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Abstract

Heterologous biosynthetic pathway expression is an essential tool for natural products
biochemists. It has provided a powerful methodology for elucidating and characterizing bacterial
biosynthetic pathways. In this thesis I will discuss methods to harness biosynthetic pathways for
the heterologous production of a monosaccharide natural product, Legionaminic acid (Leg5,7Ac>).
This carbohydrate belongs to a family of sugars called nonulosonic acids (nine carbon a-keto
acids) and is a 5,7-diamino derivative of sialic acid (NeuSAc). It is found in cell surface
glycoconjugates of bacteria including pathogens such as Helicobacter pylori, Campylobacter
Jjejuni, Acinetobacter baumanii and Legionella pneumophila. Their presence on bacteria has been
correlated with virulence in humans by mechanisms that likely involve subversion of the host’s
immune system or interactions with host cell surfaces due to its similarity to sialic acid. Further
investigation into their role in bacterial physiology and pathogenicity is limited as there are no
effective methods to produce sufficient quantities of these carbohydrates.

Herein, I harness microbial biosynthetic pathways via metabolic and genetic engineering to
produce these complex nonulosonic acids. Leg5,7Ac> is produced from N-acetylglucosamine
using the Escherichia coli strain BRL0O4, which results in substantial over-production (> 100 mg
L' of culture). Pure Leg5,7Ac> could be readily isolated and converted into CMP-activated
Leg5,7Ac: for biochemical applications as well as the phenyl thioglycoside for chemical synthesis
applications. A similar strategy was employed to access the related nonulosonic acid pseudaminic
acid (Pse5,7Ac2). A biosynthetic pathway for production of Pse5,7Ac, was constructed from H.
pylori and C. jejuni and expressed in E. coli BRL04. Unlike Leg5,7Ac2, Pse5,7Ac, was produced
in low yields (< 20 mg L!). A number of modifications were made to the biosynthetic constructs

in an effort to enhance production levels yet improved titers were not obtained.
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Additionally, this thesis will look at the development of a new strategy for the heterologous
expression of biosynthetic pathways in a number of diverse hosts. I will highlight a flexible in vivo
heterologous expression system that was inspired by viral protein packaging, processing and
cleavage to produce violacein, a bright purple pigment with anti-tumor properties. A de novo
polyprotein design possessing the violacein biosynthetic pathway was shown to work effectively
in prokaryotic hosts such as E. coli and S. typhimurium. Expression of the polyprotein design in
eukaryotic hosts like mammalian cells and S. cerevisiae were less successful. The ultimate goal of
the work presented herein is to highlight the flexibility and powerful nature of synthetic biology
for the in vivo production of natural products in addition to contributing to the vast arsenal of

techniques and strategies that are currently available to researchers in this field.
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Chapter One: Introduction

The complexity and diversity of carbohydrates as biopolymers is evident by their
involvement in a number of structural, chemical and biological functions. From their function in
cellular structure and integrity to the role carbohydrates play in cell signaling and immune
response, a vast amount of research has elucidated the importance and biological impact that
carbohydrates have. Carbohydrates found in nature are typically derived from monosaccharide
subunits. Monosaccharides are nonhydrolyzable structures, typically possessing a structural core
of 5 or 6 carbons, with specific activatable functional groups that allow for the generation of larger
units known as oligosaccharides. What makes carbohydrates particularly interesting is the
diversity and stereochemical variability that is possible between individual subunits and their
linkages. Figure 1.1 highlights a number of common naturally occurring monosaccharides that are
involved in a wide range of biological functions including glucose, which plays an essential role
in glycolysis and energy production', N-acetylglucosamine (GIcNAc) which has a critical
signalling role on the cell surface? and sialic acid, a key complex carbohydrate with involvement

in host-pathogen interactions® and immune response.*

OH
OH OH_oH OH
0 o OH O/ oH
HHO OH HO OH HO 0 OH HO
OH OH HO OH

Glucose Galactose Mannose Fucose
OH
HO
OH OH on o OH
HO HO OH
NHAc NHAc OH
N-Acetylglucosamine  N-Acetylgalactosamine Xylose Sialic acid
(GIcNAc) (GalNAc) (Neu5Ac)

Figure 1.1: Common monosaccharides used as synthetic or biochemical building blocks to
generate complex carbohydrates.



Although individual monosaccharides can play key roles in biological function, it is more
typical to find biological function associated with glycoconjugates and glycoproteins. The
synthesis of these important biomolecules is primarily dependent on the ligation of multiple
monosaccharides and/or protein subunits, giving rise to diverse and structurally unique moieties.
While glycoconjugates and glycoproteins are shown to be involved in a number of functional and
biochemical processes, detailed characterization of their function is frequently hampered by the
inability to readily synthesize these compounds in pure form. This review will provide an overview
of the current landscape of complex carbohydrates, with particular focus on a family of complex,
nine carbon sugars known as nonulosonic acids (NulO’s). Current limitations of complex
monosaccharide synthesis will be examined. A brief summary of the various methods that have
been employed to access these sugars will also be explored, in addition to analyzing areas of

glycobiology that have been uncovered due to their availability.

1.1 Accessing complex carbohydrates via chemical synthesis

The structural complexity afforded by glycoconjugates, glycoproteins and glycolipids make
them an incredibly interesting group of biopolymers. A significant number of carbohydrates that
are of interest to glycobiologists and carbohydrate researchers exist as polysaccharides or
glycoconjugates that are linked to one another via O-glycosidic bonds.® An inherent challenge in
studying oligosaccharides is their presence as complex, heterogeneous mixtures in biology. This
results in significant difficulty in their isolation to obtain a pure form for the study of their
molecular functions. Thus, a key area of research involves accessing these carbohydrates via
synthetic chemistry and generating biologically relevant glycoconjugates. The fundamental

mechanisms that drive carbohydrate chemistry are well understood’ and over the last few decades



an impressive array of complex glycoconjugates have been successfully synthesized.®
Calicheamicin y1, an extremely potent antitumor compound with a 9 membered ene-diyne ring is
an example of a complex glycoconjugate produced via a demanding chemical synthesis to access
a biologically relevant carbohydrate (Figure 1.2).” Synthetic strategies to obtain the carbohydrate
moiety of calicheamicin in pure form enabled studying of its DNA binding interactions by the ene-
diyne warhead. Not only is total synthesis of glycans desired, but generating these compounds in

sufficient quantities and with high purity is essential to probe their biological function.

Figure 1.2: Structure of the potent antitumor compound Calicheamicin y1.

