalized to the same extent indicating comparable viability (Figure 2.12).
However, only the spheroplasts expressing Pa-AmpG were able to internalize probe 9;
negligible probe 9 internalization was observed for spheroplasts expressing Pa-AmpP or
those transformed with empty vector (Figure 2.12). The inability of Pa-AmpP to transport
probe 9 does not stem from poor expression, since it is more highly expressed than is
Pa-AmpG (Figure 2.10). These results were corroborated by fluorescence microscopy,
which shows that ECMGAampG spheroplasts bearing any of the three vectors became
fluorescent after incubation with NBD-Glc (Figure 2.12), whereas only the spheroplasts
expressing Pa-AmpG were fluorescent after incubation with probe 9 (Figure 2.12).
These results indicate that only Pa-AmpG, but not Pa-AmpP, can transport probe 9,
suggesting that Pa-AmpG, but not Pa-AmpP, codes for a functional transporter of the

disaccharide GIcNAc-anhMurNAc in P. aeruginosa.
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Figure 2.12. Spheroplasts of ampG~ E. coli (EcCMGAampG) transformed with Pa-

AmpG, but not with Pa-AmpP or an empty vector, are able to
internalize probe 9.
A: Fluorescence of EcMGAampG spheroplasts carrying an empty vector, or
expressing V5His tagged Pa-AmpG or Pa-AmpP, after incubation in the
presence (+) or absence (-) of either NBD-Glc or probe 9. The spheroplasts
uptake NBD-Glc, indicating they are comparably viable. Error bars reflect the
standard error of the mean. B: DIC (top), fluorescence (middle), and overlay
(bottom) images of EcMGAampG spheroplasts transformed with the empty
vector (right), or plasmids allowing the expression of Pa-AmpG (centre), or Pa-
AmpP (left), after incubation with NBD-Glc; or probe 9 (C). Scale bars indicate 20
pm.

We corroborated the results of the uptake assay using an AmpC induction
experiment that examined the ability of untagged Pa-AmpG (pBAD-Pa-AmpG-Km) and
Pa-AmpP (pBAD-Pa-AmpG-Km) to complement an ampG- strain (EcMGAampG). EcMG
and EcMGAampG were transformed with a plasmid harboring the ampR-ampC operon
from C. freundii to enable monitoring of AmpC induction.**® As controls, ECMG and

EcMGAampG were co-transformed with empty vector (pBAD322-Km), and after



exposure to the AmpC-inducer cefoxitin EcCMG exhibited dramatically higher AmpC
activity than did EcMGAampG (Figure 15). This observation confirmed that E. coli AmpG
is required for AmpC induction. Co-transformation of ECMGAampG with the plasmid
expressing Pa-AmpG resulted in induction of AmpC in a manner dependent on the
amount of Pa-AmpG expressed — heightened expression of Pa-AmpG from the pBAD
promotor lead to heightened levels of AmpC activity (Figure 15). Conversely, co-
transformation of ECMGAampG with the plasmid expressing Pa-AmpP resulted in no
AmpC induction, regardless of the amount of Pa-AmpP expressed (Figure 15). These
data indicate that Pa-AmpP is not involved in AmpC induction. Coupled with the results
of the transport assay (Figure 2.12), we suggest that this is due to Pa-AmpP being
unable to transport peptidoglycan fragments akin to probe 9 that are precursors to
AmpC-inducer molecules.
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Figure 2.13. P. aeruginosa Pa-AmpG but not Pa-AmpP is able to complement
ampG~ E. coli (EcMGAampG).
All E. coli strains were transformed with a plasmid bearing the C. freundii ampR-
ampC operon. When transformed with empty vector, wild-type E. coli (EcMG,
gray), but not an isogenic ampG- strain (EcMGAampG, white), is capable of
expressing AmpC when treated with cefoxitin. A: Transformation of
EcMGAampG with untagged Pa-AmpG (black) rescues AmpC expression in a
manner dependent upon the amount of Pa-AmpG expressed. B: Transformation
of EcMGAampG with untagged Pa-AmpP (black) is unable to rescue AmpC
expression regardless of the amount of Pa-AmpP expressed. AmpC activity
given in nanomoles of nitrocefin hydrolyzed per minute per mg protein. Error bars
represent standard deviations.
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2.5. Conclusions and Future Work

Chemical synthesis of a GIcNAc-1,6-anhydroMurNAc-fluorophore conjugate
(probe 9), in conjunction with adaptation of methods used in electrophysiology to
generate E. coli spheroplasts,'®” enabled us to develop a quantitative fluorescence-
based transport assay of AmpG proteins. AmpG transporters are ubiquitous among
Gram-negative bacterial®115215415%6 gnd play a critical role in PG metabolism and in
providing resistance against B-lactam antibiotics.'5>17> Surprisingly, this assay, to our
knowledge, is only the second fluorescent transport assay developed using a
carbohydrate-based substrate,”® and the first for a periplasmic transporter. Importantly
the assay is convenient, allowing facile kinetic analysis of AmpG without the prohibitively
complex preparation or radiation safety concerns present in quantitative transport

assays of other permeases.?4170

We expect this assay can be used generally, in conjunction with engineered
bacterial strains, to assess the activity of AmpG homologues from other bacteria. We
demonstrated this possibility by concluding that P. aeruginosa AmpG (Pa-AmpG), but
not Pa-AmpP, transports GIcNAc-anhMurNAc-peptides that lead to induction of AmpC (3-
lactamase, a finding supported by complementation experiments using ampG- E. coli
harboring an ampR-AmpC operon. These data clarify previous conflicting observations
surrounding the activity of Pa-AmpP, which were based solely on bacteriological

studies.151.173

We further expect that adaptation of spheroplasting procedures, as we have
done for E. coli strains, will enable examination of AmpG transport function directly in
other bacterial species. This will afford a more accurate understanding of AmpG function
and the PG recycling pathway, as endogenous molecular effectors will be in place within
the live bacterial spheroplasts. Additionally, this spheroplast-based assay may be
adapted to study other periplasmic transporters, so long as a fluorescent analogue of the
natural substrate is both tolerated and synthetically accessible. Of particular interest
would be examining PG recycling within Gram-positive bacteria, which appear to lack
AmpG homologues but for which PG recycling plays a crucial role in the bacterial life

cycle and has also been recently linked to B-lactam antibiotic resistance.75-178
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This spheroplast-based assay also enabled us to observe inhibition of AmpG-
mediated transport of probe 9 by GIcNAc-anhMurNAc. Given this observation we
anticipate that, with minor adjustments such as reducing the sample handling steps by
employing a rapid-filtration method,’° the assay could prove useful in high throughput
screening of libraries to identify compounds that could serve as AmpG inhibitors.
Moreover, improved knowledge of AmpG-substrate interactions could be accessed
through this assay, and would aid in the rational design of such inhibitors. Indeed,
analogues of GIcNAc-anhMurNAc may themselves prove to be potent inhibitors of
AmpG transporters. Accordingly, this spheroplast-based transport assay may not only
prove useful in understanding this important class of inner membrane transporters, but
could also aid in the identification and characterization of compounds to combat AmpC-

mediated B-lactam antibiotic resistance.

2.6. Experimental Section

2.6.1. Synthetic Procedures for Key Chemical Compounds.

Compound 8. To a mixture of 7 (40 mg, 0.0836 mmol) and benzyl 2-
aminoethylcarbamate (19.5 mg, 0.100 mmol) in DMF (2 mL) was added HBTU (47.6 mg,
0.126 mmol) and DIPEA (43.7 uL, 0.251 mmol). This mixture was stirred overnight at
room temperature, concentrated by rotary evaporation, and purified by silica-gel flash
column chromatography (6:3:1 EtOAc:MeOH:H;0O) to give 8 (27 mg, 0.0418 mmaol,
50%).

1H NMR (600 MHz, CDsOD) &: 7.33 — 7.25 (m, 5H), 5.24 (s, 1H), 5.04 (g, J =
12.5, 2H), 4.54 (d, J = 5.4, 1H), 4.45 (d, J = 8.4, 1H), 4.14 (d, J = 7.5, 1H), 4.05 (g, J =
6.8, 1H), 3.97 (s, 1H), 3.87 (dd, J = 11.9, 1.9, 1H), 3.79 (s, 1H), 3.76 — 3.70 (m, 1H), 3.68
—3.63 (M, 2H), 3.47 (s, 1H), 3.41 (dd, J = 10.5, 8.2, 1H), 3.37 — 3.33 (m, 1H), 3.32 (s,
1H), 3.31-3.30 (m, 1H), 3.25 (dd, J = 9.7, 3.8, 3H), 2.02 (s, 3H), 2.00 (s, 3H), 1.32 (d, J
= 6.8, 3H); 3C NMR (151 MHz, CD;OD) &: 176.05, 174.90, 173.52, 158.98, 138.35,
129.53, 129.04, 128.96, 102.05, 101.88, 79.61, 78.26, 77.58, 75.41, 75.32, 74.65, 72.07,
67.53, 65.84, 62.69, 57.14, 49.05, 41.24, 39.98, 23.50, 22.68, 18.83; HRMS: m/z calcd
for CasHasN4O1s* [M+H]*: 655.2821, found 655.2823.
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GlcNAc-anhMurNAc-AF350 (9). To a solution of 8 (12 mg, 0.018 mmol) in
MeOH (5 mL) was added 10% Pd/C (10 mol%), and H, was bubbled into the reaction at
room temperature. After 4 hr, the reaction mixture was filtered and the filtrate was
concentrated by rotary evaporation. To this residue (10 mg, 0.019 mmol) in anhydrous
DMF (2 mL) at 0 °C was added AF350 (5 mg, 0.012 mmol) and DIPEA (3.2 uL, 0.018
mmol). The solution was allowed to slowly warm to room temperature and was stirred
overnight, after which concentration by rotary evaporation and purification by silica-gel
flash column chromatography (7.4:1.6:1 EtOAc:MeOH:H20) gave 9 (5.9 mg, 0.00732
mmol, 40%).

1H NMR (600 MHz, CD30D) &: 8.03 (s, 1H), 6.55 (s, 1H), 5.25 (s, 1H), 4.41 —
4.39 (m, 2H), 4.01 (q, J = 6.7, 1H), 3.94 (d, J = 7.5, 1H), 3.87 — 3.81 (m, 2H), 3.66 (ddd,
J=17.4,15.6, 7.1, 3H), 3.57 — 3.51 (m, 4H), 3.44 (dd, J = 11.7, 6.8, 2H), 3.38 — 3.31 (m,
2H), 3.29 (d, J = 0.6, 4H), 2.37 (s, 3H), 1.98 (s, 4H), 1.96 (s, 3H), 1.30 (d, J = 6.7, 4H);
13C NMR (151 MHz, CD3;0D) &: 176.04, 174.97, 173.40, 173.30, 164.22, 156.43, 152.58,
150.34, 126.85, 126.70, 115.68, 110.83, 102.20, 102.07, 101.94, 79.21, 78.12, 77.26,
75.85, 75.35, 74.78, 72.06, 65.83, 62.68, 57.21, 49.05, 40.12, 39.87, 35.41, 23.49,
22.67, 18.65, 15.54; HRMS: m/z calcd for Cs3HseNsO17;S* [M+H]*: 816.2604, found
816.2601.

2.6.2. Preparation of Bacterial Strains and Spheroplasts

Bacterial strains and culture conditions. For routine cloning and plasmid
propagation, DH5a (F- ®80lacZAM15 A(lacZYA-argF) U169 recAl endAl hsdR17(r,
mi*) phoA supE44 thi-1 gyrA96 relA1 A) or TOP10 (F- mcrA A( mrr-hsdRMS-mcrBC)
®80lacZAM15 A lacX74 recAl araD139 A(araleu)7697 galU galK rpsL (StrR) endAl
nupG) were used as hosts. E. coli BW25113 (CGSC No. 7636) and MG1655 (CGSC No.
6300) were utilized for gene modification and was obtained from the Coli Genetic Stock
Centre (Yale University, New Haven, CT, USA). Pseudomonas aeruginosa PAO1 was
used for chromosomal DNA isolation and was generously provided by Dr. A. Oliver
(Instituto Universitario de Investigacién en Ciencias de la Salud (IUNICS), Palma de
Mallorca, Spain). If not otherwise stated, cells were grown aerobically in LB medium (10

g/L tryptone, 5 g/L yeast extract, 5 g/L sodium chloride) with the following additions: 150
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pg/mL ampicillin, 35 pg/mL kanamycin and/or 35 pg/mL chloramphenicol and 0.2% (w/v)
arabinose. For B-lactamase assays, the cells were grown in MOCA supplemented with 1
pg/mL thiamine, 50 pg/mL uracil, 35 pg/mL chloramphenicol, 70 pg/mL kanamycin, 0.5%

(v/v) glycerol and arabinose at the indicated concentration.

Deletion of E. coli AmpG from the chromosome of BW25113 and MG1655.
Wild-type E. coli BW25113 (CGSC No. 7636) and its isogenic AampG790::kan derivative
(CGSC No. 8587, Keio Collection No. JW0423-1) were obtained from the Coli Genetic
Stock Center. The kanamycin resistance gene of the mutant was eliminated via
recombination between the flanking FRT sites using FLP recombinase supplied by the
chloramphenicol and ampicillin resistant, temperature-sensitive plasmid, pCP20. This
plasmid was subsequently cured by growth at 42 °C and the strain was tested for loss of
all antibiotic resistance determinants. Chromosomal deletion of the ampG gene in E. coli
MG1655 (CGSC No. 6300) was carried out using the strategy as described.'” Briefly,
PCR products were amplified using primers ECAAMPGEF: 5-
GATTACTACAGCTAAATAATATTTACAGATTACGTCAGATGCGTTTTTCGattccggggat
ccgt-cgacc-3' and ECAAMPGR: 5-TTAATTTCTGCCCTCTGGCCCGGTGCAAGCCG-
GGCCTGTAGACGCCCATGtgtaggctggagctgcettcg-3° and Phusion High Fidelity DNA
polymerase as specified by the manufacturer. These primers were designed to have 20
nucleotide C-terminal ends for priming the FRT sites flanking the kanamycin resistance
cassette in pKD13 (lower case letters) and 50 nucleotide ends homologous to the
regions upstream and downstream of the targeted gene deletion (upper case letters).
Chromosomal integrands were selected as kanamycin resistant colonies after
electroporation of the PCR product into MG1655 harbouring the ampicillin resistant ARed
expression plasmid, pKD46. The kanamycin resistance gene was then eliminated using
pCP20 as described above. The presence of the null deletion in both strains was verified
by PCR amplification using the primers ECAMPGF: 5'-
GACAACCATCCCAAACTTTTAT-TGTATTTCCTG-3 and ECAMPGR 5-
CGTCACCGTAAGCATTAATGGTGC-3..