Central to the ability to generate these complex glycoconjugates is a synthetic strategy that
shows stereo- and regioselective control in glycosidic bond formation. For example, protecting
group strategies can be employed to prevent other alcohols on a carbohydrate from reacting to
form undesired glycosidic linkages. Advancements in protecting group strategies for carbohydrate
synthesis are thus important tools for the regioselective control of glycosylation reactions and are
well reviewed in the literature.'®!! Guo et al provide an overview of protecting group strategies
used in glycosylation reactions from a regioselective standpoint.!> This review highlights

limitations in terms of obtaining a desired regiochemical outcome using currently available
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protecting group strategies. Additionally, Kulkarni et al summarize one-pot protection and
deprotection strategies of carbohydrate building blocks, highlighting the flexibility and complexity
of oligosaccharide synthesis.!* Kulkarni ef a/ also highlight a number of automated methods (both
solid phase and solution phase strategies) that are important methods for rapidly constructing
lengthy oligosaccharides, many of which are synthesized via repetitive chemical additions of
monosaccharides. An automated solid-phase oligosaccharide assembly system called Glyconeer
2.1 was shown to rapidly assemble oligosaccharides of interest from monosaccharide subunits by
Seeberger et al.'* The major drawback to such automated systems is the large excess of monomer,
in some cases in excess of 20 molar equivalents that are required to generate an oligosaccharide of
interest.

In addition to the regiochemical control associated with protecting group strategies, another key
aspect of synthetic carbohydrate chemistry for the generation of multi-subunit oligosaccharides
are glycosylation reactions, which involve the ligation of an anomeric carbon atom of one sugar
residue acting as an electrophile, to an alcohol group present on a different sugar acting as a
nucleophile. This area of carbohydrate synthesis can be attributed to the early syntheses by A.
Michael'® and Emil Fischer'¢, but has since expanded to include glycosylation methodologies that
enable the generation of incredibly complex carbohydrates. Synthesis of carbohydrates is heavily
reliant on a glycosylation method that can generate a desired stereochemical outcome.!” Synthetic
strategies for the formation of a glycosidic bond with a desired a or B stereoselectivity enable
carbohydrate chemists to generate specific oligosaccharides of interest. In particular, the C-2
substituent can play a role in controlling the stereochemistry via neighbouring-group participation
(Figure 1.3).'® Equatorial C-2 substituents can use anchimeric assistance to control the

stereochemistry of glycosylation, which is taken advantage of by carbohydrate chemists to
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generate oligosaccharides possessing [ glycosides. Another method of accessing a desired
stereochemical outcome at the anomeric position is in situ anomerization.!” This strategy,
commonly referred to as halide catalysis, generates a-products in high yields as shown by the
synthesis of 2-(o-L-Fucopyranosyl)- 3-(a-D-galactopyranosyl)-D-galactose by Lemieux et al.'’
Other methods include the use of solvents such as nitriles in glycosylation reactions to obtain >95%
B-product?®, and intramolecular aglycone delivery to generate 1,2-cis-glycosides with P-
configuration, as shown by Stork ef al using a silicon-tethered strategy to produce f-
mannopyranosides.?! Alternative methods to generating glycosidic linkages include harnessing

enzymes for use in chemoenzymatic approaches, a topic that will be further elaborated upon in

this review.

O
mx —>> O/—> OH KLOOR
~ -
O\’&O — Q\/O.F 17 > 5 o 1
R 0 R \f Beta product
R

(major)

o

O OR; Alpha product

OQ( (minor)

Figure 1.3: Stereochemical outcomes of glycosidic bond formation generated by the anchimeric
effect. R designates nonparticipating group; X designates leaving group.

An example of controlling the stereochemistry of the anomeric position for the synthesis of a

complex carbohydrate is that of the Glycosylphosphatidylinositol (GPI) membrane anchor that is



present on the cell surface of the malaria pathogen Plasmodium falciparum by Fraser-Reid et al
(Figure 1.4).%? This tetrasaccharide is comprised of four monosaccharides linked as a glycosides,
with an inositol moiety possessing three bulky functional groups.

(0]
5-OBn

o—R~ H
OH O7\_N
HO
HO
HO
o)
HO Q
HO

Figure 1.4: Structure of glycosylphosphatidylinositol membrane present on the cell surface of the
malaria pathogen Plasmodium falciparum.

For a reaction of two carbohydrate moieties to occur, the anomeric carbon must be activated
for nucleophilic displacement by the neighbouring group or incoming nucleophile. This is typically
done through one of three strategies. The first method involves using a proton catalyst to enhance
the leaving group ability of the substituent at the anomeric position, a mechanism that is used in
many glycosidases.?® Hans Peter Wessel prepared allyl-D-glucopyranosides using triflic acid as a
catalyst to obtain a 3:1 o/p mixture.>* Wessel also used concentrated sulfuric acid as a catalyst and

produced a 3:1 o/f mixture.”* The next method involves conversion of the anomeric hydroxyl



group to a halide-leaving group, which can be further activated by metal salts. Glycosyl halides
were introduced by Koenigs and Knorr in 1901 and since then, a number of modifications and
applications have evolved from their initial methodology, including the use of thioglycosides as
donors.?>? Thioglycosides are attractive due to their stability under a variety of conditions, making
them a robust activation method when considering various deprotection strategies. Base activation
strategies that retain the anomeric oxygen atom are attractive alternatives to acid catalyzed
methods. A well-studied base-activated strategy is the trichloroacetimidate method, which utilizes
the electron-deficient trichloroacetonitrile to generate an O-linked sugar intermediate with a highly
reactive trichloroacetimidate group.?’ This group is a bulky and strong electron withdrawing group

which results in the acid-catalyzed release of the trichloroacetimidate as a good leaving group.

1.2 Using glycosyltransferases to access diverse, complex carbohydrates

The ability of enzymes to perform enantio-, stereo-, and regioselective modifications is a
powerful tool in the development of complex molecules. While chemical reactions have been
shown to have the capacity to perform reactions with similar selectivity, the exquisite regio- and
chemoselectivity of enzymes, high yielding nature, aqueous solutions, ambient temperature and a
lack of protecting groups makes enzymes incredibly useful. An excellent example of enzymes for
the synthesis of complex molecules is the chemoenzymatic synthesis of nigelladine A by Frances
Arnold and Brian Stoltz.?® A regioselective C-H oxidation by a P450 enzyme was used in the latter
stage of the nigelladine A route.

Chemoenzymatic approaches for the synthesis of carbohydrates provide additional tools
for generating some of the complexity required to synthesize certain carbohydrates.?’ Central to

chemoenzymatic synthesis is identifying an enzyme and elucidating its mechanism. Advances in



protein isolation technologies such as gene synthesis and recombinant protein expression and
purification have made isolating an enzyme for in vitro studies relatively straight forward. This
review will take a closer look at glycosyltransferases used for accessing carbohydrate complexity,
but chemoenzymatic applications of carbohydrates also include phosphorylases®,
sulfotransferases’!, hydrolases®? and many others.

Glycosyltransferases are a class of enzymes that catalyze the addition of saccharides by the
formation of a glycosidic bond between nucleoside sugar donors and glycosyl acceptors.®?
Nucleoside sugar donors are usually activated nucleoside diphosphates (such as UDP-GIcNAc),
but are also present as nucleoside monophosphate sugars. A number of activated sugar nucleosides,
including CMP, CDP, CTP, GDP, UDP- activated sugars are used in a wide array of biochemical
processes. Glycosyltransferases that use nucleotide sugars are referred to as Leloir enzymes,
named after Luis Leloir, the 1970 Nobel Prize in Chemistry recipient for his work in sugar
metabolism and biosynthesis.** In addition to carbohydrates as acceptors, glycosyltransferases can
form linkages between sugar donors and proteins or lipids, giving rise to glycoproteins and
glycolipids respectively. There are two stereochemical outcomes of glycosidic bond formation by
a glycosyltransferase, which is how this class of enzymes are characterized (Figure 1.5). The
stereochemical outcome of the anomeric position of the donor group either retains stereochemistry
(retaining glycosyltransferases) or an inversion occurs (inverting glycosyltransferases).
Additionally, the high stereoselectivity of glycosyltransferases makes them extremely useful for

complex carbohydrate synthesis.
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Figure 1.5: Mechanistic outcomes of Leloir glycosyltransferases. Upon formation of the
glycosidic bond, the stereochemistry at the anomeric position of the activated donor sugar is either
inverted or retained.

Glycosyltransferases are also found in both prokaryotic and eukaryotic glycobiology.
These enzymes play a key role in the glycosylation of structural moieties in the outer membrane
of gram-negative lipopolysaccharides (LPS).>> Prokaryotic glycosylation can be found in two
forms, depending on the nature of the residues that are attached to the donor carbohydrates. Gram-
negative bacteria such as Campylobacter jejuni possess heavily glycosylated outer membranes.>®
Some regions are glycosylated with proteins that have carbohydrates attached to asparagine
residues, referred to as N-linked glycosylation.’” These areas are typically conserved with minimal
modifications to the residues. Alternatively, carbohydrates can also be linked to serine or threonine
residues to form O-linked glycoproteins, as observed in the flagellum of C. jejuni, containing
variable O-linked residues.*® The presence of these glycans in the outer membrane of bacteria are
of particular interest to glycobiologists. Bacteria have been shown to utilize glycans to avoid host
immune detection. C. jejuni synthesizes mimics of human GM1 ganglioside as part of its LPS for
immune evasion.* Escherichia coli has also been shown to synthesize polysialic acid for immune

evasion, similar to those found in mammalian cells.*’



The highly specific nature of glycosyltransferases allows for their application for in vitro
chemoenzymatic synthesis of oligosaccharides. The functionality of these carbohydrates has been
of interest to researchers in academia and industry but acquiring sufficient amounts to elucidate
their exact role in glycobiology is difficult. Purification of these glycans from the outer membrane
of their respective bacterial producers is limited by the amount of sugar that is extracted and the
difficulties in obtaining a pure glycan from a heterogenous mixture. Chemoenzymatic synthesis is
an attractive alternative to obtain pure oligosaccharides, with the wealth of information that is
available regarding the genes that encode the glycosyltransferases used by bacteria for the in vivo
biosynthesis of these glycans. For example, some blood group antigens, such as P and P blood
group antigens are precursors to the Forssman antigen (Fa). Fa is synthesized by C. jejuni and
presumably uses this carbohydrate as a mimic of host cell glycans. Gilbert ef al identified the three
glycosyltransferases, CgtD, CgtE and Pm1138 that produce Fa (Figure 1.6), isolated soluble
recombinant proteins and chemoenzymatically synthesized this pentasaccharide starting from p-

ntirophenyl lactose.*!
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Figure 1.6: Chemoenzymatic synthesis of Fa using three consecutive glycosyltransferases.

An excellent example of coupling traditional carbohydrate synthesis with chemoenzymatic
synthesis to produce complex carbohydrates is by Boons et a/, who synthesized branching glycans
by using glycosyltransferases for late-stage modifications.*? The difficulty in synthesizing an
oligosaccharide with over 15 subunits is exacerbated by factors such as protecting group
compatibility. A more feasible strategy would incorporate synthetic carbohydrate chemistry to

design a smaller core component and tailor the desired glycan with purified enzymes in vitro.
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Initially, Boons et al. chemically synthesized a core pentasaccharide (Figure 1.7) that can be
deprotected and selectively extended by glycosyltransferases to produce a library of 15 subunit
oligosaccharides, which were then screened for their ability to bind lectins and influenza-virus

hemagglutinins.
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Figure 1.7: Core pentasaccharide that was used by Boons ef al. as a starting point for
chemoenzymatically synthesized oligosaccharides.

Complex glycoconjugates are needed to understand mammalian and bacterial
glycobiology. Unlike other biopolymers such as proteins and DNA, complex carbohydrates
cannot be readily isolated from organisms in pure form due to their heterogeneous nature, making
it difficult to establish a specific role for a given carbohydrate in an impure glycoconjugate
mixture. Chemical synthesis and chemoenzymatic approaches play an essential role in generating
complex, highly pure glycans with excellent regio- and stereo-selectivity. Chemoenzymatic and
synthetic methods require significant amounts of monomer to construct oligosaccharides of
interest. The next section of this review will focus on a subset of these highly stereospecific and

difficult to produce monomers.
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1.3 Nonulosonic acids: A multifaceted approach for the study and synthesis of a class of
complex carbohydrates

The complexity of carbohydrates and a desire to develop a better understanding of their
structural, signaling and immunological roles in both prokaryotes and eukaryotes has resulted in
the chemoenzymatic and total synthesis of a vast amount of biologically relevant glycans. With
advancements in molecular biology, sequencing technologies and bioinformatics, the ability to
analyze and manipulate large amounts of genetic information enables producing complex
carbohydrates via in vivo biosynthesis. This section will focus on the identification and the role of
a group of complex, nine carbon carbohydrates known as nonulosonic acids (NulO). Various
methods of producing these NulO’s including chemical, chemoenzymatic and in vivo synthesis

will be explored.