Construction of pBAD-Pa-AmpG-Km and pBAD-Pa-AmpP-Km. Phusion High
Fidelity DNA polymerase was used to PCR amplify the ampG (Pa4393) and ampP

(Pa4218) ORFs utilising chromosomal DNA isolated from Pseudomonas aeruginosa
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PAOl1 as described.’®® Primers used for amplification were PA4393F: 5'-
GATATAQgaattcaCCATGACTCAGCAATCCTGGCGAGAG-3' (an introduced EcoR1 site
is in lower-case letters)  and PA4393R: 5-CTATATaagcttTCAGTGC-
TGCTCGGCGTTCTG-3’ (an introduced Hindlll site is in lower case letters), and
PA4218F: 5'-GATATAgaattcaCCA-TGCTTGAGCTGTAC-3’ (an introduced EcoR1 site is
in lower-case letters) and PA4218R: 5-CTATATaagcttTCAGGCCTCTTCCGCCCG-3’
(an introduced Hindlll site is in lower-case letters), respectively. The purified PCR
products were then directionally cloned into pBAD322-Km under the arabinose-
inducible, glucose-attenuable Pgap promoter, as EcoR1/ Hindlll fragments and the
fidelity of the inserts was confirmed by DNA sequencing at the Toronto Hospital for

SickKids, Centre for Applied Genomics, DNA Sequencing/Synthesis Facility.

Construction of pBAD-Pa-AmpG-V5His-Km and pBAD-Pa-AmpP-V5His-Km.
Initially, a fragment containing the C-terminal V5 epitope and six histidine tag, together
with the downstream rrmB T; and T, transcriptional terminators was amplified by PCR
utilizing pBAD-TOPO/lacZ/V5-His plasmid DNA as a template. Primers V5HISF: 5'-
GATATAaagcttGGTAA-GCCTATCCCTAAC-3’ (an introduced Hindlll site is in lower-
case letters) and V5HISR: 5-CTATATtcatgaGAGTTTGTAGAAACGCAAAAAG-3 (an
introduced BspH1 site is in lower-case letters) were used, as well as Phusion High
Fidelity DNA polymerase under the reaction conditions as suggested by the
manufacturer. The resulting purified PCR product was then cloned into pPBAD322-Km®
expression vector as a Hindlll /BspH1 fragment vyielding the pBAD322-V5His-Km
construct. pBAD-Pa-AmpG-V5His-Km and pBAD-Pa-AmpP-V5His-Km were generated
essentially as described above, but the reverse primers used for PCR amplification
(AMPGV5HISR: 5-CTATATaagcttGTGCTGCTCGGCGTTCTG-3' and AMPPV5HISR:
5-CTATATaagcttGG-CCTCTTCCGCCCG-3’) were designed to eliminate the native stop
codon of both ORFs to preserve reading through the C-terminal V5 epitope and six
histidine tags provided by the pBAD322-V5His-Km vector. DNA sequencing at the
Toronto Hospital for SickKids, Centre for Applied Genomics, DNA Sequencing/Synthesis

Facility, confirmed the fidelity of all inserts.

Preparation of spheroplasts. The protocol was adapted from a previously
published procedure.'®” For the BW25113 strains, cultures of EcBW or EcCBWAampG
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were prepared in lysogeny broth (LB) and grown aerobically overnight at 37 °C. The
next day, the cells were inoculated, 1/100, into 400 mL of LB and allowed to grow at 37
°C, until the OD600 reached ~ 0.5 - 0.6. To 1 L of LB, pre-heated to 42 °C, was added:
120 mL of OD600 0.5 - 0.6 culture, and 7.2 mL of 2 mg/mL (EcBW) or 1 mg/mL
(EcBWAampG) cephalexin. The cells were further incubated at 42 °C until they had
elongated to 25 — 50 ym as determined by differential interference contrast (DIC)
microscopy using an Axioskop 2 Plus microscope. The cultures were then centrifuged at
3000 rcf at 4 °C for 10 min and the resulting pellets resuspended in 100 mL of 0.8 M
sucrose. For spheroplasting, the following reagents were added in the indicated order: 6
mL of 0.2 M Tris pH 7.2, 4.8 mL of 1 mg/mL lysozyme, 2 mL deionized water and 6 mL
of 0.025 M EDTA. Once spheroplast formation was complete, as monitored by DIC
microscopy, 40 mL of ice-cold stop solution (87.5% 0.8 M sucrose, 9.5% deionized
water, 2% 1 M MgCl,, 1% 1 M Tris pH 7.2) was added, followed by 280 mL of dilution
solution (98% 0.8 M sucrose, 1% MgCl,, 1% 1 M Tris pH 7.2). The spheroplast
suspensions were then centrifuged at 2000 rcf at 4 °C for 25 min, washed once with 5
mL of dilution solution, and then resuspended to homogeneity in dilution solution to a
concentration of 0.4 - 0.5 g/mL. In the case of MG1655, overnight cultures of
EcMGAampG transformed with either pBAD322-V5His-Km, pBAD322-Pa-AmpG-V5His-
Km, or pBAD322-Pa-AmpP-V5His-Km, were carried out in the presence of 35 ug/mL
kanamycin. The next day, the cells were inoculated, 1/50, into 500 mL LB and allowed to
grow at 28 °C until the OD600 reached ~ 0.6 - 0.7. To induce expression, the cells were
grown an additional 4 hr at 28 °C in the presence of 0.2% L-arabinose. During the last
hour of induction 6 pg/mL of cephalexin was added, after which the cells harvested by
centrifugation and spheroplasts were prepared essentially as described above. The

spheroplast stocks were stored at 4 °C and used within 48 hours.

2.6.3. Assays and Kinetics

Transport of probe 9 by native ECBW and EcBWAampG E. coli. Wild-type or
isogenic ampG- BW25113 E. coli (EcBW or EcCBWAampG) were grown until the OD600
reached ~ 0.5 - 0.6, as described in the ‘Preparation of Spheroplasts’ portion of the
Experimental Section. To 1 L of LB, preheated to 37 °C, was added 120 mL of OD600

0.5 - 0.6 culture. The cells were grown aerobically at 37 °C for 1 hr, centrifuged at 3000
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rcf at 4 °C for 10 min, and resuspended to homogeneity in dilution solution to a
concentration of 0.25 g/mL. The resuspended bacteria was stored at 4 °C. The next day
200 pL of 0.25 g/mL EcBW or EcBWAampG was added to microcentrifuge tubes, and
the solution was brought up to 250 uL with dilution solution. The experiment was initiated
by the addition of 100 yL of 175 yM probe 9. Blanks were prepared in which dilution
solution was added in place of probe 9. Tubes were mixed by inversion several times,
then incubated for 1 or 3 hr at 25 °C in the dark using a digital heatblock. Final reaction
conditions were: 350 upL; 50 uyM probe 9, and 0.15 g/mL E. coli. Post-experiment

washing and fluorescence quantitation was performed as described below.

Uptake assay for probe 9 and NBD-Glc. Experiments were carried out in
duplicate using EcBW and EcBWAampG spheroplasts, or with spheroplasts derived
from EcCMGAampG transformed with the indicated expression plasmid. Briefly, 50 pL of
0.4 g/mL (EcBW) or 100 pL of 0.4 g/mL (EcMG) spheroplasts were added to
microcentrifuge tubes and the volume was brought up to 250 pL with dilution solution.
The assay was then initiated by the addition of 100 uL of 175 uM probe 9, or of 1.5 mM
NBD-Glc. Blanks were prepared in which dilution solution was added in place of the
fluorescent compound. The tubes were mixed by inversion several times, then
incubated for 1 hr (EcBW) or 2 hr (EcMG) at 25 °C in the dark using a digital heatblock.
Final reaction conditions were: 350 pL; 50 uM probe 9 or 430 yM NBD-GIc, and 0.06
g/mL (EcBW) or 0.12 g/mL (EcMG) spheroplasts. Post-assay spheroplast washing and

fluorescence quantitation was performed as described below.

Time course of probe 9 uptake by ECBW spheroplasts. The experiment was
carried out in duplicate using EcBW spheroplasts. In brief, 50 yL of 0.25 g/mL
spheroplasts were added to microcentrifuge tubes, followed by the addition of 50 uL of
100 uM probe 9 in dilution solution, beginning with those tubes corresponding to the
longest time points. Blanks contained dilution solution in place of probe 9. The tubes
were inverted several times to mix, and were incubated for O, 5, 10, 30, 60, 90, 120, and
240 minutes at 25 °C in the dark using a digital heatblock. Final reaction conditions
were: 100 pL; 50 yM probe 9, and 0.125 g/mL spheroplasts. Post-assay spheroplast

washing and fluorescence quantitation was performed as described below.
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Michaelis-Menten kinetic evaluation of the uptake of probe 9. The
experiment was carried out in singlicate using spheroplasts derived from EcBW. In
microcentrifuge tubes, a series of probe 9 concentrations was obtained via three-fold
serial dilution, from a 900 uM stock, into a final volume of 100 uL of dilution solution.
Then the assay was initiated by the addition of 50 uL of 0.5 g/mL spheroplasts. The
tubes were inverted several times to mix and were incubated for 1 hr at 25 °C in the dark
using a digital heatblock. Final reaction conditions were: 150 yL; 600 uM to 0 uM probe
9, and 0.17 g/mL spheroplasts. Post-assay spheroplast washing and fluorescence

guantitation was performed as described below.

Competitive inhibition of probe 9 uptake by GIcNAc-anhMurNAc. The
experiment used EcBW spheroplasts, and was carried out in singlicate with GIcNAc or
anhMurNAc, or in triplicate with GIcNAc-anhMurNAc. In microcentrifuge tubes, a range
of concentrations was initially prepared by four-fold dilution of GIcNAc or anhMurNAc, or
three-fold dilution of GIcNAc-anhMurNAc, in 100 pL of dilution solution. Then, 50 uL of
200 uM probe 9 in dilution solution was added and the competitive assay was initiated
by the addition of 50 uL of 0.52 g/mL EcBW spheroplasts. Blanks contained dilution
solution in place of probe 9. The tubes were then mixed by inversion and were incubated
for 1 hr at 25 °C in the dark using a digital heatblock. Final reaction conditions were: 200
ML; 1 mM to 0 mM GIcNAc or anhMurNAc, or 1.5 mM to 0 mM GlcNAc-anhMurNAc; 50
MM probe 9; 0.13 g/mL of spheroplasts. Post-assay spheroplast washing and

fluorescence quantitation was performed as described below.

Spheroplast washing and fluorescence quantitation. After incubation of
spheroplasts with labeled substrate, each tube was placed on ice and 1 mL of ice-cold
dilution solution was added in the same order in which the experiment in question was
initiated. The tubes were then centrifuged at 2000 rcf at 4 °C for 20 min, and the
supernatants were withdrawn using a syringe equipped with an 18 gauged needle and
stored on ice for later fluorescence testing. The syringe was subsequently washed twice
with water after finishing with one set of tubes (i.e. blank, NBD-Glc, or probe 9). Dilution,
centrifugation, and supernatant withdrawal was repeated two additional times to wash
away remaining extracellular fluorogenic substrate for ECBW, or three additional times

for ECMG, and the final washed pellets were vortexed to homogeneity in 200 pL of
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dilution solution. To a black 96-microwell plate was added 150 uL of each spheroplast
suspensions and the supernatant. Fluorescence was quantified at 25 °C with
excitation/emission wavelengths of 350/450 nm for probe 9, and 475/535 nm for NBD-
Glc. Data was acquired using a Synergy 4 microplate reader, reported in relative

fluorescence units (RFU), and was analyzed using Gen5 and Graphpad software.

B-lactamase assays. EcMGAampG bearing the plasmid-borne Citrobacter
freundii ampR-ampC operon?*® transformed with either pBAD-Pa-AmpG-Km or pBAD-
Pa-AmpP-Km were grown at 37 °C with vigorous aeration in MOCA containing 1 pg/mL
thiamine, 50 pg/mL uracil, 35 yg/mL chloramphenicol, 70 yg/mL kanamycin and 0.5%
(v/v) glycerol until the OD600 reached approximately 0.4. L-arabinose was then added
at the specified concentration and the cells were grown at 23 °C for 1.5 hr. To induce
ampR-ampC expression, the cultures were supplemented with 16 pug/mL cefoxitin and
were grown for an additional 1.5 hr at 23 °C. Crude sonic lysates were then prepared as
described previously'#®18l and B-lactamase specific activity was determined using a
continuous assay procedure that follows the linear rate of liberation of 2,4-
dinitrophenolate from nitrocefin,'®? as determined by measuring the absorption at 486
nm. The experimental mixture contained 100 puL of PBS and 1 uL of an appropriately
diluted lysate. The reaction was then initiated by the addition of 100 yM nitrocefin and
monitored at room temperature for 5 min. The B-lactamase specific activity is expressed
in nanomoles of nitrocefin hydrolyzed per min per mg protein. Wild-type EcMG and
EcMGAampG transformed with “empty” pBAD322-Km?'83 served as positive and negative
controls. Protein concentrations of the supernatants were quantified by the Bradford

assay using bovine gamma globulin as the standard.

2.6.4. Other Techniques.

Dose-dependent expression of V5His tagged Pa-AmpG and Pa-AmpP.
Overnight cultures of ECMGAampG transformed with the pBAD-Pa-AmpG-V5His-Km or
pBAD-Pa-AmpP-V5His-Km were inoculated, one in fifty, into 3.0 mL of the LB containing
35 pg/mL kanamycin, and grown at 28 °C until the optical density at 600 nm reached
approximately 0.4. To induce expression, L-arabinose was added at the indicated

concentration and the cultures were grown at 28 °C for an additional three hours. The
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cells were then pelleted by centrifugation at 6,000 rcf at 4 °C for 5 min, washed once
with PBS, resuspended in lysis buffer containing 50 mM Tris-HCI (pH 8.0), 150 mM
NaCl, 1% Triton-X-100, 100 pg/mL lysozyme, 50 pg/mL DNase, 0.1 mM PMSF and 0.5
mM TCEP, then mixed by end-over-end rotation for 1 hr at 4 °C. The cellular debris was
subsequently removed by centrifugation at 12,000 rcf at 4 °C for 30 min, and the
supernatants, which contained solubilized membranes, were analysed by Western blot
analysis as described in the Experimental Section. Protein concentrations were

guantified by the Bradford assay using bovine gamma globulin as the standard.

Spheroplast fractionation. Approximately 60 mg of spheroplasts were collected
by centrifugation at 2,000 rcf at 4 °C for 5 min, washed once in dilution solution
containing 0.5 mM TCEP and 0.1 mM PMSF, resuspended in the same buffer,
supplemented with 1% Triton-X-100 and 0.1% SDS, then mixed by end-over-end
rotation for 1 hr at room temperature. The suspensions were then pelleted by two
consecutive spins at 16,000 rcf at 4 °C for 20 min and the resulting supernatants
containing solubilized membrane protein were retained. The final pellets, representing
the insoluble fraction, were resuspended in 300 pL of dilution solution, sonicated three
times at 50% duty cycle, six second bursts, with 10 seconds of incubation on ice
between each burst. Western blot analysis was performed as described in the
Experimental Section. The Protein concentration of all fractions was quantified by the

Bradford assay using bovine gamma globulin as the standard.