1.3.1 Sialic acids: A unique complex carbohydrate found in eukaryotes and prokaryotes

Nonulosonic acids (NulO’s) are a class of nine carbon a-keto acids that are found present
in prokaryotes and eukaryotes (Figure 1.8). The most well-known member of this family of sugars
is sialic acid, which is primarily found on the surfaces of eukaryotic cells, but glycosylates bacteria
as well.* The most common analogue of sialic acid is N-acetylneuraminic acid, or NeuSAc, which
can be derivatized to generate a number of analogues including N-glycolylneuraminic acid
(Neu5Gc) and ketodeoxynonulosonic acid (Kdn).* Sialic acids are involved in a wide array of
biological functions including cell signaling, cell adhesion and immune responses.* They are also
heavily implicated in a number of human diseases including cancer.** The outer surface of
malignant cells is heavily sialylated, promoting the invasiveness of cancers and metastatic

tumours.* Additionally sialic acid metabolism has been found to be upregulated in metastatic
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breast tumors.*® Knocking out of certain biosynthetic genes of sialic acid decreased in vivo
formation of lung metastases. Sialic acids are also used as neuraminidase inhibitors for the

influenza virus.*’
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Figure 1.8: Most common derivatives of nonulosonic acids

Unlike sialic acid, little is known about the exclusively bacterial NulO analogues,
pseudaminic acid (Pse5,7Ac2) and legionaminic acid (Leg5,7Acz). This is primarily due to
insufficient means of obtaining these complex NulO’s with good yields and high purity to decipher
their role and function in prokaryotic glycobiology. Sialic acid on the other hand, is readily
available through a number of production strategies, ranging from chemical synthesis, to
chemoenzymatic approaches, to heterologous expression and isolation from genetically
engineered Escherichia coli. The first isolation of sialic acid was from sheep saliva by Gunnar
Blix in 1936.*® The term sialic is derived from the Greek word for saliva. Some conventional
production strategies are costly or inefficient, such as traditional sialic acid isolation from egg yolk
and milk whey sources. These require lengthy, extraneous purification processes that are typically
low yielding (<10 %).*° As isolation from natural sources is challenging, synthesis of sialic acid

has played an important role in providing material for research efforts.
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Chemical synthesis is very challenging due to sialic acid’s rare nine carbon backbone and
numerous stereocenters that must be accounted for. Formal synthesis of a sialic acid analog, Kdn,
was described in 2001.°! Kdn was synthesized with a 45% overall yield using a novel reaction
involving ring closing metathesis (RCM). A follow-up publication in 2002 used the same RCM
strategy to synthesize sialic acid.>® In an elegant synthetic strategy, sialic acid and analogues
(Neu5Gc) were synthesized in three steps from L-arabinose.’* A reaction that was integral to this
synthetic approach was an unprecedented base-catalyzed ring opening reaction that converts
isoxazolidine to an a-keto acid moiety. Another sialic acid synthetic strategy involved a rhodium-
catalyzed addition of a nitrene to a glycal providing a high degree of stereocontrol, which was used
in the synthesis of sialic acid.>* While the chemical synthesis of sialic acid is feasible, it has been
shown to be challenging and difficult to scale.

An alternate approach for the production of sialic acids is by in vitro chemoenzymatic
synthesis. This strategy is particularly viable due to the relatively straightforward biosynthetic
pathway of sialic acid in bacteria (Figure 1.9).>> Intracellular UDP-GIcNAc, a substrate tightly
regulated by homeostasis due to its role in cell wall biosynthesis, is converted to ManNAc by a
UDP-GIcNAc 2-epimerase. ManNAc is then condensed with phosphoenolpyruvate (PEP) with a
sialic acid synthase to produce sialic acid. Large scale chemoenzymatic production of sialic acid
was achieved by Maru ef al in 1998 using the described biosynthetic pathway, and from GlcNAc
29 kg of sialic acid with a conversion rate of 77% was produced.>® The most common widely used
large-scale industrial production of sialic acid is via chemoenzymatic synthesis.>’ This method
involves the chemical epimerization of GIcNAc to ManNac followed by condensation with

pyruvate by the reverse catalytic reaction of the sialic acid aldolase enzyme, NanA.>7-8
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Figure 1.9: 2-step enzymatic conversion of UDP-GIcNAc to sialic acid.

Employing chemoenzymatic approaches does have its drawbacks. First, the large-scale
purification of enzymes is labour intensive and expensive. Additionally, expensive cofactors and
reagents are necessary for the desired enzymatic activity. Scalability also has its own difficulties;
thus, alternative approaches can be desirable. In 2007, Boddy et al described a method for the in
vivo heterologous expression and production of sialic acid using a genetically engineered strain of
E. coli>® NeuB and neuC from the sialic acid biosynthetic pathway of Neisseria meningitidis were
cloned and expressed in an E. coli strain lacking the sialic acid transporter, nanT and the sialic acid
aldolase nanA, that cleaves the nine carbon sugar into the six carbon ManNAc and three carbon
pyruvate precursors. This in vivo production strategy resulted in gram scale production of sialic
acid with high purity and with a relatively low cost. A number of other in vivo sialic acid
production strategies have also been reported®®®!, including the use of a bioreactor to increase

sialic acid production to > 20 g/L.%

1.3.2: Metabolic labelling of glycans: Using click chemistry to understand complex
carbohydrates.

Tools to study these important carbohydrate monomers have been limited. One such tool
was derived from the ability to selectively label or target a carbohydrate of interest that resides on

the outer surface of a bacterial or mammalian cell. This was a highly desired methodology that
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would allow for researchers to gain a better understanding into host-pathogen interactions and
immune effects. A pioneer in this field is Carolyn Bertozzi, who in 2000, utilized a high specific
chemical reaction from the early 1900’s to selectively incorporate a modified cell-surface sugar
moiety (Figure 1.8).5%% Bertozzi et al started from N-azidoacetylmannosamine (ManNAz), a C-2
azido derivative of ManNAc, the biosynthetic precursor of sialic acid. Sialic acid is found to
heavily glycosylate the outer surface of eukaryotic organisms.* Interestingly, when Jurkat cells
were supplemented with ManNAz, the biosynthetic machinery converted this exogenous substrate
to a sialic acid moiety with an azido group at C-5. This then resulted in the cell surface
incorporation of the modified sialic acid to the outer surface of the Jurkat cells (Figure 1.10). The
viability of azido-sialic acid production is dependent on two important points. First, the
endogenous biosynthetic enzymes of sialic acid should be able to convert a non-native substrate,
such as ManNAz, to the sialic acid derivative. This is reliant on the two enzymes involved in sialic
acid biosynthesis tolerating a C-2 modification of the acetyl group to an azidoacetyl moiety with
sufficient efficiency allowing for a detectable amount of azido-sialic acid biosynthesis. Secondly,
side reactions would not arise and be a hindrance in terms of toxicity to the cell. The cell surface
modified sialic acids can be tagged with a biotinylated triarylphosphine substrate via a Staudinger

reaction, developed by Hermann Staudinger in 1919.6°
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Figure 1.10: Incorporation of azido-sialic acid on the outer surface of Jurkat cells by Bertozzi et
al starting with ManNAz
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This work is an incredibly powerful methodology for metabolic labelling of glycans.
Bertozzi et al then expanded this work by showing that in vivo chemical labelling is not limited to
cells, but can be performed in living mice.®® A phosphine label with a FLAG tag is used for click
chemistry, and in vivo work in live mice can be performed due to the mild conditions required for
the Staudinger ligation. Splenocytes were analyzed 90 mins after the click reaction took place and
clear metabolic incorporation of the azido derivative of sialic acid from ManNAz is evident. Over
the last two decades the use of this methodology has exploded and click reactions for in vivo and
in vitro labelling have been a staple for work in chemical biology and proteomics. This work has
also been used for the metabolic labelling of complex carbohydrates, with a particular focus on

sialic acids.