Western blot analysis. 50 ug of total protein in a final volume of 20 uL was
mixed with 20 pL of standard 2X loading buffer and heated at 37 °C for 15 min. Proteins
were resolved on 12% polyacrylamide gels and transferred onto Immobilin-P PVDF
Western blotting membrane using the Bio-Rad Mini-Trans-Blot Electrophoretic Wet
Transfer Cell according to the manufacturer's instructions. The membranes were
blocked overnight at 4 °C in 5% skim milk powder dissolved in 1X TBS (2.4 g/L Tris, 8.8
g/L NaCl, pH 7.4), then washed twice in 1X TBS for 5 min, prior to incubation in the
presence of mouse a-V5-HRP conjugate at a dilution of 1:5000 in 1% skim milk powder
dissolved in 1X TBS for 1 hr at room temperature. The blots were then rinsed four times
in 1X TBS containing 0.05% Tween-20 for 10 min at room temperature and

immunoreactive proteins were detected using Luminata Forte Western HRP
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Chemiluminescent substrate, as recommended by the supplier. Fluorchem 8900 was

used to obtain the resulting signal.

Microscopy. Images of post-assay spheroplasts were captured using an
Axioskop 2 Plus light microscope equipped with an Axiocam camera, and were
processed using Axiovision software. Fluorescence images were obtained using a
Colibri LED light source. A 2 sec exposure was used in all fluorescence images for
comparability. For the NBD-GIc images, brightness was adjusted post-capture, as
fluorescence intensity rapidly decayed on excitation. Identical brightness settings were
used for all NBD-Glc fluorescence images for comparability. Excitation wavelengths of
365 nm and 470 nm were used for probe 9 and NBD-Glc, respectively. Both DIC and

fluorescence images were captured at 1000 times magnification.
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Chapter 3.

Development of Quenched Fluorescent Substrates
for Monitoring O-GIcNAcase Activity in Living
Systems

3.1. Abstract

Despite being invaluable for assessing the kinetics of enzyme substrates and
inhibitors and for screening compound libraries for modulators of enzyme activity, in vitro
assays are nevertheless limited in the information they supply. This is a result of in vitro
assays providing neither an accurate measure of native spatiotemporal enzyme activity,
nor insight into the molecular effectors and dynamic post-translational modifications
occurring in the complex milieu of a living cell. Much more informative in these regards
are live-cell and in vivo assays, in which factors contributing to the true complexity and
dynamism of a living system are retained. However, the complex environments provided
by cells, tissues, or whole organisms inherently complicate the design of such assays,
and issues such as substrate selectivity, sensitivity, reactivity, and cell permeability must
be addressed. These problems can be overcome by employing quenched fluorescent
probes — substrates whose background fluorescence is negligible, but which form highly
fluorescent products on enzymatic processing. One enzyme which would greatly benefit
from live-cell and in vivo study is human O-GIcNAcase (hOGA). This nucleocytoplasmic
protein is one of the two enzymes involved in regulating the O-GIcNAc modification, and
is responsible for removing this modification from the serine and threonine residues of
hundreds of different proteins. O-GIcNAc has been implicated in a diversity of disease
states ranging from cancer metastasis to Alzheimer’s disease, as well as in fundamental
cellular processes including cell-cycle progression and stabilization of nascent proteins.
However, due to the difficulties associated with developing substrates and assays for

live-cell and in vivo use, very few such probes exist for glycoside hydrolases and none
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are yet known for hOGA. In this work, we describe the synthesis of new hOGA
substrates, based on the widely used 4-methylumbelliferyl 2-acetamido-2-deoxy-f3-D-
glucopyranoside (4MUGIcNAc), whose fluorescence is quenched by thioamides
appended to the C-6 position. We demonstrate that the degree of quenching can be
controlled by both the linker length and installation of moieties that promote close
contact between the fluorophore and quencher. We also evaluate the processing of
these quenched substrates by hOGA, and show that structural elaboration of C-6 is
tolerated. Together, these results lay out a blueprint for the design of quenched hOGA
substrates with potential value for live-cell imaging of hOGA activity, and should also

provide insights into in the design of such probes for other glycoside hydrolases.

3.2. Introduction

The development of new chemical tools and methodologies for studying
enzymes not only afford us greater insight into the function of these cellular machines,
they also facilitate the detection, monitoring, and treatment of diseases associated with
deficiencies in enzyme function or spatiotemporal regulation. Traditionally, in vitro
assays have been employed to study enzyme-catalyzed reactions because they allow
experimental conditions to be carefully controlled. Indeed, in vitro techniques are ideal
for screening compound libraries to identify substrates or inhibitors,84185 for determining
kinetic parameters such as Michaelis (Kv) or inhibition (Kj) constants,'8187 and for
elucidating enzyme specificity and mechanism of action.**'® However, the highly
optimized conditions of in vitro assays do not accurately reflect the complex cellular
environment in which enzymes function. Information gleaned using in vitro assays is
therefore inherently limited. To gain a fuller understanding of enzyme function, live-cell
or in vivo assays can be used. Doing so ensures that factors regulating enzyme
localization and activity are unaffected, allowing the enzyme of interest to be influenced
by the full repertoire of activators, inhibitors, small-molecule or protein co-factors, and

post-translational modifications present within cells.®°

Proteases have received the most attention from researchers aiming to better
understand enzyme function through the development of live-cell and in vivo assays.'%

192 Few examples exist for glycoside hydrolases (GHs),1081931%4 |Jikely due to the
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sterically constrained pocket-shaped architectures of exo-acting GH active sites as
compared to the more accommodating cleft-like active sites of proteases. Cleft-shaped
active sites enable installation of fluorescent reporter groups at either end of a peptide,
whereas for GHs the locations at which such groups can be appended are highly limited.
A GH of particular interest for live-cell and in vivo study is human O-GIcNAcase (hOGA)
— a GH family 84 B-hexosaminidase which acts reciprocally to O-GIcNAc transferase
(OGT)'® to catalyze the removal of 2-acetamido-2-deoxy-B-D-glucopyranose (GIcNAc)
from the serine and threonine residues of nucleocytoplasmic proteins (O-GIcNAc).196-198
This post-translational modification is found on hundreds of proteins, and its importance
is highlighted by the fact that loss of hOGA or OGT in mammals is lethal.19%:2%0 O-GIcNAc
has been found to play a role in many cellular processes including cell cycle
progression,?! stress response,?%22%% and stabilization of proteins and nascent
polypeptide chains.?%* Further, O-GIcNAc has been implicated in disease states
including neurodegeneration and Alzheimer’s disease,?°>2% and cancer progression and
metastasis.?%7:2%8 Despite the many biological roles in which O-GIcNAc is involved, little
progress has been made toward studying the activities of the associated enzymes in
living systems, and no methods yet exist for live-cell or in vivo monitoring of hOGA
activity.

Live-cell and in vivo experiments pose a unique set of challenges in terms of
substrate design that are not encountered in vitro, suggesting why such assays have yet
to be developed for hOGA. Foremost, reaction of the substrate with the target enzyme
must result in a signal that is distinguishable from the background. This requirement can
be addressed in multiple ways. Firstly, the substrate can be tailored to improve the rate
of its processing by the target enzyme, resulting in a higher turnover and thus a greater
signal. Additionally, installation of a quencher to reduce the background fluorescence of
the intact substrate, while also ensuring that the product of catalysis is comparatively
bright, can afford an increase in the signal-to-noise ratio.1%8192 Also important in such
assays is the issue of selectivity — the designed substrate must preferentially target the
enzyme of interest to prevent off-target activities from obscuring the results.?%%210 An
additional issue, in the case of fluorescent substrates, is ensuring that the emission
wavelength of the product is shifted to the near infrared (NIR) region of the

electromagnetic spectrum, as cell autofluorescence is minimal in this spectral region and
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maximum tissue penetration can be achieved.®® Finally, the substrate must be able to
reach the enzyme of interest by penetrating the cell membrane. The permeability of a
substrate depends on properties such as its molecular weight, overall polarity, and
presence of hydrogen bonding or ionizable functional groups. These physicochemical
properties can be tuned by optimizing the structure of the substrate and through the

installation of specific moieties.?”:%°

Low background fluorescent substrates quenched by Forster resonance energy
transfer (FRET) are the most widely used tools for studying enzyme activity in living
systems.818397.108211 These substrates rely on overlap between the emission profile of
the fluorophore and the excitation profile of the quencher to enable fluorescence
guenching by non-radiative energy transfer between the two chromophores.®® However,
because of the dependence on spectral overlap, most FRET quenchers are bulky
aromatic moieties. Therefore, the design of FRET quenched substrates that can be
accommodated within an enzyme active site, and whose physical properties are
amenable to live-cell or in vivo assays, is challenging. Several approaches have been
taken to mitigate such steric problems including installation of the quencher at a position
on the substrate that does not form extensive contacts with the enzyme, appending the
guencher to the substrate by a linker so that it can orient in a way that minimizes
unfavourable interactions, or by a combination of these techniques.'%8192 An alternative
approach that could circumvent these issues is to employ a particularly small quencher

that minimizes these concerns.

Surprisingly poorly explored is the use of alternative quenching modes that do
not rely, as FRET does, on spectral overlap between the fluorophore and quencher.
Photoinduced electron transfer (PET) is one such mechanism, which instead depends
on the redox potentials of the fluorophore and quencher and the formation of a charge
transfer complex.®® Notably, simple thioamides have been found to be efficient PET
guenchers for many fluorophores,® and their use in the design of quenched substrates
has enabled facile study of protease function as well as protein dynamics and
stability.?12213 Thioamides have many beneficial properties in comparison to traditional
guenchers that recommend their use in the design of quenched hOGA substrates for

live-cell or in vivo assays. Firstly, unlike bulky aromatic quenchers,?'* thioamides are
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small and so should not markedly congest the hOGA active site or hinder catalysis when
tethered to a substrate. Further, their small size should result in a minimal impact on the
solubility and membrane permeability of the substrate. Finally, thioamides themselves
are not fluorescent, unlike most aromatic quenchers,” and so should allow for more

sensitive measurements by making no contribution to the background whatsoever.

To test the concept of thioamide-quenched hOGA substrates, we synthesized
three derivatives of the widely used substrate 4-methylumbelliferyl 2-acetamido-2-deoxy-
B-D-glucopyranoside (4MUGIcNAc) appended with thioamide substituents at the C-6
position (Figure 3.1). We show that these compounds are hOGA substrates, and we
compare their hOGA-catalyzed processing relative to 4MUGIcNAc. These data provide
insight into the active site tolerance of hOGA for specific substrate modifications and
installation of the thioamide quencher. We also find that the fluorescence of these
thioamide-containing compounds is quenched relative to 4MUGIcNAc, and that the

efficiency of quenching can be tuned by adjusting the structure of the probe.

Excitation Emission

PET
S Fluorescence S
N ﬁQuenchlng N D
H H
HO 0 — HO’@O: + Ho— Fluorophore
HC&I[O Fluorophore hOGA HO ~ OH ;
NH

o=§ o=§
Figure 3.1. Concept for thioamide PET quenched hOGA substrates.
The fluorescence of the intact substrate is quenched by PET between the C-6
thioamide and the anomeric fluorophore. Quenching can be tuned by

modification of the linker “L”. Processing of the substrate by hOGA liberates the
fluorophore which diffuses away, bringing an end to quenching.

3.3. Results and Discussion

3.3.1. Substrate Design and Synthesis

Although the fluorophore 4-methylumbelliferone (4MU) is not ideally suited for
assays in living systems because of its relatively blue-shifted fluorescence, it is
convenient for use in the synthesis of probe molecules to test the concept of PET-

guenched substrates for hOGA. In addition, 4MU is inexpensive in comparison to other
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fluorophores and is stable to a range of reactive conditions. Moreover, by employing
4MU the commercially available and widely used hOGA substrate 4MUGIcNAc can be
used as a reference compound when measuring kinetics and quantifying quenching.
Since PET quenching is dependent on the relative redox potentials of the fluorophore
and quencher,®® not all fluorophores are quenched to the same extent in the presence of
a thioamide.®® Thus, before undertaking synthesis we examined whether the
fluorescence of 4MU could be quenched by thioacetamide in solution. We performed
four-fold serial dilutions of thioacetamide in water to obtain eight concentrations (0 - 300
mM), to which we added either 4AMUGIcNAc (2.5 mM) or 4MU (1 uM), or resorufin (1 uM)
as a positive control that is known to be quenched by thioacetamide.®® We observed that
both 4AMUGIcNAc and free 4MU were quenched in a concentration dependent manner
by thioacetamide, as was resorufin (Figure 3.2). Since PET quenching requires
formation of a charge-transfer complex and is therefore highly dependent on the
distance between the fluorophore and quencher,®® this concentration dependence was
expected. At higher thioacetamide concentrations, the average distance between
fluorophore and thioacetamide molecules is smaller, leading to heightened quenching.
The converse is true at low thioacetamide concentrations, resulting in comparatively
lessened quenching. While upwards of 75% quenching of 4MU was observed at high
thioacetamide concentrations, quenching at low thioacetamide concentrations was
negligible. Given that tethering two moieties can yield high effective concentrations,?'5
we anticipated that a substrate bearing both 4MU and a suitably positioned thioamide
should exhibit effective PET quenching while intact. However, given that low mM or high
MM substrate concentrations are generally used in enzyme assays, quenching of the
liberated 4MU by the remaining thioamide-sugar should be negligible. Knowing that 4MU
is efficiently quenched by thioacetamide, we proceeded with this fluorophore in these

proof-of-concept experiments.
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Figure 3.2. 4MUGIcNAc, 4MU, and resorufin are all quenched by thioacetamide
in agueous solution.
The dependence of quenching on thioacetamide concentration highlights the
distance dependence of PET.

A co-crystal structure of the hOGA inhibitor NAG-thiazoline with an hOGA
homologue from Bacteroides thetaiotaomicron shows C-6 to be oriented away from the
enzyme active site.?'® Based on this observation, we expected that hOGA may tolerate
substituents at C-6. Unfortunately, simple conversion of the C-2 N-acyl substituent of
AMUGIcNAC to a thioamide was not an option. Such glycosides are known to be
unstable, undergoing cyclization to form thiazolines.'® Moreover, such substrates are
not ideal for studying enzyme kinetics, as enzymatic processing has been shown to
produce thiazolines that inhibit enzymes which use the same catalytic mechanism as
hOGA.1® Thus, we set out to synthesize a 4MUGIcNAc analogue in which the C-6
hydroxyl was simply substituted with thioacetamide to give (6NSAc)4MUGIcNAc 10
(Scheme 3.1). We hoped that this simple substitution would minimally perturb the activity
of hOGA towards the substrate, while giving an indication of whether our proposed
strategy results in significant quenching. Beginning with D-glucosamine hydrochloride 1,
we prepared 4-methylumbelliferyl 3,4,6-tri-O-acetyl-2-amino-2-deoxy-p-D-
glucopyranoside hydrochloride 3,227 from intermediate glycosyl bromide 2,2® as
described previously. Subsequent neutralization and reaction with di-tert-butyl-
dicarbonate in the presence of trimethylamine (TEA) gave carbamate 4. Protection of the

C-2 amine as a carbamate, as opposed to immediate N-acylation to give GIcNAc, was
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required to allow later use of Lawesson’s reagent to selectively install the thioamide.
Deacetylation of 4 using NaOMe in MeOH afforded 5, after which the C-6 hydroxyl was
selectively tosylated using p-TsCl in Py followed by acetylation of the remaining alcohols
on addition of Ac20 to give 6. Displacement of the tosyl substituent using NaNs; produced
azidosugar 7, after which hydrogenation using activated Pd/C under H, provided an
intermediate amine that was directly acetylated using Ac,O in Py to afford amide 8.
Reflux with Lawesson’s reagent in toluene cleanly converted amide 8 to thioamide 9.
Finally, the carbamate group of 9 was removed using trifluoroacetic acid (TFA) to give a
crude amine salt that was neutralized and directly acetylated with Ac.O and Py, followed
by concentration and de-O-acetylation of the crude product using NaOMe in MeOH to
furnish (6NSAc)4MUGIcNAc 10, which was purified by HPLC.