1.3.3 Bacterial nonulosonic acids: Legionaminic acid and pseudaminic acid

A number of gram-negative pathogens such as Campylobacter jejuni, Helicobacter pylori
and Legionella pneumophila are heavily glycosylated by nonulosonic acids. C. jejuni is the
principal bacterial cause of human gastroenteritis world-wide.®” H. pylori is primarily responsible
for intestinal ulcers®® and L. pneumophila is the causative agent of Legionnaires disease, which
can lead to deadly pneumonia-like symptoms.®® Accessing these complex carbohydrates would
provide further clarification about their specific role in pathogenic bacteria, which is not well
understood. It is well documented that glycosylation is important for the motility and pathogenicity
of C. jejuni.”® Knockout mutants of certain NulO’s in the outer surface of pathogenic bacteria, in
particular the flagellin of C. jejuni, have been shown to drastically reduce motility and virulence,

two key factors of bacterial pathogenesis.”® This O-linked glycosylated flagellum provides unique
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structural complexity that is not clearly understood and further elucidation may propose potential
targets for novel antibiotics.

The glycosylation of gram-negative pathogens contains a number of regions in the outer
surface of these bacteria that are variable in terms of carbohydrate composition (Figure 1.11).”!
The O-linked flagellum, the capsular polysaccharides and the lipooligosaccharides of these
prokaryotes possess a unique and complex set of carbohydrates that are bacterial analogues of
sialic acid. Although there are dozens of bacterial analogues that have been identified, the two
most prevalent bacterial NulO’s are legionaminic acid (Leg5,7Ac», 5,7-diacetamido-3,5,7,9-
tetradeoxy-D-glycero-D-galacto-nonulosonic acid) and pseudaminic acid (Pse5,7Acz). While the
importance of these bacterial sialic acid analogues in terms of their direct involvement in
pathogenicity has been shown, the underlying mechanism and the role of NulO’s in bacterial
physiology, along with their impact in host-pathogen interactions is largely unknown. Leg5,7Ac:
possesses similar stereochemistry to sialic acid at the 5, 7 and 8-C positions, giving rise to the
hypothesis that bacterial pathogens utilize Leg5,7Ac. as a molecular mimic of sialic acid.
Nevertheless, research has been severely hampered due to the unavailability of these complex
carbohydrates, limiting the ability for further research and understanding of these unique and
complex nine carbon sialic acid analogues. We will compare the current state of production
strategies by both synthetic chemistry and biochemical methods of these bacterial NulO’s to

highlight the remarkable difficulty that must be overcome to access these carbohydrates.
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Figure 1.11: Glycosylation of bacterial pathogens. Figure adapted with permission from Van den
Steen et al.”'. See appendix for details regarding copyright permissions.

Leg5,7Ac; was first identified in the O-polysaccharide of LPS in L. pneumophila in 1994.7

Leg5,7Ac, has also been identified in a number of other pathogenic bacteria such as

73 75

Campylobacter jejuni”, Campylobacter coli'®, Cronobacter tureicensis’™, Acinetobacter

baumannii’®""

and Escherichia coli’®. The 3-deoxy-D-glycero-D-galacto2-nonulosonic acid
skeleton that Leg5,7Ac: shares with sialic acid along with its exclusive utilization in prokaryotes
makes it highly interesting in terms of understanding its role in pathogen colonization and host-
pathogen interactions. Although our understanding of the specific role that Leg5,7Ac: plays is
limited, its importance has been highlighted by work on Vibrio fischeri, a bacteria that exists in a
symbiotic relationship with the Hawaiian bobtail squid, whereby a knockout of a ligase waalL,
responsible for the synthesis and assembly of the O-antigen LPS limited bacterial motility and thus
negatively impacted colonization.” The V. fischeri mutants were also unable to compete with the
wild-type strain in co-colonization studies.

With Leg5,7Ac: glycosylating a number of bacterial strains, further work is required to

elucidate the roles and functions in which this sugar is involved in. This has been a difficult task
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considering further work has been limited due to the lack of availability of this complex sugar. A
number of synthetic routes have been developed for Leg5,7Ac», the first of which sought to
establish the configuration of this sugar, although this route was low yielding.?’ In 2015, Seeberger
et al (Figure 1.12) reported a de novo total synthesis of Leg5,7Ac; utilizing an orthogonally
protected building block as a glycosylating agent which was used for serological studies.®' The
low-yielding nature of this route limits the ability to utilize it to understand the role of Leg5,7Ac»

in bacterial pathogenesis.
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Figure 1.12: Seeberger et al route for the synthesis of a Leg5,7Ac> donor for serological studies.

The complexity involved in the synthesis of Leg5,7Ac» is highlighted by a route to produce
this carbohydrate from the nine-carbon analogue, sialic acid, in 15 steps with an overall yield of
17% (Figure 1.13).32 A donor Leg5,7Ac, with an adamantanyl thioglycoside is activated with N-
1odosuccinimide (NIS) and trifluoromethanesulfonic acid in the presence of a variety of different
alcohols to generate desired glycosides, which is demonstrate to possess good selectivity at the

equatorial position.
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Figure 1.13: Crich et al’s route for the synthesis of a Leg5,7Ac> donor from sialic acid. This
synthetic route involved 15 steps with an overall yield of 17% to generate a Leg5,7Ac> donor.

Following along with a similar synthetic approach, a route for the production of Leg5,7Ac>
as well as its C-7 analogues from sialic acid has also been described.®® This strategy involves
functionalizing the C-7 nitrogen in the latter stages of the synthesis and providing a suitable
starting point for further synthesis of analogues containing C-7 amide derivatives of Leg5,7Acs.
More recently, Leg5,7Ac> and 4-epi- Leg5,7Ac: were synthesized starting from a simple D-serine
starting material.®* A protected D-serine is converted to a derivative with a desired C-6 D-rhamno
configuration, which is then further elongated to introduce a-ketoacid functionality. Orthogonally
protected amines afford a means for further analogues to be synthesized.

In addition to total synthesis strategies, the utilization of a chemoenzymatic approach has
been moderately successful for the production of Leg5,7Ac; and glycoconjugates containing this
sugar. Chen et al employed such a strategy by initially starting from an inexpensive D-fucose
moiety to generate a 6-deoxyMan-2,4diN; intermediate in 8 steps at 60% yield (Figure 1.14).%
This was followed by two chemoenzymatic modifications, first to complete the Leg5,7Ac:
backbone by using an aldolase to condense pyruvate with 6-deoxyMan-2,4diN3, and secondly to
transfer this 9-C intermediate onto a variety of glycoconjugates, affording flexibility and a means

of efficiently modifying and generating a variety of glycoconjugates of interest. Once the
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glycoconjugate has been synthesized, the diazido groups were converted to acetamide to generate

free Leg5,7Ac;-containing glycoconjugates.
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Figure 1.14: Chen ef al’s combined synthetic and chemoenzymatic approach for the synthesis of
Leg5,7Ac> containing glycoconjugates. Starting from D-fucose, 8 steps were required to generate
a 2,4-diazidomannose precursor and was followed by 2 chemoenzymatic transformations to
produce a glycoconjugate containing Leg5,7Ac;.

An alternative chemoenzymatic approach involving a set of three enzymes responsible for
the biosynthesis of CMP-N,N’-diacetyllegionaminic acid (currently known as CMP-Leg5,7Ac>)
were identified by Glaze et al in 2008 from L. pneumophila.®® First, a sialic acid NeuC homolog,
was shown to be a hydrolysing 2-epimerase that converts UDP-N,N’-diacetylbacillosamine into
2,4-diacetamido-2,4,6-trideoxymannose. While there are similarities with NeuC from E. coli,
UDP-GIcNAc was not tolerated by the L. pneumophila enzyme, indicating that this enzyme is
exclusively used in the biosynthesis of Leg5,7Ac.. Additionally, it was shown that a sialic acid
NeuB homolog, which condensed 2,4-diacetamido-2.,4,6-trideoxymannose with PEP, similar to
synthases shown in the biosynthesis of pseudaminic acid and sialic acid was also present in the
biosynthetic pathway. The final enzyme is a NeuA homolog, which readily converted N,N’-
diacetyllegionaminic acid in the presence of CTP into CMP-N,N’-diacetyllegionaminic acid,
which is the predicted product of a CMP-Leg5,7Ac, synthetase. These three enzymes, coupled
with the three enzymes that convert UDP-GIcNAc into UDP-N,N’-diacetylbacillosamine,

established a pathway that produces CMP-Leg5,7Acz in L. pneumophila.
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Figure 1.15: Biosynthesis of Leg5,7Ac: from GDP-GIcNAc was elucidated in C. jejuni.

In 2009, the biosynthetic pathway for Leg5,7Ac2 in Campylobacter jejuni was elucidated
by Schoenhofen et al.”® Unexpectedly this pathway was found to use GDP-GIcNAc (1, Figure
1.15) as the key building block, unlike related nonulosonic acid biosynthetic pathways which use
UDP-GIcNAc. The native Leg5,7Ac, pathway starts with the NAD"-dependent dehydratase LegB,
producing the 4-keto intermediate, GDP-2-acetamido-2,6-dideoxy-a-D-xylo-hexos-4-ulose, 2.
LegC, a PLP-dependent aminotransferase, catalyzes the transfer of the amino group from L-
glutamate to the 4-keto intermediate producing the amino sugar GDP-4-amino-4,6-dideoxy-o-D-
GlcNAc, 3. The acetyltransferase LegH then acylates the C-2 amine to produce GDP-2,4-
diacetamido-2,4,6-trideoxy-a-D-glucopyranose (4 GDP-diNAcBac), which is converted into 2,4-
diacetamido-2,4,6-trideoxy-D-mannopyranose, 5, by a hydrolyzing 2-epimerase, LegH. The final
step towards the biosynthesis of Leg5,7Ac> is the condensation of pyruvate with the 6-C backbone

containing intermediate by the synthase Legl to generate 6. Utilizing these five enzymes identified
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as the Leg5,7Ac, pathway in C. jejuni, Schoenhofen et al employed a one-pot chemoenzymatic
strategy supplemented with appropriate cofactors, substrates and reagents to produce Leg5,7Ac>
that was purified with CE-MS. Although this strategy yields highly pure product, costly reagents
for enzyme purification prevents it from becoming a feasible strategy for producing mass
quantities of this complex sugar. Building off this work, the Boddy lab generated Leg5,7Ac, from
a de novo biosynthetic pathway using enzymes from C. jejuni and L. pneumophila that utilized a
UDP-GIcNAc starting substrate, as described in Chapter 2 of this thesis.®’

Pseudaminic acid (Pse5,7Ac: 5,7-diacetamido-3,5,7,9-tetradeoxy-L-glycero-a-L-manno-
nonulosonic acid) is an exclusively prokaryotic nonulosonic acid stereoisomer of Leg5,7Ac that
was discovered by Knirel e al in 1984 from the LPS of Pseudomonas aeruginosa.®® Since then,
pseudaminic acid has been found in a number of pathogenic bacteria including Helicobacter
pylori® and C. jejuni.®*®! More recently, the periodontal pathogen Tanerella forsythia was shown
to be heavily glycosylated with Pse5,7Ac,.°? Additionally, biosynthetic analysis revealed a
Pse5,7Ac> gene cluster and a knockout mutant of a candidate Pse5,7Ac> glycosyltransferase from
T. forsythia resulted in the O-glycans not being capped by this nine-carbon sugar.”>** There are a
number of structural features that differentiate Pse5,7Ac: from sialic acids, including the presence
of a methyl group at C-9. Stereochemical inversions at carbons five, seven and eight distinguish
this sugar from Leg5,7Ac». As is the case for the vast majority of NulO’s (including all bacterial
ones) the questions involving their biochemistry and glycobiology remain unanswered due to a
lack of a suitable production method.

There are a number of synthetic strategies that have been employed to produce Pse5,7Ac».
The first reported synthesis was by Knirel et a/, whereby a 3,4-dibenzoyl rhamnose sugar moiety

was used to synthesize the 6-C AltdiNAc intermediate, which was followed by an aldol reaction
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with oxaloacetic acid to generate Pse5,7Ac: (Figure 1.16).%° In addition to Pse5,7Acz, Knirel et al

generated 8 additional 9 carbon analogues including Leg5,7Ac,.
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Figure 1.16: Knirel et al's synthetic strategy to generate Pse5,7Ac: from 3,4-dibenzoyl-I-
rhammnose.

A decade later, Ito et al reported a synthetic strategy starting from GlcNAc to produce 6-
deoxy AltdiNAc, a 6-C intermediate in the biosynthetic pathway of Pse5,7Ac> in 14 steps with
15% yield.” This intermediate was then used in an elongation reaction by In-mediated allylation
with a bromomethacrylate ester. The final step involved ozonolysis and hydrolysis to produce the

Pse5,7Ac; with a final overall yield of 4%.