OH OAc on L
HO% @ prs o &&
HO _— AcO AcO
BrH:N 0 o oo

CIH,N OH Ac
Br CIH;N
1 3
OAc OH =
- m @, HO 0 @,
AcO Ao e} 0" "0
NHBoc NHBoc
ACO’&V\, /é\A, ’éﬁ,
NHBoc NHBoc NHBoc
NHBOC NHAc

Scheme 3.1. Synthesis of (6NSAc)4MUGIcNAc (10).
a) AcBr, Ar, 48 hr, 83%; (b) 4MU, 4MU"Na*, acetone, Ar, 24 hr, 41%; (c) Bocz0,
TEA, DCM, Ar, 24 hr, 88%; (d) NaOMe, MeOH, 24 hr, 99%; (e) 1) 3 eq. p-TsCl,
Py, DCM, Ar, 1 hr; then Ac20, 2 hr, 92%; (f) NaNs3, DMF, Ar, 5 d, 88%; (g) 1)
EtOAc, EtOH, Pd/C, Hz, 24 hr; 2) Ac20, Py, 4 hr, 69%; (h) Lawesson’s reagent,
PhMe, Ar, reflux, 30 min, 77%; (i) 1) TFA, DCM, Ar, 3 hr; 2) Ac20, Py, 2 hr; 3)
NaOMe, MeOH, Ar, 90 min, 63%.

The efficiency of PET, a collisional quenching process, is dependent on the

proximity of the fluorophore and quencher, as described by equation (3.1).°
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E, = - (3.1)
1+

TAe—Br-10)

In equation (3.1), the collisional quenching efficiency (E;) depends on: r, the
distance between the centres of the fluorophore and quencher; r¢, their distance at
molecular contact; A and B, constants that relate to the distance and time dependence of
orbital interactions, respectively; and 1, the lifetime of the fluorescent state.®® E.
decreases exponentially as the distance between the fluorophore and quencher
increases. On this basis, we reasoned that quenching would be dependent on the exact
location and orientation of the thioamide. We therefore set out to prepare additional
substrates in which the position of the thioamide is altered by inserting a linker between
the sugar and the thioamide. We use two linkers having the same length but different
structures, one based on B-alanine and coupled to the C-6 position via an amide
((BNACNSAC)AMUGIcNAc 18, Scheme 3.2), the other based on propargylamine and
bound to C-6 through a 1,2,3-triazole ((6tAzNSAc)4MUGIcNAc 23, Scheme 3.3). We
chose these linkers because in both cases four atoms span the distance between C-6
and the thioamide, and so differences in quenching efficiencies between the two should
stem from differences in orientation and intramolecular interactions and not from
variation in linker length. Further, because amides, thioamides, and 1,2,3-triazoles are
generally accepted as isosteres,?’®220 we anticipated that observed differences in
processing of 10, 18, and 23 by hOGA would be more easily rationalized in terms of

specific structural changes.

The linker-containing compounds were prepared using a convergent approach
making use of intermediate azidosugar 7 from the synthesis of (6NSAc)4MUGIcNAc 10.
The linker of (6NACNSAC)4MUGIcNAc 18 was prepared from B-alanine 11, which was
acetylated to give amide 12,??* and then esterified to mask the carboxylic acid as ethyl
ester 13 (Scheme 3.2).222 We found that this protection step was required because
thioamide 15, produced from the reaction of amide 12 with Lawesson’s reagent, was
inseparable from polar reaction by-products. Thus, amide 13 was selectively converted
to thioamide 14 using Lawesson’s reagent. Acid-catalyzed ester hydrolysis of 14 at

reflux produced carboxylic acid 15, which was then activated by reaction with N-
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hydroxysuccinimide  (HOSu) and  1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC-HCI) to yield N-hydroxysuccinimidyl ester 16. Next, the linker and
sugar were coupled using the Staudinger-Vilarrasa??® reaction in which azide 7 was
reduced to an amine using PBus, and reacted in situ with N-hydroxysuccinimidyl ester 16
to yield amide 17. Subsequent removal of the tert-butoxycarbonyl group using TFA,
acetylation of the resulting amine using Ac;O and TEA, and de-O-acetylation of the
crude product using K;COsz in MeOH gave (6NAcCNSAc)4MUGIcNAc 18, which was
purified by HPLC.
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H H o H
14 15 16
SY SY
NH NH
(0 °§.I @ Oy//
—_— NH RS - NH N
0 o
A,g‘ggﬁS,o 0 S0 Hﬁc)’&g,o 0o
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Scheme 3.2. Synthesis of (6NACNSAc)4MUGIcNAc (18).
(a) Ac20, MeOH, Ar, reflux, 90 min 77%,; (b) PTSA, EtOH, reflux, 2 hr, 85%; (c)
Lawesson’s reagent, dioxane, Ar, 1 hr, 82%; (d) TFA, H20, reflux, 24 hr, 85%; (e)
HOSu, EDC-HCI, dioxane, Ar, 24 hr, 43%; (f) 7, PBus, Ar, 2 hr, 70%; (g) 1) TFA,
DCM, Ar, 1 hr; 2) Ac20, TEA, 1 hr; 3) K2COs, MeOH, Ar, 2 hr, 88%.

The linker of (6tAzZNSAc)4AMUGICNAc 23 was prepared by reacting
propargylamine 19 with acetyl chloride in the presence of TEA to give propargyl amide
20 (Scheme 3.3).22* Multiple attempts failed to convert amide 20 to the corresponding
thioamide, and so coupling of the linker to azidosugar 7 was performed before thioamide
installation using Cu-assisted azide-alkyne cycloaddition in a mixture of DMF and water
to give triazole 21. Subsequent reaction with Lawesson’s reagent in 1,4-dioxane at reflux

cleanly afforded thioamide 22. Removal of the tert-butoxycarbonyl group, N-acetylation
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of the resultant amine, and de-O-acetylation furnished (6tAzNSAc)4MUGIcNAc 23,
which was purified by HPLC.
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Scheme 3.3. Synthesis of (6tAzNSAc)4MUGIcNAc (23)
(a) AcCl, TEA, DCM, Ar, 4 hr, 91%; (b) 7, CuSOs4, Na*Ascorbate’, DMF, H:20, 4
hr, 85%; (c) Lawesson’s reagent, dioxane, Ar, reflux, 2 hr, 92%; (d) 1) TFA,
DCM, Ar, 2 hr; 2) Ac20, Py, 2 hr; 3) K2COs, MeOH, Ar, 2 hr, 62%.

To provide insight into the importance of the C-6 hydroxyl group in catalysis by
hOGA, we prepared a simple derivative of AMUGIcNAc bearing an azide in place of the
C-6 hydroxyl group. The azido substrate (6N3)4MUGIcNAc 24 was obtained readily from
azidosugar 7 by reaction with TFA followed by acetylation of the resultant crude amine

and de-O-acetylation (Scheme 3.4).
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Scheme 3.4. Synthesis of Azidosugar (24).

(a) 1) TFA, DCM, Ar, 1 hr; 2) Ac20, TEA, DCM, 1 hr; 3) K2COs, MeOH, Ar, 16 hr,
99%.
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3.3.2. Kinetics of Substrate Processing by hOGA

With the substrates in hand, in vitro kinetic experiments were performed in
parallel alongside commercial 4MUGIcNAc to quantify the effects of structural alterations
at C-6. Recombinant hOGA was expressed in E. coli and purified by metal chelate
affinity chromatography as previously described.??> Initial rates of hydrolysis of all four
substrates by hOGA were measured as a function of substrate concentration using a
continuous assay in combination with a standard curve for 4MU. These data were then
plotted and fit to the Michaelis-Menten equation (Figure 3.3). The Michaelis constant (K-
M, 220 £ 10 pM), turnover number (Kea, 1.94 + 0.04 min-1, 0.203 + 0.005 pmol-min-tmg?),
and second-order rate constant (Kca/Ku, 8.8 £ 0.06 min-*mM-1, 0.92 + 0.06 pmol-min-*mg
ImM1) calculated for 4MUGIcNAc were comparable to those previously reported (Table
3.1).% Interestingly, the Ky value (72 £+ 9 uM) of (6NSAc)4MUGIcNAc 10 was slightly
lower than that of 4MUGIcNAc, which suggests that hOGA can accommodate this
change with respect to binding, though the ke value (0.025 + 0.001 mint) was
significantly lower than that of AMUGIcNACc, resulting in a kea/Km value (0.35 = 0.06 min-
ImM1) 25 times lower than that measured for 4MUGIcNAc (Table 3.1). (6N3)4MUGIcNAC
24 exhibited a slightly lower Ky value (78 £ 8 uM) and a slightly higher ke value (6.3 +
0.2 min't) in comparison to 4MUGIcNAC, resulting in a 9-fold higher kca/Knm value (80 + 10
mintmM1) (Table 3.1). These results give a good indication that the C-6 hydroxyl
substituent is not required for catalysis by hOGA. The fact that (6BNSAc)4MUGIcNAc 10
shows a decrease in ke compared to 4AMUGICNAC suggests that that steric bulk at C-6
can negatively impact catalysis by hOGA.
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Figure 3.3. Michaelis-Menten fits of the hOGA-catalyzed hydrolysis data for
AMUGIcNACc, and the C-6 derivatives (6NSAc) 10, (6NACNSAc) 18,
(6tAzNSACc) 23, and (6Ns) 24.
Rate expressed in units of pmol of 4MU liberated per minute per yM enzyme.

The hOGA-catalyzed processing of (6NACNSAc)4MUGIcNAc 18 and
(6tAzNSAC)4MUGIcNAc 23 were examined in the same fashion and fit to the Michaelis-
Menten equation (Figure 3.3). For B-alanine-based 18 the Ky value (400 + 30 uM) was
found to be higher and the kca value (0.030 + 0.001 min?) to be lower than those of
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4AMUGIcNACc, resulting in the kea/Km value (0.075 + 0.008 min*mM-?) being 117-fold
lower (Table 3.1). On the other hand the Ky (76 + 5 uM) and Kkcar (0.019 + 0.001 min?)
values of propargylamine-based 23 both decreased relative to 4AMUGIcNAc, resulting in
a Kea/Kw value (0.25 + 0.02 mintmM-t) only 35-fold lower than that of 4AMUGIcNAc and
on par with that of (6NSAc)4MUGIcNAc 10 (Table 3.1). Due to solubility issues, the
highest concentration of B-alanine-based 18 used in the enzyme assay was 500 uM, and
as a result saturation was not observed during the kinetic studies (Figure 3.3). To
confirm the accuracy of the second-order rate constant obtained for B-alanine-based 18,
we examined processing by hOGA at substrate concentrations at least 10-fold below the
determined Ku. At these low substrate concentrations, and since Vmax = Kear'[E] as
described in section 1.3.1, the Michaelis-Menten equation can be simplified to a linear

relationship in which the slope represents keai/Km (3.2).

_ Vinax [S] _ keat .
v—m - V= Ky [E][S] (3-2)

In this way a kca/Km value of 0.075 = 0.002 min‘uM was obtained for 18, a
value which is the same as from the Michaelis-Menten fit. Interestingly, despite the
differences in the size of the C-6 substituent between (6NSAc)4MUGIcNAc 10 and the
linker-containing compounds 18 and 23, the k¢ar Values are remarkably similar (Table
3.1). This lends strength to the argument that size of the C-6 substituent does not greatly
affect catalysis. More significant changes are seen, however, in the Ky values for these
substrates. While (6NSAc)4MUGIcNAc 10 and (6tAzNSAc)4MUGIcNAc 23 have similar
Km values, a higher Ky value is observed for (6NACNSAc)4AMUGIcNAc 18 (Table 3.1).
This difference suggests that properties other than linker size influence binding by
hOGA. The lower Ky value for (6tAzNSAc)4AMUGIcNAc 23 as compared to that of
(BNACNSAC)AMUGIcNAc 18 may stem from the rigidity of the triazole, which could limit

the number of possible conformations that can be adopted within the hOGA active site.
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Table 3.1. Michaelis constants (Kwm), turnover numbers (kca) and second-order
rate constants (kca/Km) for 4MUGICNAc and the synthesized
substrates with respect to hOGA.

Compound Ky kFat k.cat/ Ky (Kcat/Km)amucicnac
(MM) (min') (mintmM™) (Kcar/Km)y
AMUGIcNAC 220+ 10 1.94 £ 0.04 8.8+0.6 ---
(6NSACc) 10 72+9 0.025 + 0.001 0.35+0.06 25
(BNACNSAC) 18 | 400£30 0.030 £0.001 0.075 £ 0.008 117
(6tAzNSAC) 23 76 £5 0.019 £ 0.001 0.25+£0.02 35
(6N3) 24 78+8 63+0.2 80 + 10 0.11

3.3.3. Quenching Measurements

Knowing that the three thioamide-containing substrates 10, 18, and 23 are
processed by hOGA, we next evaluated and compared their quenching efficiencies. To
do so, we first purified commercial 4AMUGIcNAc by HPLC to remove any free 4MU that
would prevent its use as a standard. Excitation and emission scans were performed with
a fluorescence spectrophotometer using quartz cuvettes and substrate concentrations of
10, 50, and 500 uM (Figure 3.4). At each concentration the excitation and emission
profiles were scanned iteratively, until the observed excitation maximum was used to
scan the emission profile and vice versa. The same cuvette was used for all
measurements, and rigorous cleaning with methanol and water, followed by drying with
compressed nitrogen, was carried out when changing between concentrations or
compounds. Quenching efficiency was determined as the percentage decrease in
emission of the thioamide-containing compounds compared to that of AMUGIcNAc at a
given wavelength and concentration (Figure 3.4). We found the quenching efficiency to
be independent of the emission wavelength examined, even though the shape of the
emission profiles changed at 500 yM relative to lower concentrations, and so at each
concentration we obtained an average quenching efficiency from the quenching
efficiencies at 350, 380, and 440 nm emission. By this method, we calculated the
guenching efficiency for (6NSAc)4MUGIcNAc 10 to be 64%, 63%, and 59% at 10, 50,
and 500 uM, respectively, resulting in an average quenching efficiency of 62 + 3%
(Table 3.2). These results contrast with the experiment using thioacetamide in solution,

in which a strong dependence of the quenching efficiency on thioamide concentration
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was observed. Given that quenching of 4AMUGIcNAc by thioacetamide was negligible at
concentrations below 1 mM (Figure 3.2), we posit that the observed quenching for 10 is

due to intramolecular rather than intermolecular PET.

Excitation: Emission:
— 4MUGIcNAc — 4MUGIcNAC
— (BNSAc) 10 — (BNSAc) 10
—— (BNACNSAc) 18 (BNACNSAC) 18
(6tAzNSACc) 23 (6tAzNSAC) 23
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100+ 100+ 100~
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Figure 3.4.  Excitation and emission scans for 4MUGIcNAc, and the thioamide-
containing C-6 derivatives (6NSAc) 10, (6NAcCNSAc) 18, (6tAzNSAc)
23, each at 10, 50, and 500 pM.