OH :‘\OH OH
o 14 steps O(")' OH 3 steps 0 7~CO.H
. o
HSO oH 15% vield AcHNW 28% yield  , 1N 5 2
NHAc NHAc NHAc
GlcNAc -

Figure 1.17: Ito et al’s synthesis of Pse5,7Ac: by accessing a 6-C intermediate of the Pse5,7Ac:
biosynthetic pathway, 6-deoxy AltdiNAc.
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A few years later, Kiefel ef al synthesized 8-epi Pse5,7Ac; from sialic acid in 8 steps and
an overall yield of 35% (Figure 1.18).® This synthesis is particularly interesting due to the
functionalization of the nitrogen groups at C-5 and C-7 via bis-azides that were used in the
synthetic route. This can lead to the selective synthesis of desired analogues, as shown by the
author’s work selectively generating a 7-acetamido-5-azido derivative using a Staudinger reaction.
The azide groups were then reduced and acetylated to produce the desired acetamido groups. The
9-hydroxy group was also removed by iodination and reduction to generate the free C-9 methyl,
resulting in the formation of 8-epi Pse5,7Acz. Shortly thereafter, Kiefel and Payne unsuccessfully
attempted to synthesize Pse5,7Ac» by inverting the stereochemistry of C-8 from 8-epi Pse5,7Ac>.”

Instead, they proposed an alternate, 17 step route from commercially available sialic acid.

OH
OH
8 steps AcHN %H COzH
o o
HO OH 35% vyield NHAG
OH
Y 8-epi Pse5,7Ac,
O\ 07/ ~COH
\ QH
Sialic Acid 17oste_ps : OH
1.5% yield i o COLM
© OH
NHAc
Pse5,7Ac,

Figure 1.18: Kiefel, Payne ef al’s synthesis of Pse5,7Acz and 8-epi Pse5,7Ac: from sialic acid.

A third synthetic strategy using sialic acid was reported in 2018 by Crich et al (Figure
1.19).”® This synthesis was achieved in 20 relatively straightforward steps, resulting in a 5% yield

at sub-gram scale of a Pse5,7Ac, donor. Glycosylation studies showed that this donor had excellent
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equatorial selectivity and suitable conditions that afforded cleavage of 5- and 7-azido groups to

release the amines were tested and successfully determined.

AcO
HO OH OH - N3 SAda
20 Steps e} CO,Me
H( O CO,H 5% yield
cHN OAc
OH Nj
Sialic Acid Pse5,7Ac;, donor

Figure 1.19: Synthesis of a Pse5,7Ac> donor from sialic acid by Crich et al/ in 20 synthetic steps
with a 5% overall yield.

Li et al synthesized Pse5,7Ac> derivatives along with the P. aeruginosa 1244 pilin glycan
starting from readily available L-threonine (Figure 1.20).” The first step is to generate Cbz-L-allo-
threonine methyl ester by protecting the hydroxyl and amino groups, reducing the carboxylic acid
to an aldehyde and inverting the stereochemistry at C-3. Then, this de novo method generates a
1,3-anti-diamino skeleton, followed by a Fukuyuma reduction and an indium-mediated Barbier-
type allylation to produce the desired product in 25 steps and 4% overall yield. Additionally, the
glycosylation of Pse5,7Ac> glycosyl donors was examined, leading to the synthesis of the
trisaccharide that is present on the pilin of P. aeruginosa, PseS,7Ac2-(2—4)-B-Xyl-(1—3)-

FucNAc.
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Figure 1.20: Li et al’s synthesis and utilization of Pse5,7Ac> as a glycosyl donor to generate
atrisaccharide pilin of P. aeruginosa.

The complexity of producing NulO’s via total synthesis is highlighted by synthetic
schemes requiring multi-steps with complex reactions, the vast majority resulting in poor yields.
An alternative strategy to access these sugars is to identify and harness the biosynthetic pathways
from producing organisms and employ an in vitro chemoenzymatic approach. In 2006, the
biosynthesis of CMP-Pse5,7Ac> was elucidated in H. pylori by Shoenhofen et al.%® Unlike
Leg5,7Ac> which utilizes GDP-linked precursors, Pse5,7Ac» is biosynthesized from UDP-GIcNAc
(7) in a six-step enzymatic transformation (Figure 1.21). The biosynthetic pathways of the two
stereoisomers are quite similar, but there are two key distinctions that give rise to each sugar’s
unique stereochemistry. A NAD(P)+ dependent C-4,6 dehydratase, PseB, carries out an additional
C-5 epimerization to produce UDP-2-acetamido-2,6-dideoxy-B-L-arabino-hexos-4-ulose (8).

PseB works in conjunction with an aminotransferase PseC to convert 8 into UDP-linked UDP-4-
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amino-4,6-dideoxy-b-L-AltNAc (9).!% An acetyltransferase PseH results in the N-4 acetylation of
9, producing UDP-2,4-diacetamido2,4,6-trideoxy-p-L-altropyranose (10). A hydrolase PseG
removes UDP from C-1 of 4 to produce an unusual 2,4-diacetamido-2,4,6- trideoxy-p-L-
altropyranose (DATDH, 11). Unlike the hydrolase present in the Leg5,7Ac», PseG is not a
hydrolyzing epimerase. The Pse5,7Ac> synthase Psel, performs the PEP-dependent condensation
with DATDH to generate Pse5,7Ac> (12). CMP-activation is performed by the ATP-dependent
synthetase, PseF, generating CMP-Ps5,7Ac, (13) which enables the use of this complex
carbohydrate as a glycosyl donor. With the elucidated biosynthetic pathway, Schoenhofen et al

were able to enzymatically synthesize CMP-Pse5,7Ac; starting from UDP-GIcNAc in a 1-pot

manner.
OH o
HO 0 PseB o) PseC OH
o _
HO ~ HO— T 7N HN ° OuDP
AN Supp AcHN"' L-Glu o-KG
H20 OubP 9  NHAc
UDP-GIcNAc, 7
Ac-CoA
PseH
CoA
WOH o4
H
AcHN 7/ "coH ‘fpsel AHN To 0H<7Lee ACHN o ouppP
C C
ot PEP
NHAc NHAc UDP NHAc
Pse5,7Ac,, 12 DATDH, 11 10
CTP
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PPi
~OH o-cmp
0
AcHN COzH
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Figure 1.21: Biosynthesis of CMP-Pse5,7Ac: in H. pylori from UDP-GIcNAc.

1.3.4 Unusual bacterial nonulosonic acids: discovery, biosynthesis and synthesis.

In prokaryotes, biologically active natural products use common sugar precursors and their
analogues as substituent groups to generate structural diversity. Thibodeaux et al summarize the
utilization of these sugars in unusual, diverse biosynthetic pathways to generate natural products,
with a primary focus on glycosyltransferases to access these sugars.'?! In the context of bacterial
NulO’s, Leg5,7Ac> and Pse5,7Ac; are the most prominent prokaryotic variants of these nine
carbon sugars, thus resulting in the majority of the synthetic strategies geared towards accessing
them. Nevertheless, there are several other rare bacterial NulO’s that have been identified,
including Acinetaminic acid (21), a 7,8-epi analogue of Leg5,7Ac> that was found in the capsular
polysaccharides of Acinetobacter baumannii global clone 1 (GC1) by Hall et al.'% A module
containing 10 genes were found, 6 of which were identified as genes for the biosynthesis of
Leg5,7Ac>. The other 4 novel genes were predicted to be involved in the conversion of Leg5,7Ac>

into CMP-Acinetaminic acid (Figure 1.22, 18) and were named aciABCD.