In the same way as for (6NSAc)4AMUGIcNAc 10, we determined the quenching
efficiencies for (6GNACNSAc)4AMUGIcNAc 18 and (6tAzNSAc)4AMUGIcNAc 23 with respect
to 4MUGIcNAc. For 18 we calculated the quenching efficiencies to be 77%, 82%, and
77% at 10, 50, and 500 uM, respectively, resulting in an average quenching efficiency of
79 £ 3% (Table 3.2). For 23 we calculated the quenching efficiencies to be 87%, 88%,
and 86% at the same respective concentrations, resulting in an average quenching
efficiency of 87 £ 1% (Table 3.2). The improvement in quenching efficiency for 18 and 23
over (6NSAc)4AMUGIcNAc 10 likely stems from the installation of the linker between the
sugar and thioamide, which facilitates closer contact between these moieties.
Interestingly, the average quenching efficiency of (6tAzNSAc)4MUGIcNAc 23 was
greater than that of (6ENACNSAc)4MUGIcNAc 18. It is unlikely that the difference in
guenching efficiencies between these two compounds is a result of linker length. In
actuality, based on a purely length-based argument it would be expected that

(6tAzZNSAC)AMUGIcNAc 23 would have poorer quenching efficiency, since this
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unsaturated linker is expected to be slightly shorter than that of (6ENACNSAc)4MUGIcNAc
18. Therefore, we reason that the greater quenching efficiency observed for
(6tAzNSAC)4AMUGIcNAc 23 is a result of improved fluorophore-quencher proximity
brought about by 1-stacking between the triazole of the linker and the 4MU group.

Table 3.2. Quenching efficiencies relative to 4MUGIcNAc of thioamide-

containing compounds (6NSAc) 10, (6NAcNSAc) 18, and (6tAzNSAc)
23, at 10, 50, and 500 pM.

Quenching Quenching Quenching Average
Compound at10 pM at 50 pM at 500 uM Quenching
(%) (%) (%) (%)
(6NSACc) 10 64 63 59 62+ 3
(BNACNSAC) 18 77 82 77 79+3
(6tAzNSACc) 23 87 88 86 87+1

Finally, we wanted to confirm that the observed quenching efficiencies are not
due to a change of shape or shift in position of the excitation or emission profiles for the
thioamide-containing compounds relative to that of 4MUGIcNAc. To do so we prepared
an overlay of normalized excitation and emission profiles of 50 yM 4MUGIcNACc,
(6NSAC)AMUGICcNAC 10, (BNACNSAC)4MUGIcNAc 18, and (6tAzNSAc)4AMUGIcNAcC 23
(Figure 3.5). The normalized excitation and emission profiles for 1 uM 4MU were
included for comparison. From the overlay, it was clear that the excitation and emission
profiles of 4MUGIcNAc overlay almost exactly with those of the thioamide-containing
compounds. This indicates that the C-6 substituents of the thioamide-containing
compounds do not affect the excitation and emission profiles, and so the lower
fluorescence emission observed for 10, 18, and 23 must be a result of quenching.
Moreover, the fact that the excitation and emission profiles of 10, 18, and 23 overlap so
exactly indicates that the differences in quenching efficiencies between them is also
accurate. The small discrepancy in overlap between 4MUGIcNAc and the thioamide-
containing compounds in the UV-region of the excitation spectrum does not likely affect
the observed quenching, since the excitation maximum was used to scan the emission

profiles and here the overlap is precise.
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4MU.

Figure 3.5.

3.4. Conclusions and Future Work

Through chemical synthesis we have prepared four substrates, each bearing a
AMU fluorophore, for the human B-hexosaminidase hOGA. Three of these have
thioamide moieties appended to the C-6 position of the sugar. We demonstrate that the
fluorescence of the thioamide-containing substrates is quenched relative to 4AMUGICNAC
with efficiencies of up to 87%. Further, we show that the quenching efficiency can be
tuned through variations in the structure of the linker, which can presumably bring the
aromatic fluorophore and thioamide quencher in close contact, a necessity for efficient
PET quenching.5® Further improvement in PET quenching efficiency should be
accessible through fine tuning of the length and other physical properties of the linker.
Moreover, quenching efficiency may be synergistically increased by the presence of
multiple thioamides, as this would result in an increase in effective thioamide
concentration. Design of a synergistically quenched substrate should be facile, simply

requiring installation of a short thioamide-containing peptide at C-6, such as one based

on triglycine.
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Examination of the in vitro kinetics of these substrates indicated that replacement
of the C-6 hydroxyl does not abolish catalysis by hOGA. Indeed, we showed that a C-6
azidosugar has an improved second-order rate constant relative to the standard
commercial substrate 4AMUGIcNAc. The kinetic results suggest that the C-6 hydroxyl is
not essential for catalysis by hOGA, and that large substituents at C-6 are relatively well
tolerated. Moreover, these results lend confidence to the use of thioamides as

guenchers with minimal steric impact for other enzymes with pocket-shaped active sites.

Despite  having blue-shifted fluorescence, substrates based on 4-
methylumbelliferone,??¢ as well as on other blue-shifted fluorophores,'% have been used
previously in live-cell or even in vivo assays. In these cases, the substrates in question
were fluorogenic but did not bear quencher moieties to further reduce background. Since
substrates 10, 18, and 23 are fluorogenic but also have particularly low background
fluorescence due to the appended thioamides, they may also find use in live-cell or in
vivo assays. Nevertheless, we believe that the chief value of these substrates is to serve
as a proof-of-concept demonstrating that small thioamides can be used to design PET
guenched substrates for glycoside hydrolases, and for hOGA in particular. Furthermore,
because the red-shifted flurorophore resorufin is known to be quenched by thioamides®®
and has been successfully used in living systems previously,®3??7 development of PET
guenched hOGA substrates using this fluorophore, or similar red-shifted fluorophores,

may be a promising next step toward live-cell and in vivo monitoring of hOGA.

To create thioamide-containing PET quenched substrates better suited to use in
living systems, the issues of selectivity and cell permeability will need to be adressed. It
is known that inhibitors can be made selective for hOGA over the other human [3-
hexosaminidases (HexA and HexB) by modification of the C-2 position.*3?28 Thus,
making analogous modifications to the C-2 postion of a series of quenched substrates
should also provide an increase in selectivity for hOGA and facilitate their use in live-cell
or in vivo assays. Given the small size of these thioamide-containing probes we
anticipate that they will be able to penetrate cell membranes to interrogate OGA activity
in live cells. If, however, these probes are not cell-penetrating, alternative approaches to
increasing permeability are possible. Cell-penetrating peptides have been used in the

design of live-cell and in vivo susbtrates to increase their cell permeability and allow the
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substrates to reach the target enzyme.®”%8 Installation of a cell-penetrating peptide on
these thioamide-quenched susbtrates should accordingly circumvent such problems.
Moreover, if multiple thioamides indeed synergistically improve quenching efficiency as
we suspect, then installation a C-6 cell-penetrating peptide whose peptide bonds have
been converted to thioamides may act to simultaneously afford hightened quenching
efficiency and improved cell permeability, thus providing a valuable substrate for live-cell

or in vivo monitoring of hOGA.

3.5. Experimental Section

3.5.1. General Procedures for Synthesis

Reagents and solvents were purchased directly from Sigma-Aldrich, or from
other reputable chemical vendors through the distributor Cedarlane. Unless otherwise
noted, all reagents were used without further purification. Amberlite IR120 H* resin was
regenerated by rinsing several times each with 1 M HCI, water, and methanol, and was
allowed to dry under vacuum prior to use. In order to dry solvents, glassware containing
molecular sieves was flame dried under vacuum and flushed with Ar while still hot, after
which the solvent was added to the cooled apparatus by syringe and allowed to dry for
one hour. All reactions were mounted on magnetic stirring plates and were carried out
with stirring using a Teflon-coated stir bars. Reactions were monitored using aluminum
backed 0.2 mm silica gel 60 UV24 TLC plates. TLC plates were stained with 50 mM
KMnOg, 360 mM K2COs3, 16 mM NaOH in water (KMnQg stain); or 85 mM ninhydrin, 500
mM acetic acid in n-butanol (ninhydrin stain); or 40 mM (NH4)sM07024, 6 MM Ce(SOa4)2,
1.9 M H2SO4, in water (CAM stain). After staining, TLC plates were developed with a
heat gun until compound spots appeared. Column chromatography was performed
under positive pressure, and using 230-400 mesh, grade 60 silica gel as stationary
phase and the specified solvents as mobile phase. HPLC purification was carried out
using a Semiprep Eclipse XDB-C18 5 um particle size column (Agilent) fitted with a 2 mL
loop, and all solvents used were HPLC grade. NMR spectroscopy was carried out on
either a Bruker Avance 11l 400 MHz or 500 MHz spectrometer equipped with a 5mm TXI

Inverse *H/*3C/*°F probe, or on a Bruker Avance Il 600 MHz spectrometer equipped with
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a 5mm QNP 3C/'SN/3P  cryoprobe. Compounds were dissolved in CDCl;, CD3;OD,
DMSO-d6, or acetone-d6 where appropriate, and the chemical shifts were reported with
respect to these solvents. LRMS and HRMS of compounds was performed at the Simon

Fraser University MS Facility.

3.5.2. Synthesis of Common Intermediate (7)

3,4,6-tri-O-acetyl-2-amino-2-deoxy-a-D-glucopyranosyl bromide hydrobrom-
ide (2). Prepared as previously described from commercially available D-glucosamine
hydrochloride 1 and acetyl bromide,?*® and used without further purification. The *H NMR

spectrum conformed to the literature description.

4-methylumbelliferyl 3,4,6-tri-O-acetyl-2-amino-2-deoxy-B-D-glucopyranosi-
de hydrochloride (3). Prepared as previously described from bromosugar 2 and a
mixture of 4-methylumbelliferone and 4-methylumbelliferyl sodium.?'” The compound
was purified by recrystallization at -20 °C from Et,O and MeOH. Recrystallization was
repeated twice on remnants of the mother liquor. The *H NMR spectrum conformed to
the literature description.

4-methylumbelliferyl 3,4,6-tri-O-acetyl-2-amino-2-N-tert-butoxycarbonyl-2-d-
eoxy-B-D-glucopyranoside (4). To an oven dried flask under Ar containing
hydrochloride salt 3 (362 mg, 0.72 mmol, 1.0 eq) was added dried DCM (10 mL). To the
mixture was added TEA (200 pL, 1.44 mmol, 2.0 eq), which caused the starting material
to dissolve, after which Boc.O was added (629 mg, 2.88 mmol, 4.0 eq) and the reaction
mixture was protected from light and stirred under Ar at room temperature. After 16 hr
the reaction was judged complete by TLC analysis and the solvent was removed in
vacuo. The material was purified by silica-gel flash column chromatography (9:1;
DCM:EtOAc, 0. % TEA) to yield the desired compound as a white solid (360 mg, 0.64
mmol, 88%).

1H NMR (400 MHz, acetone-d6) &: 7.72 (d, J = 8.6 Hz, 1H, AR), 7.03 (m, J = 8.6,
2.4 Hz, 2H, AR), 6.36 (d, J = 9.3 Hz, 1H, NH), 6.19 (d, J = 1.2 Hz, 1H, 4MU H-3), 5.60
(d, J = 8.4 Hz, 1H, H-1), 5.39 (dd, J = 10.4, 9.4 Hz, 1H, H-3), 5.08 (t, J = 9.6 Hz, 1H, H-
4), 4.33 — 4.25 (m, 1H, H-6), 4.21 (m, 2H, H-6, H-5), 3.95 (dt, J = 10.4, 8.6 Hz, 1H, H-2),
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2.45 (d, J = 1.2 Hz, 3H, 4MU CHs), 2.04 (s, 3H, OAc CHs), 2.02 (s, 3H, OAc CHs), 2.00
(s, 3H, OAc CHj3), 1.39 (s, 9H, Boc (CHs)s); 13C NMR (126 MHz, acetone-d6) &: 169.80,
169.53, 169.20, 159.95, 159.78, 155.01, 152.64, 126.27, 114.99, 113.53, 112.41,
103.44, 98.48, 78.53, 72.65, 71.95, 68.75, 61.92, 55.35, 27.60 (3C, Boc (CHz3)s3), 19.76
(3C, OAc CHj3), 17.64; HRMS: m/z calcd for C,7H33NO12Na* [M+Na]*: 586.1901, found:
586.1893.

4-methylumbelliferyl 2-amino-2-N-tert-butoxycarbonyl-2-deoxy-B-D-
glucopy-ranoside (5). To an oven dried flask under Ar containing acetylated sugar 4
(250 mg, 0.44 mmol, 1.0 eq) was added dried MeOH (5 mL). Upon dissolution of the
sugar NaOMe was added (24 mg, 0.44 mmol, 1.0 eq), and the reaction mixture was
protected from light and stirred under Ar at room temperature. After 16 hr the reaction
was judged complete by TLC analysis (9:1; EtOAc:MeOH, 0.5% TEA). Regenerated
Amberlite IR120 H* resin was added until the reaction mixture became slightly acidic (pH
~ B) as determined using pH paper. The resin was then removed by filtration and
washed several times with MeOH, after which the combined filtrates were evaporated in

vacuo to yield the pure product as a white solid (192 mg, 0.44 mmol, 99%).

H NMR (500 MHz, CDs0D) &: 7.70 (d, J = 8.8 Hz, 1H, AR), 7.04 (dd, J = 8.8, 2.4
Hz, 1H, AR), 7.00 (d, J = 2.3 Hz, 1H, AR), 6.20 (d, J = 0.9 Hz, 1H, 4MU H-3), 5.09 (d, J =
8.3 Hz, 1H, H-1), 3.93 (dd, J = 12.1, 2.0 Hz, 1H, H-6), 3.72 (dd, J = 12.1, 5.8 Hz, 1H, H-
6), 3.66 — 3.60 (dd, J = 10.0 Hz, 8.5 Hz, 1H, H-2), 3.54 — 3.46 (m, 2H, H-3, H-5), 3.42 (t,
J = 9.21 Hz, 1H, H-4), 2.45 (d, J = 0.9 Hz, 3H, 4MU CHj3), 1.45 (s, 9H, Boc (CHz3)3); °C
NMR (126 MHz, CDsOD) &: 161.86, 160.69, 157.09, 154.66, 154.04, 125.93, 114.71,
113.63, 111.51, 103.43, 99.74, 77.00, 74.25, 70.48, 61.13, 27.36 (3C, Boc (CHs)s),
17.23; HRMS: m/z calcd for C21H37NOgNa* [M+Na]*: 460.1578, found: 460.1576.

4-methylumbelliferyl 3,4-di-O-acetyl-2-amino-2-N-tert-butoxycarbonyl-2-
deo-xy-6-O-(p-toluenesulfonyl)-B-D-glucopyranoside (6). To a flame-dried flask
under Ar containing deacetylated sugar 5 (1.63 g, 3.73 mmol, 1.0 eq) was added dried
DCM (16 mL) and commercial anhydrous Py (7 mL), after which the solution was cooled
to 0 °C in an ice water bath. Once cooled, freshly recrystallized (from Et,O at -20 °C,

dried under vacuum) p-TsClI (2.49 g, 13.06 mmol, 3.5 eq) was added and the reaction
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mixture was protected from light and stirred under Ar at 0 °C for one hour, and then
allowed to warm to room temperature. After 1 hr at room temperature the reaction was
judged complete by TLC analysis (94:6; EtOAc:MeOH). Ac.O (9 mL) was added and the
reaction mixture was protected from light and stirred under Ar at room temperature. After
16 hr the reaction was judged complete by TLC analysis. Solvent was removed in vacuo,
and the resulting crude product was dissolved in DCM and washed successively with
water, twice with saturated NaHCOs solution, a second time with water, twice with 1 M
HCI, and twice with saturated NaCl solution. The organic extracts were dried over
anhydrous Na,SO., filtered, and concentrated in vacuo. The material was purified by
silica-gel flash column chromatography (6:4; hexanes:EtOAc) to yield the desired

compound as a white solid (2.33 g, 3.45 mmol, 92%).

H NMR (500 MHz, acetone-d6) &: 7.75 (d, J = 8.3 Hz, 2H, OTs o-H), 7.71 (d, J =
8.8 Hz, 1H, 4MU AR), 7.32 (d, J = 8.1 Hz, 2H, OTs m-H), 6.97 (dd, J = 8.7, 2.2 Hz, 1H,
4MU AR), 6.92 (d, J = 2.0 Hz, 1H, 4MU AR), 6.32 (d, J = 9.2 Hz, 1H, NH), 6.21 (d, J =
1.0 Hz, 1H, 4MU H-3), 5.54 (d, J = 8.4 Hz, 1H, H-1), 5.34 (t, J = 9.9 Hz, 1H, H-3), 5.05 (t,
J =9.6 Hz, 1H, H-4), 4.36 — 4.30 (m, 1H, H-6), 4.28 — 4.20 (m, 2H, H-5, H-6), 3.89 (dt, J
=8.1, 9.9 Hz, 1H, H-2), 2.47 (d, J = 1.0 Hz, 3H, 4MU CHj3), 2.34 (s, 3H, OTs CHjs), 1.98
(s, 3H, OAc CHj3), 1.97 (s, 3H, OAc CHgs), 1.37 (s, 9H, Boc (CHs)3); **C NMR (126 MHz,
acetone-d6) &: 169.56, 169.00, 159.82, 155.31, 154.95, 152.66, 145.05, 132.79, 129.81
(2C, OTs 0-C), 127.92 (2C, OTs m-C), 126.27, 115.04, 113.45, 112.45, 103.36, 98.27,
78.57, 72.49, 72.46, 71.36, 68.31, 67.78, 55.11, 27.59 (3C, Boc (CHs)3), 20.58, 19.76,
19.73, 17.68; HRMS: m/z calcd for C32H3sNO13S* [M+H]*: 676.2064, found: 676.2057.

4-methylumbelliferyl 3,4-di-O-acetyl-2-amino-6-azido-2-N-tert-
butoxycarbon-yl-2,6-di-deoxy-B-D-glucopyranoside (7). To an oven dried flask under
Ar containing tosylated sugar 6 (1.30 g, 1.92 mmol, 1.0 eq) was added dried DMF (20
mL) and NaNs (880 mg, 13.47 mmol, 7.0 eq). The reaction mixture was protected from
light and stirred under Ar at 60 °C. Over 5 days increasing amounts of precipitate
formed, and the reaction mixture blackened. No information could be gained by TLC
analysis as the R; of the starting material and product were identical in a variety of
solvent systems. Solvent was removed in vacuo by co-evaporation with toluene, and the

resulting crude product was dissolved in EtOAc and washed five times with water and
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once with saturated NaCl solution. Extensive washing with water was necessary to
remove all traces of NaNs, which can form explosive CHx(Ns)2 in the presence of
DCM.??® The organic extracts were dried over anhydrous Na,SO., filtered, and
concentrated in vacuo. The material was loaded onto a silica-gel column using DCM,
and purified by flash chromatography (6:4; hexanes:EtOAc) to vyield the desired

compound as a pale yellow solid (930 mg, 1.70 mmol, 88%).

'H NMR (400 MHz, acetone-d6) &: 7.74 — 7.71 (m, 1H, AR), 7.06 — 7.02 (m, 2H,
AR), 6.36 (d, J = 9.1 Hz, 1H, NH), 6.19 (d, J = 1.2 Hz, 1H, 4MU H-3), 5.63 (d, J = 8.4 Hz,
1H, H-1), 5.37 (dd, J = 10.5, 9.4 Hz, 1H, H-3), 5.06 (t, J = 9.7 Hz, 1H, H-4), 4.18 (ddd, J
= 9.1, 6.3, 2.9 Hz, 1H, H-5), 3.96 (dt, J = 10.1, 8.5 Hz, 1H, H-2), 3.58 (dd, J = 13.5, 2.9
Hz, 1H, H-6), 3.51 (dd, J = 13.5, 6.4 Hz, 1H, H-6), 2.45 (d, J = 1.2 Hz, 3H, 4MU CHsa),
2.03 (s, 3H, OAc CHs), 2.00 (s, 3H, OAc CHs), 1.39 (s, 9H, Boc (CHa)s); 13C NMR (126
MHz, acetone-d6) &: 170.44, 170.08, 160.78, 160.70, 156.24, 155.89, 153.54, 127.21,
115.96, 114.39, 113.34, 104.38, 99.32, 79.45, 74.05, 73.38, 70.45, 56.16, 51.81, 28.49
(3C, Boc (CHs)s), 20.66 (2C, OAc CHgs) 18.54; HRMS: m/z calcd for CasHzoN4O1pNa*
[M+Na]*: 569.1860, found: 569.1866.

3.5.3. Synthesis of (6NSAc)4MUGICcNAC (10)

4-methylumbelliferyl 6-acetamido-3,4-di-O-acetyl-2-amino-2-N-tert-butoxyc-
arbonyl-2,6-di-deoxy-B-D-glucopyranoside (8). To a flask containing azidosugar 7
(200 mg, 0.18 mmol, 5.0 eq) was added EtOH (5 mL), and EtOAc (1 mL). The reaction
mixture was sealed and Ar was bubbled into the solution 5 times for 30 second intervals,
with intermittent introduction of a vacuum to evacuate the flask. Subsequently, 10%
Pd/C (4 mg, 0.036 mmol, 1.0 eq) was added and the bubbling/evacuation procedure was
repeated with Ar, then with H,. The reaction mixture was protected from light and stirred
under Hx at room temperature. After 16 hr the reaction was judged complete by TLC
analysis (8:2; DCM:EtOAc, 0.5% TEA). The reaction mixture was filtered over Celite,
which was washed several times with EtOAc, and the filtrate was concentrated in vacuo.
The resulting crude amine was dissolved in Ac2O (3 mL) and Py (1.5 mL), protected from
light, and stirred at room temperature. After 4 hr the reaction was judged complete by

TLC analysis, and the solvent was removed in vacuo. The material was purified by silica-
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gel flash column chromatography (8:2; DCM:Acetone) to yield the desired compound as
a white solid (71 mg, 0.126 mmol, 69%).

'H NMR (500 MHz, acetone-d6) &: 7.72 (d, J = 8.5 Hz, 1H, AR), 7.29 (t, J = 5.1
Hz, 1H, NHAc), 7.00 (m, 2H, AR), 6.30 (d, J = 9.4 Hz, 1H, Boc NH), 6.19 (d, J = 0.8 Hz,
1H, 4MU H-3), 5.49 (d, J = 8.5 Hz, 1H, H-1), 5.31 (t, J = 9.9 Hz, 1H, H-3), 4.96 (t, J = 9.7
Hz, 1H, H-4), 4.08 — 3.99 (ddt, J = 9.6, 4.7 Hz, 1H, H-5), 3.94 (dt, J = 10.2, 8.6 Hz, 1H,
H-2), 3.47 (m, 2H, H-6), 2.45 (d, J = 0.8 Hz, 3H, 4MU CHg3), 2.02 (s, 3H, O/NAc CHs3),
1.98 (s, 3H, O/NAc CHg), 1.93 (s, 3H, O/NAc CHgs), 1.39 (s, 9H, Boc (CHj3)3); *C NMR
(126 MHz, acetone-d6) &: 170.44, 170.29, 170.07, 160.65, 155.91, 153.52, 127.16,
115.82, 114.32, 113.29, 104.31, 99.53, 73.72, 73.60, 70.49, 56.19, 40.17, 28.49 (3C,
Boc (CHs)s), 22.86, 20.75, 20.67, 18.53; HRMS: m/z calcd for Cz7H3sN2011% [M+H]*:
563.2241, found: 563.2235.

4-methylumbelliferyl  3,4-di-O-acetyl-2-amino-2-N-tert-butoxycarbonyl-2,6-
di-deoxy-6-thioacetamido-B-D-glucopyranoside (9). To an oven dried flask containing
amide 8 (61 mg, 0.11 mmol, 1.5 eq) under Ar was added commercial anhydrous toluene
(3 mL) and Lawesson’s reagent (29 mg, 0.072 mmol, 1.0 eq). The reaction mixture was
protected from light and refluxed under Ar. After 30 min the reaction was judged
complete by TLC analysis. The reaction mixture was concentrated in vacuo, and the
material was purified by silica-gel flash column chromatography (9:1; DCM:Acetone).
Three rounds of chromatography were required to remove all the impurities that tended
to co-elute and yield the desired compound as a pale yellow solid (48 mg, 0.083 mmaol,
77%).

1H NMR (500 MHz, acetone-d6) &: 9.39 (s, TH,NHSAc), 7.72 (d, J = 8.7 Hz, 1H,
AR), 7.03 — 6.93 (m, 2H, AR), 6.30 (d, J = 9.4 Hz, 1H, Boc NH), 6.19 (d, J = 0.9 Hz, 1H,
4AMU H-3), 5.52 (d, J = 8.4 Hz, 1H, H-1), 5.34 (t, J = 9.6 Hz, 1H, H-3), 5.01 (t, J = 9.7 Hz,
1H, H-4), 4.30 (ddd, J = 10.1, 7.5, 2.5 Hz, 1H, H-5), 4.11 — 4.03 (m, 1H, H-6), 3.97 (dt, J
=10.2, 8.5 Hz, 1H, H-2), 3.84 — 3.75 (m, 1H, H-6), 2.55 (s, 3H, NSAC CHs), 2.45 (d, J =
0.9 Hz, 3H 4MU CHs), 2.04 (s, 3H, OAc CHs), 1.99 (s, 3H, OAc CHs), 1.39 (s, 9H, Boc
(CHs)s); 3C NMR (126 MHz, acetone-d6) & 202.74, 170.42, 170.17, 160.77, 160.65,
156.27, 155.88, 153.52, 127.18, 115.85, 114.27, 113.31, 104.30, 99.41, 79.44, 73.47,
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72.30, 70.74, 56.10, 47.00, 33.60, 33.52, 28.48 (3C Boc (CHs)s), 20.77, 20.65, 18.53;
HRMS: m/z calcd for C27H3sN2010S* [M+H]*: 579.2007, found: 579.2002.

4-methylumbelliferyl 2-acetamido-2,6-di-deoxy-6-thioacetamido-B-D-glucop-
yranoside ((6NSAc)4MUGIcNAc 10). To a flame dried flask containing thioamide 9 (30
mg, 0.052 mmol, 1.0 eq) under Ar was added dried DCM (2 mL), and the reaction
mixture was cooled to 0 °C. TFA (0.3 mL) was added by syringe, the reaction mixture
was protected from light and stirred under Ar while warming the mixture to room
temperature. After 3 hr the reaction was judged complete by TLC analysis (85:15;
DCM:Acetone, 0.5% TEA), and the solvent was removed in vacuo. To the resulting
crude amine was added Ac:O (1 mL) and Py (1 mL), and the reaction mixture was
protected from light and stirred at room temperature. After 2 hr the reaction was judged
complete by TLC analysis (75:25; DCM:Acetone), and the solvent was removed in
vacuo. The resulting crude amide was dissolved in EtOAc and washed successively
twice with water, twice with 1 M HCI, once with water, twice with saturated NaHCO3
solution, and twice with saturated NaCl solution. The organic extracts were dried over
anhydrous Na;SO., filtered, and concentrated in vacuo. The crude amide was allowed to
dry under high vacuum, after which the flask was flushed with Ar and commercial
anhydrous MeOH (2 mL) was added. After dissolution, NaOMe (2.8 mg, 0.052 mmol, 1.0
eqg) was added and the reaction mixture was protected from light and stirred under Ar at
room temperature. After 2 hr the reaction was judged complete by TLC analysis.
Regenerated Amberlite IR120 H* resin was added until the reaction mixture became
slightly acidic (pH ~ 5) as determined using pH paper. The resin was then removed by
filtration and washed several times with MeOH, after which the combined filtrates were
evaporated in vacuo. For silica-gel column chromatography, the compound was loaded
onto the column by dissolving the crude material in MeOH, concentrating in vacuo in the
presence of silica, and loading the resulting silica slurry with minimum portions of DCM.
Purification by silica-gel flash column chromatography (9:1; EtOAc:MeOH) gave the
desired compound as a white solid (14 mg, 0.032 mmol, 63%). Afterwards, the
compound was further purified by HPLC using the following conditions: 100 pL
injections, 30 mg/mL in DMSO, 2 mL/min flow, 10 to 80%B over 30 min, A = H,O + 5%
MeOH, B = MeOH.
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H NMR (600 MHz, CDs0D) &: 7.69 (d, J = 8.8 Hz, 1H, AR), 6.99 (dd, J = 8.8, 2.4
Hz, 1H, AR), 6.96 (d, J = 2.2 Hz, 1H, AR), 6.21 (d, J = 1.0 Hz, 1H, 4MU H-3), 5.15 (d, J =
8.4 Hz, 1H, H-1), 4.21 (dd, J = 13.9, 2.6 Hz, 1H, H-6), 3.97 (dd, J = 10.2, 8.6 Hz, 1H, H-
2), 3.90 — 3.85 (ddd, J = 10.0, 7.5, 2.8 Hz, 1H, H-5), 3.79 (dd, J = 13.8, 7.5 Hz, 1H, H-6),
3.61 (dd, J = 10.3, 8.9 Hz, 1H, H-3), 3.33 (m, J = 6.0 Hz, 1H, H-4), 2.53 (s, 3H, NSAc
CHa), 2.45 (d, J = 1.1 Hz, 3H, 4MU CHs), 1.99 (s, 3H, NAc CHs); 3C NMR (151 MHz,
CDs0OD) 6&: 203.29, 173.93, 163.07, 161.64, 156.08, 155.33, 127.31, 116.17, 115.07,
113.04, 104.60, 100.04, 75.14, 74.85, 73.56, 57.11, 48.08, 33.22, 22.95, 18.62; HRMS:
m/z calcd for CzoH2sN207S* [M+H]*: 437.1377, found: 437.1371.

3.5.4. Synthesis of (NACNSAc)4MUGIcNAc (18)

N-acetyl-3-aminopropanoic acid (12). Prepared as previously described from
commercially available B-alanine 11 and acetic anhydride and used without further

purification.??! The 'H NMR spectrum conformed to the literature description.

Ethyl N-acetyl-3-aminopropanoate (13). Prepared as previously described from
carboxylic acid 12 and EtOH with catalytic PTSA.??? The product was isolated by
extraction from water using DCM, and was used without further purification. The *H NMR

spectrum conformed to the literature description.

Ethyl N-thioacetyl-3-aminopropanoate (14). To an oven dried flask containing
amide 13 (406 mg 2.55 mmol, 1.5 eq) under Ar was added dried dioxane (25 mL) and
Lawesson’s reagent (687 mg, 0.170 mmol, 1.0 eq). The reaction mixture was stirred
under Ar at room temperature. After 1 hr the reaction was judged complete by TLC
analysis. The mixture was concentrated in vacuo, and the material was purified by silica-
gel flash column chromatography using a gradient solvent system (30:70 — 55:45;
Et,O:hexanes). Three rounds of column chromatography were required to remove all of
the co-eluting impurities and yield the desired compound as a pale yellow solid (368 mg,
2.10 mmol, 82%).

1H NMR (500 MHz, CDCI3) &: 8.11 (s, 1H, NH), 4.09 (q, J = 7.2 Hz, 2H, Et CH,),
3.88 (dt, J = 6.3, 5.6 Hz, 2H, N CHy), 2.64 (1, J = 6.0 Hz, 2H, CO CH,), 2.47 (s, 3H,
NSAc CHs), 1.21 (t, J = 7.2 Hz, 3H, Et CHs); 3C NMR (126 MHz, CDCI3) & 201.09,
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172.60, 60.97, 41.26, 34.11, 32.12, 14.11; HRMS: m/z calcd for C7H14N10,S* [M+H]*:
176.0740, found: 176.0740.

N-thioacetyl-3-aminopropanoic acid (15). To a flask containing ester 14 (238
mg, 1.36 mmol, 1.0 eq) was added water (3 mL) and TFA (0.2 mL, 2.72 mmol, 2.0 eq),
and the reaction mixture was stirred at 90 °C. After 16 hr the reaction was judged
complete by TLC analysis (93:7; DCM:MeOH, 0.5% TEA). The mixture was
concentrated by co-evaporation with toluene, and the resulting crude product was
dissolved in a minimum amount of EtOAc, precipitated with hexanes, filtered, and dried
in vacuo to give the product with 85% purity as a white solid (170 mg, 1.16 mmol, 85%).
Amide 17 was produced as a by-product (15%), however, the impure title compound

was used without further purification.

1H NMR (500 MHz, CDsOD) &: 3.82 (t, J = 6.8 Hz, 2H, N CH,), 2.70 (t, J = 6.8
Hz, 2H, O CH.), 2.47 (s, 3H, CHa); HRMS: m/z calcd for CsH1oN10,S* [M+H]*: 148.0427,
found: 148.0427.

N-hydroxysuccinimidyl N-thioacetyl-3-aminopropanoate (16). To a flame
dried flask containing 85% pure carboxylic acid 15 (178 mg, 1.21 mmol, 1.0 eq) under Ar
was added dried dioxane (12 mL), HOSu (167 mg, 1.45 mmol, 1.2 eq), and EDC-HCI
(278 mg, 1.45 mmol, 1.2 eq). The reaction mixture was stirred under Ar, and after 5 hr
the reaction was judged complete by TLC analysis. The reaction mixture was filtered to
remove the urea precipitate, which was washed with dioxane. The combined filtrates
were concentrated in vacuo and purified by silica-gel flash column chromatography (7:3;
DCM:EtOAC) to give the product as a pale beige solid (127 mg, 0.52 mmol, 43%).

H NMR (500 MHz, CDCls) &: 8.02 (s, 1H, NH), 4.12 (dt, J = 6.4, 5.7 Hz, 2H, N
CH,), 3.01 (dd, J = 6.6, 5.2 Hz, 2H, CO CHy>), 2.88 (s, 4H, OSu 2CHy), 2.55 (s, 3H NSAc
CHs); HRMS: m/z calcd for CoH13N204S* [M+H]*: 245.0591, found: 245.0594.

4-methylumbelliferyl  3,4-di-O-acetyl-2-amino-2-N-tert-butoxycarbonyl-2,6-
di-deoxy-6-(3-(thioacetamido)propanamido)-B-D-glucopyranoside (17). To a flame
dried flask under Ar containing azide 7 (53 mg, 0.096 mmol, 1.0 eq) and ester 16 (70,
0.29 mmol, 3.0 eq) was added dioxane (4 mL) and PBus; (58 mg, 0.29 mmol, 3.0 eq).
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The reaction mixture was protected from light and stirred under Ar at room temperature.
After 90 min the reaction was judged complete by TLC analysis, and was concentrated
in vacuo. Water was added to the resulting crude product to precipitate PBusO, and the
mixture was washed twice with DCM. The combined organic extracts were washed
successively twice with saturated NaHCO3 solution, once with water, and once with
saturated NacCl solution. The organic extracts were then dried over anhydrous Na,SOa,,
filtered, and concentrated in vacuo. The material was purified by silica-gel flash column
chromatography (7:3 EtOAc:DCM) to yield the desired compound as a white solid (44
mg, 0.068 mmol, 70%).

H NMR (500 MHz, acetone-d6) &: 9.03 (s, 1H, NHSAc), 7.75 (d, J = 9.4 Hz, 1H,
AR), 7.51 (t, J = 5.0 Hz, 1H, C-6 NH), 7.03 — 6.98 (m, 2H, AR), 6.31 (d, J = 9.4 Hz, 1H,
Boc NH), 6.22 (d, J = 1.0 Hz, 1H, 4MU H-3), 5.51 (d, J = 8.4 Hz, 1H, H-1), 5.32 (t, J =
9.9 Hz, 1H, H-3), 4.95 (t, J = 9.7 Hz, 1H, H-4), 4.08 (ddd, J = 9.8, 6.1, 2.4 Hz, 1H, H-5),
3.98 — 3.82 (m, 3H, NSAc CHg, H-2), 3.64 — 3.56 (m, 1H, H-6), 3.50 — 3.43 (m, 1H, H-6),
2.68 (dt, J = 14.6, 7.2 Hz, 1H, N(CO) CH>), 2.59 (dt, J = 15.2, 6.1 Hz, 1H, N(CO) CH,),
2.47 (s, 3H, NSAc CHs), 2.47 (d, J = 1.0 Hz, 3H, 4MU CHs), 2.05 (s, 3H, OAc CHs), 1.97
(s, 3H, OAc CHs), 1.39 (s, 9H, Boc (CHs)s); *3C NMR (126 MHz, acetone-d6) & 200.98,
171.67, 170.44, 161.09, 160.87, 155.84, 153.91, 127.28, 115.87, 114.44, 113.21,
104.29, 99.49, 79.42, 73.68, 73.54, 70.33, 56.19, 42.63, 42.48, 39.83, 34.07, 33.70,
33.62, 28.49 (3C Boc (CHs)3), 20.92, 20.67, 18.62; HRMS: m/z calcd for C3oH39N3011S*
[M+H]*: 672.2203, found: 672.2209.

4-methylumbelliferyl 2-acetamido-2,6-di-deoxy-6-(3-(thioacetamido)propan-
amido)-B-D-glucopyranoside ((BNACNSAc)4MUGIcNAc 18). To a flame dried flask
containing 17 (7.5 mg, 0.012 mmol, 1.0 eq) and dried DCM (1.5 mL) under Ar was
added TFA (0.5 mL) by syringe, and the reaction mixture was protected from light and
stirred under Ar at room temperature. After 45 min the reaction was judged complete by
TLC analysis (93:7; DCM:MeOH), and the solvent was removed in vacuo. To the
resulting crude amine was added Ac,O (1.0 mL) and TEA (1.0 mL), and the reaction
mixture was protected from light and stirred at room temperature. After 1 hr the reaction
was judged complete by TLC analysis (93:7; DCM:MeOH), the solvent was removed in

vacuo and the resulting crude amide was dried under high vacuum. To the crude amide
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under Ar was added commercial anhydrous MeOH (2.0 mL) followed by K>COs (0.8 mg,
0.006 mmol, 0.5 eq). The reaction mixture was protected from light and stirred under Ar
at room temperature. After 16 hr the reaction was judged complete by TLC analysis. For
silica-gel column chromatography, the compound was loaded onto the column by
dissolving the crude material in MeOH, concentrating in vacuo in the presence of silica,
and loading the resulting silica slurry with minimum portions of DCM. Purification by
silica-gel flash column chromatography using a gradient solvent system (88:12 — 85:15;
DCM:MeOH) gave the desired compound as a white solid (5.4 mg, 0.011 mmol, 88%).
Afterwards, the compound was further purified by HPLC using the following conditions:
100 pL injections, 20 mg/mL in DMSO, 2 mL/min flow, 15 to 80% B over 30 min, A =
H,O + 5% MeOH, B = MeOH.

1H NMR (600 MHz, DMSO) &: 9.93 (t, J = 4.6 Hz, 1H, NHSAc), 8.03 (t, J = 5.5
Hz, 1H, C-6 NH), 7.83 (d, J = 9.0 Hz, 1H, NHAC), 7.69 (d, J = 8.7 Hz, 1H, AR), 6.96 (d, J
= 2.4 Hz, 1H, AR), 6.93 (dd, J = 8.8, 2.4 Hz, 1H, AR), 6.26 (d, J = 1.0 Hz, 1H, 4MU H-3),
5.24 (d, J = 5.2 Hz, 1H, OH-4), 5.15 (d, J = 5.4 Hz, 1H, OH-3), 5.10 (d, J = 8.5 Hz, 1H,
H-1), 3.71 (dt, J = 9.4, 8.4 Hz, 1H, H-2), 3.67 — 3.60 (m, 2H, NSAc CH>), 3.55 — 3.48 (m,
2H, H-5, H-6), 3.44 (ddd, J = 10.2, 8.6, 5.5 Hz, 1H, H-3), 3.19 (ddd, J = 13.1, 8.2, 6.1 Hz,
1H, H-6), 3.09 (ddd, J = 9.8, 8.3, 5.2 Hz, 1H, H-4), 2.49 — 2.45 (m, 2H, N(CO) CH,), 2.40
(d, J = 1.0 Hz, 3H, 4MU CHs), 2.33 (s, 3H, NSAc CHs), 1.80 (s, 3H, NAc CHs); 13C NMR
(151 MHz, DMSO) &: 199.06, 170.47, 169.28, 160.03, 159.90, 154.37, 153.17, 126.47,
114.33, 113.25, 111.89, 103.25, 98.60, 74.57, 73.42, 71.81, 55.35, 41.73, 40.05, 32.97,
32.74, 23.03, 18.15; HRMS: m/z calcd for CasHsoN3OsS* [M+H]*: 508.1748, found:
508.1746.

3.5.5. Synthesis of (tAzZNSAc)4MUGIcNAc (23) and Azidosugar (24)

N-acetyl propargylamine (20). Prepared as previously described from
commercially available propargylamine 19 and acetyl chloride,??* and purified by silica-
gel flash column chromatography (8:2; DCM:EtOAc). The *H NMR spectrum conformed

to the literature description.
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4-methylumbelliferyl  3,4-di-O-acetyl-2-amino-2-N-tert-butoxycarbonyl-2,6-
di-deoxy-6-(4-(acetamidomethyl)-1,2,3-triazol-1-yl)-B-D-glucopyranoside (21) — To a
flask containing alkyne 20 (11.8 mg, 0.12 mmol, 3.6 eq) and azidosugar 7 (60 mg, 0.11
mmol, 3.3 eq) was added DMF (2 mL) and the mixture was stirred until it became
homogeneous. In a vial, sodium ascorbate (13.1 mg, 0.066 mmol, 2.0 eq) was dissolved
in water (250 pL), and the resulting solution was added to the reaction mixture. The vial
was washed with water (250 pL), and the wash was also added to the reaction mixture.
This procedure was repeated to add CuS0O4-5H,0 (8.2 mg, 0.033 mmol, 1.0 eq). The
reaction mixture was protected from light and stirred at room temperature. After 16 hr the
reaction was judged complete by TLC analysis. The reaction mixture was diluted with
water and DCM, and the aqueous phase was washed several times with DCM. The
combined organic extracts were dried over anhydrous Na;SO,, filtered, and co-
evaporated with toluene to remove any residual DMF. The material was purified by
silica-gel flash column chromatography (97:3; DCM:MeOH) to vyield the desired
compound as a white solid (60.5 mg, 0.094 mmol, 85%).

H NMR (500 MHz, acetone-d6) &: 7.76 (s, 1H, tAz H-5), 7.68 (d, J = 8.8 Hz, 1H,
AR), 7.49 (s, 1H, NHAc), 6.78 (dd, J = 8.8, 2.2 Hz, 1H, AR), 6.63 (d, J = 2.2 Hz, 1H, AR),
6.34 (d, J = 9.6 Hz, 1H, Boc NH), 6.20 (d, J = 1.0 Hz, 1H, 4MU H-3), 5.45 (d, J = 8.4 Hz,
1H, H-1), 5.39 (t, J = 9.9 Hz, 1H, H-3), 5.00 (t, J = 9.7 Hz, 1H, H-4), 4.73 (dd, J = 14.4,
2.6 Hz, 1H, H-6), 4.57 (dd, J = 14.4, 8.8 Hz, 1H, H-6), 4.43 (m, 2H, H-5, [tAz]CH2[NACc]),
4.34 (dd, J = 15.2, 5.5 Hz, 1H, [tAz]CH2[NACc]), 3.96 (dt, J = 10.0, 8.4 Hz, 1H, H-2), 2.47
(d, J = 1.1 Hz, 3H, 4MU CH5), 2.08 (s, 3H, O/NAc CHgs), 2.00 (s, 3H, O/NAc CHs), 1.84
(s, 3H, O/NAc CHjs), 1.38 (s, 9H, Boc (CHj3)3); 13C NMR (151 MHz, acetone-d6) & 170.45,
170.30, 169.90, 161.02, 160.63, 156.26, 155.70, 153.81, 146.58, 127.27, 124.08,
116.05, 114.21, 113.31, 104.44, 99.46, 79.48, 73.39, 73.34, 71.07, 56.16, 51.26, 35.48,
28.48 (3C, Boc (CHgs)s), 22.74, 20.76, 20.66, 18.59; HRMS: m/z calcd for CzoH3sNsO11*
[M+H]*: 644.2568, found: 644.2578.

4-methylumbelliferyl  3,4-di-O-acetyl-2-amino-2-N-tert-butoxycarbonyl-2,6-
di-deoxy-6-(4-(thioacetamidomethyl)-1,2,3-triazol-1-yl)-B-D-glucopyranoside  (22).
To an oven dried flask containing amide 21 (108 mg 0.18 mmol, 1.0 eq) under Ar was

added dried dioxane (4 mL) and Lawesson’s reagent (73 mg, 0.18 mmol, 1.0 eq). The
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reaction mixture was protected from light and stirred under Ar at reflux. After 2 hr the
reaction was judged complete by TLC analysis. The reaction mixture was concentrated
in vacuo, and the material was purified by silica-gel flash column chromatography using
a gradient solvent system (98:2 - 96:4; DCM:MeOH). Three rounds of chromatography
were required to remove all of the co-eluting impurities and yield the desired compound

as a pale yellow solid (102 mg, 0.16 mmol, 92%).

'H NMR (500 MHz, acetone-d6) &: 9.49 (s, 1H, NHSAc), 7.92 (s, 1H,tAz H-5),
7.65 (d, J = 8.8 Hz, 1H, AR, 6.79 (dd, J = 8.7, 1.9 Hz, 1H, AR), 6.58 (d, J = 2.0 Hz, 1H,
AR), 6.36 (d, J = 9.2 Hz, 1H, Boc NH), 6.20 (d, J = 0.8 Hz, 1H, 4MU H-3), 5.47 (d, J =
8.4 Hz, 1H, H-1), 5.40 (t, J = 9.9 Hz, 1H, H-3), 5.01 (t, J = 9.7 Hz, 1H, H-4), 4.95 (dd, J =
15.2, 5.4 Hz, 1H, CH,), 4.80 — 4.73 (m, 2H, CH>, H-6), 4.60 (dd, J = 14.4, 8.9 Hz, 1H, H-
6), 4.43 (ddd, J = 10.2, 8.1, 2.0 Hz, 1H, H-5), 3.97 (dt, J = 10.1, 8.4 Hz, 1H, H-2), 2.45
(d, J = 0.8 Hz, 3H, 4MU CHg), 2.45 (s, 3H, NSAc CHs), 2.09 (s, 3H OAc CHg3), 2.01 (s,
3H OAc CHg), 1.38 (s, 9H Boc (CHs)s); **C NMR (126 MHz, acetone-d6) &: 201.38,
170.45, 170.30, 161.13, 160.52, 156.23, 155.67, 153.80, 144.01, 127.13, 124.82,
116.01, 114.27, 113.31, 104.32, 99.26, 79.50, 73.35 (2C), 71.04, 56.13, 51.31, 41.84,
33.37, 28.47 (3C, Boc (CHs)s), 20.77, 20.66, 18.65; HRMS: m/z calcd for C3oH3sNsO10S*
[M+H]*: 660.2334, found: 660.2336.

4-methylumbelliferyl 2-acetamido-2,6-di-deoxy-6-(4-(thioacetamidomethyl)-
1,2,3-triazol-1-yl)-B-D-glucopyranoside ((6tAzNSAc)4AMUGIcNAc 23). — To a flame
dried flask containing 22 (49 mg, 0.075 mmol, 1.0 eq) and dried DCM (4 mL) under Ar
was added TFA (1 mL) by syringe, and the reaction mixture was protected from light and
stirred under Ar at room temperature. After 3 hr the reaction was judged complete by
TLC analysis (98:2; DCM;MeOH, 0.5% TEA), and the solvent was removed in vacuo. To
the resulting crude amine was added Ac.O (1.5 mL) and Py (1.5 mL), and the reaction
mixture was protected from light and stirred at room temperature. After 16 hr the reaction
was judged complete by TLC analysis (98:2; DCM;MeOH), and the solvent was removed
in vacuo. The resulting crude amide was dissolved in EtOAc and washed successively
twice with water, twice with 1 M HCI, once with water, twice with saturated NaHCO3
solution, and twice with saturated NaCl solution. The organic extracts were dried over

anhydrous Na>SOy, filtered, and concentrated in vacuo. The crude amide was allowed to
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dry under high vacuum, after which the flask was flushed with Ar and commercial
anhydrous MeOH (2 mL) was added. After dissolution, K,COj3 (2.1 mg, 0.015 mmol, 0.2
eq) was added and the reaction mixture was protected from light and stirred under Ar at
room temperature. After 2 hr the reaction was judged complete by TLC analysis.
Regenerated Amberlite IR120 H* resin was added until the reaction mixture became
slightly acidic (pH ~ 5) as determined by pH paper. The resin was then removed by
filtration and washed several times with MeOH, after which the combined filtrates were
evaporated in vacuo. For silica-gel column chromatography, the compound was loaded
onto the column by dissolving the crude material in MeOH, concentrating in vacuo in the
presence of silica, and loading the resulting silica slurry with minimum portions of DCM.
Purification by silica-gel flash column chromatography (9:1; EtOAc;MeOH) gave the
desired compound as a white solid (24 mg, 0.047 mmol, 62%). Afterwards, the
compound was further purified by HPLC using the following conditions: 100 L
injections, 50 mg/mL in DMSO, 2 mL/min flow, 15 to 80% B over 30 min, A = H,O + 5%
MeOH, B = MeOH.

IH NMR (601 MHz, DMSO) &: 10.33 (t, J = 5.1 Hz, 1H, NHSAc), 7.86 (d, J = 8.9
Hz, 1H, NHAC), 7.85 (s, 1H, tAz H-5), 7.60 (d, J = 8.8 Hz, 1H, AR), 6.71 (dd, J = 8.8, 2.4
Hz, 1H, AR), 6.66 (d, J = 2.4 Hz, 1H, AR), 6.25 (d, J = 1.2 Hz, 1H, 4MU H-3), 5.63 (d, J =
5.6 Hz, 1H, OH-4), 5.28 (d, J = 5.6 Hz, 1H, OH-3), 5.09 (d, J = 8.5 Hz, 1H, H-1), 4.78
(dd, J = 14.4, 2.2 Hz, 1H, H-6), 4.71 (dd, J = 15.0, 5.5 Hz, 1H, CHy), 4.65 (dd, J = 15.0,
5.1 Hz, 1H, CH,), 4.47 (dd, J = 14.4, 8.7 Hz, 1H, H-6), 3.85 (ddd, J = 10.5, 8.5, 2.2 Hz,
1H, H-5), 3.72 (dt, J = 9.7, 7.9 Hz, 1H, H-2), 3.48 (ddd, J = 10.1, 8.8, 5.7 Hz, 1H, H-3),
3.20 — 3.14 (m, 1H, H-4), 2.39 (d, J = 1.0 Hz, 3H, 4MU CHa), 2.34 (s, 3H, NSAc CHa),
1.81 (s, 3H, OAc CHs); 3C NMR (151 MHz, DMSO) &: 199.31, 169.37, 159.97, 159.44,
154.28, 153.05, 142.30, 126.33, 124.41, 114.46, 113.16, 112.01, 103.19, 98.14, 74.56,
73.43, 71.47, 55.12, 50.67, 40.47, 32.54, 23.01, 18.14. HRMS: m/z calcd for
C23H2sN507S* [M+H]*: 518.1704, found: 518.1708.

4-methylumbelliferyl 2-acetamido-6-azido-2,6-di-deoxy-B-D-
glucopyranoside (24). To an oven dried flask under Ar containing azidosugar 7 (12.4
mg, 0.023 mmol, 1.0 eq) was added dried DCM (1.5 mL) and TFA (0.5 mL), and the

mixture was stirred under Ar protected from light at room temperature. After 1 hr the
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reaction was judged complete by TLC analysis and the solvent was removed by co-
evaporation with toluene in vacuo. To the resulting crude amine was added DCM (2 mL),
TEA (0.095 mL, 0.681 mmol, 30 eq), and Ac.0 (0.063 mL, 0.681 mmol, 30 eq), and the
reaction mixture was protected from light and stirred at room temperature. After 1 hr the
reaction was judged complete by TLC analysis and the solvent was removed by co-
evaporation with toluene. The resulting crude amide was flushed with Ar and commercial
anhydrous MeOH (2.0 mL) was added followed by K,CO3 (1.7 mg, 0.012 mmol, 0.5 eq).
The reaction mixture was protected from light and stirred under Ar at room temperature.
After 16 hr the reaction was judged complete by TLC analysis. For silica-gel column
chromatography, the compound was loaded onto the column by dissolving the crude
material in MeOH, concentrating in vacuo in the presence of silica, and loading the
resulting silica slurry with minimum portions of DCM. Purification by silica-gel flash
column chromatography (9:1; DCM:MeOH) gave the desired compound as a white solid
(9.1 mg, 0.023 mmol, 99%).

1H NMR (600 MHz, CDsOD) &: 7.71 (d, J = 8.8 Hz, 1H, AR), 7.04 (dd, J = 8.7, 2.4
Hz, 1H, AR), 7.01 (d, J = 2.4 Hz, 1H, AR), 6.21 (d, J = 1.3 Hz, 1H, 4MU H-3), 5.24 (d, J =
8.4 Hz, 1H, H-1), 3.95 (dd, J = 10.4, 8.4 Hz, 1H, H-2), 3.67 (ddd, J = 9.5, 7.0, 2.3 Hz, 1H,
H-5), 3.61 (dd, J = 13.9, 1.8 Hz, 1H, H-6), 3.60 (t, J = 9.6 Hz, 1H, H-3), 3.48 (dd, J =
13.3, 7.0 Hz, 1H, H-6), 3.40 (dd, J = 9.7, 8.8 Hz, 1H, H-4), 2.45 (d, J = 1.3 Hz, 3H, 4MU
CHs), 1.99 (d, J = 1.8 Hz, 3H, NAc CH3); 13C NMR (151 MHz, CDsOD) &: 172.03, 161.37,
159.69, 154.17, 153.54, 125.50, 114.39, 113.17, 111.14, 102.90, 98.04, 75.37, 73.48,
70.76, 55.27, 50.95, 21.05, 16.74; HRMS: m/z calcd for CigH21N4O7* [M+H]*: 405.1405,
found: 405.1408.

3.5.6. Enzyme Preparation, Kinetics, and Quenching Measurements

Fluorescence quenching by dissolved thioacetamide. Thioacetamide
dissolved in water (200 pL, 600 mM) was added to a black opaque 96-microwell plate in
duplicate and serial diluted (1:1) into water (100 pL). To the wells was added 100 pL of
4MUGIcNAc (5 mM), or 4MU (2 uM), or resorufin (2 uM), in 5% DMSO in water. A blank
containing no fluorescent compound was prepared by instead adding 100 pL of 5%
DMSO in water. Final conditions were: 200 uL; 300 to 0 mM thioacetamide; 2.5 mM
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4MUGIcNAc, or 1 pM 4MU, or 1 pM resorufin; and 2.5% DMSO. Fluorescence was
guantified at 25 °C with excitation/emission wavelengths of 365/445 nm for
4MU/4MUGIcNAc, and 365/590 for resorufin. Data was acquired using a Synergy 4
microplate reader and analyzed using Gen5 and Graphpad software. Blanks were
subtracted, and quenching at each concentration of thioacetamide was calculated as the
percentage decrease in fluorescence in comparison to the fluorescence at 0 mM

thioacetamide.

Expression and purification of human O-GlcNAcase. Lysogeny broth (LB)
containing kanamycin (50 pg/mL) was inoculated with E. coli transformed with a plasmid
expressing His6 tagged hOGA, and was incubated aerobically at 37 °C overnight. The
next day, 6x 1 L of LB containing kanamycin (50 pyg/mL) was inoculated with overnight
culture (1:100) and incubated aerobically at 37 °C to an OD600 of ~ 0.6. Once at the
correct OD600 1 mL of IPTG (0.5 M, 0.5 mM final) was added, and protein was
expressed aerobically at 21 °C for 4 hr. Afterward, the cultures were transferred to 1 L
centrifuge bottles and spun at 5000 rcf and 4 °C for 10 min. Each pellet was
resuspended in 20 mL binding buffer (20 mM Na;HPO,4, 500 mM NacCl, 5 mM imidazole,
pH 7.4) and stored at -80 °C in 50 mL centrifuge tubes. When pure protein was needed
a protease inhibitor tablet and lysozyme (1mg/mL) were added to the required pellets,
which were thawed on a rocker at 4 °C. Once thawed, the pellets were sonicated using a
sonic dismembrator at 60% amplitude on ice for 2 min (20 sec on, 40 sec off). The
sonicated pellets were centrifuged at 20,000 rcf and 4 °C for 1 hr, during which time a
HisTrap column for affinity chromatography was prepared by passing through 50 mL
Milli-Q water and 50 mL binding buffer using a peristaltic pump at a flow of 8 mL/min.
After centrifugation, the supernatant was carefully withdrawn with a pipette and loaded
onto the column. Loading, washing, and elution was carried out at 5 mL/min. Once
loaded, 50 mL washing buffer (20 mM Na,HPO,4, 500 mM NaCl, 60 mM imidazole, pH
7.4) was passed through the column, followed by 50 mL of elution buffer (20 mM
Na;HPO4, 500 mM NacCl, 250 mM imidazole, pH 7.4) that was collected in 6 mL
fractions. Bradford reagent was used to check the protein content of the fractions, and
the three most concentrated fractions were combined. The combined fractions were
dialyzed for 20 hr twice at 4 °C in PBS using a membrane with a molecular weight cut-off

of 14,000 Da. After dialysis 0.01% NaN; was added and the concentration was
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determined using a Nanodrop 2000 UV-Vis spectrophotometer. The protein was stored

at 4 °C and used within three weeks.

Kinetics of substrate processing by human O-GIcNAcase. 80 uL solutions in
DMSO of 20 mM 4MUGIcNAc, (6NSAc)4MUGIcNAc, or (6tAzZNSAc)4AMUGIcNACc; or of
10 mM (6NACNSAC)4MUGIcNAC or (6N3)4MUGIcNACc, was added to a black opaque 96-
microwell plate and serial diluted (1:1) into DMSO (40 pL). 10 uL in triplicate of the serial
diluted substrates was added to 90 yL PBS. The plate was warmed to 37 °C, at which
point 100 pL of enzyme (200, 800, 1200, 1200, or 100 nM, respectively) in PBS was
added and the reaction was monitored at 37 °C on a Synergy 4 microplate reader with
Gen5 software using excitation/emission wavelengths of 365/445 nm. Final conditions
were: 200 puL; 1000 to O M 4MUGIcNAc, (BNSAc)AMUGIcNAc, or
(6tAzZNSACc)4MUGIcNAc, or 500 to 0 pM (6NACNSACc)AMUGICcNAC or (6N3)4MUGICNAC;
100, 400, 600, 600, or 50 nM hOGA, respectively; and 5% DMSO. The initial rates of
4MU product formation were determined for each substrate concentration with the aid of
a 4MU standard curve using Graphpad software. A plot of initial rate against substrate

concentration was fit to the Michaelis-Menten equation to obtain kinetic parameters.

Excitation/emission scans and quenching measurements. The same 100 L
guartz fluorescence cuvette was used for all measurements. Before the first
measurement and between all subsequent measurements, the cuvette was washed
twice with methanol and thrice with 10% DMSO in water, and a blank (10% DMSO in
water) was recorded using the same excitation/emission ranges used for the substrates.
Before adding the fluorescent substrate, the cuvette was washed twice more with
methanol and dried with compressed nitrogen. From 10 mM stocks in DMSO, 100 uL of
4MUGIcNACc, (6NSAC)4MUGICNAC, (6tAzZNSAC)4MUGICNAC, or
(BNACNSACc)4AMUGIcNAc at 10, 50, and 500 uM in 10% DMSO in water were prepared.
Working solutions were prepared immediately prior to measurement to avoid
precipitation. For all the concentrations of each compound, the excitation and emission
profiles were scanned iteratively using a fluorescence spectrophotometer until the
wavelength corresponding to the excitation maximum was used to scan the emission
profile, and vice versa. The same instrument settings were used for all compounds at a

given concentration to ensure comparability. Blanks were subtracted and the excitation
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and emission profiles were plotted with relative intensity using Graphpad. Quenching
was determined as the percentage decrease in the emission of the thioamide-containing

compound compared to that of AMUGICNAC at a given wavelength and concentration.
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NMR Spectra
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