OH
O co,H , OH co,H _ 71 cosm
ACHN! AciA ACHN! AciB AcHN
AcHN 7/ ™~0oH 7N AcHN O7™0-cMP — /7N > AcHN O7/™~o-cmp

OH CTP PPi OH NAD(P)+ NAD(P)H OH 15
Leg5,7A02_ 6 CMP-LegS,?AcZ‘ 14 NAD(P)H .
AciB
NAD(P)+
OH
o CO,H . 0] OH
AcHN <A N CO2H AciC COH
AcHN </ "o-cwmp NAD(P)H AcHN Q/ ~o-cmp A O7/~o-cwmp
OH NAD(P)+ NAD(P) oH NAD(P)H NAD(P)+ ACHN
OH
CMP-Acinetaminic acid, 18 17 16

Figure 1.22: Proposed biosynthetic pathway of CMP-Acinetaminic acid from 4. baumannii.
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Hall et al also found an additional pair of genes and after sequence analysis they proposed
the biosynthesis of another bacterial NulO analogue, CMP-8-epi-Leg5,7Ac, (Figure 1.23, 14).
From CMP-Leg5,7Ac2, a NADPH dependent dehydrogenase ElaA generates an 8-keto derivative
of Leg5,7Ac> (19). This is followed by a NADPH dependant reductase, ElaC, producing CMP-8-
epi-Leg5,7Ac> (20). In 2014, CMP-8-epi-Leg5,7Ac> was also identified in A. baumannii strain
LAC-4.'% Mild acid hydrolysis of the LPS resulted in partial cleavage of LPS complex

carbohydrates, and NMR analysis confirmed the presence of CMP-8-epi-Leg5,7Aco.

OH co,H O Co,H ~OH oo H
AcHN! ElaA AcHN ElaC AcCHN! - o
AcHN O/>o-cMP — /7N > AcHN O/™0-cMP ~ 7N~ AcHN 0-CMP
OH NAD(P)+ NAD(P)H OH NAD(P)H NAD(P)+ OH

CMP-Leg5,7Ac,, 14 19 CMP-8-epi-Leg5,7Ac,, 20

Figure 1.23: Proposed biosynthetic pathway of CMP-8-epi-Leg5,7Ac, from A. baumannii.

Other NulO analogues that were found in bacteria include 4-epiLeg5,7Ac> (22), which was
isolated from the LPS of L. pneumophila serogroup 1 by mild hydrolysis (Figure 1.24).!1% This is
the same strain that Leg5,7Ac> was initially isolated from in 1994. 4-epilLeg5,7Ac> has also been
isolated from several different L. pneumophila strains'® and from the O-specific polysaccharide
of Shewanella japonica.'’® Additionally, 8-epi-Leg5,7Ac> (23) was identified and characterized
from the O-specific polysaccharide of E. coli 0108,'°!% Shewanella putrifaciens'®, and the O-
antigen of Providencia stuartii.''® A 5-acetamidino derivative of 8-epi-Leg5,7Ac, (24) was also
identified from the O-specific polysaccharides of Morganella morganii.''! Synthetic strategies

have also been utilized to access rare NulO derivatives. Schmid et al synthesized 4-epi-Leg5,7Ac:
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from D-serine, employing a similar strategy that was used to produce Leg5,7Ac>, as described

earlier in this review.®* The synthesis of 8-epi-Pse5,7Ac> by Kiefel et al has also been

highlighted.”®
~OH
AcHN AcHN!-4&_ OH AcHN! N 07> 0H
AcHN O7>0OH  AcHN O/™OH AcHN 07/ ™oH \// o
OH OH NH, N
Acinetaminic acid, 21 4-epi-Leg5,7Ac,, 22 8-epi-Leg5,7Ac,, 23 S-acetamidino-

8-epi-Legb5,7Ac,, 24

Figure 1.24: Structures of unusual NulO's found to glycosylate a number of different bacteria.

Nonulosonic acids encompass a family of complex monosaccharides found in prokaryotes
and eukaryotes. Elucidating their specific roles by synthesizing biologically relevant
oligosaccharides is rendered difficult by an inability to access these monosaccharides. Herein I
have highlighted current strategies for accessing these important monosaccharides by chemical,
chemoenzymatic and biosynthetic methods.

1.4 Scope of thesis

The complexity of NulO’s gives rise to technically strenuous, time consuming, expensive
and unscalable strategies to access this group of sugars, as shown by the various synthetic routes
that were highlighted above. Despite efforts to provide readily available bacterial NulO’s, there
has not been a synthetic or chemoenzymatic strategy capable of gram-scale production to provide
the necessary compounds to further elucidate the role that these complex sugars play in bacterial
pathogenicity.

An alternative method of producing bacterial NulO’s and their analogues would involve

genetically engineering a microbial host for the heterologous expression of a variety of complex
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carbohydrate biosynthetic pathways. This is a strategy with strong precedence in the literature for
accessing significant quantities of compound, with one of the best examples being the production
of an antimalarial drug precursor, artemisinic acid, in Saccharomyces cerevisiae by Keasling et al
in 2006.!''? Malaria is responsible for approximately 1 million deaths per year globally. An
effective treatment option against malaria is artemisinin, a sesquiterpene lactone endoperoxide.
Synthetic strategies for artemisinin are costly and difficult. Keasling et a/ engineered S. cerevisiae
to produce an artemisinin precursor, artemisinic acid that can be isolated and converted to
artemisinin via chemical synthesis.!!* Central to this engineering strategy is to improve the flux of
farnesyl pyrophosphate (FPP), introduce amorphadiene synthase gene ADS from Artemisia annua,
and clone cytochrome P450 enzymes that convert amorphadiene to artemisinic acid. This strategy
successfully produced 100 mg L' of artemisinic acid in S. cerevisiae. Further modifications
ultimately resulted in the production of 25 g L™! of artemisinic acid.'!*

Building off this idea of optimizing metabolite production for a certain precursor and
coupling this with introducing exogenous genes from prokaryotic or eukaryotic organisms to
perform a desired biochemical modification, there have been numerous examples of engineering
bacterial or eukaryotic organisms to produce biomolecules. These range from biologically
straightforward compounds such as ethanol in Corynebacterium glutamicum''® to more complex
molecules such as benzylisoquinalone alkaloids produced in S. cerevisae.!'® A significant focus of
this thesis is to harness heterologous microbial biosynthetic pathways of Leg5,7Ac> and Pse5,7Ac
from a variety of gram-negative bacterial pathogens and heterologously express them in
engineered E. coli strains that are optimized for the production of complex sugars. Multi-gene
pathways will be constructed using synthetic biology tools including traditional cloning strategies,

Golden gate assembly, and Gibson assembly. Additionally, we will seek to develop a flexible in
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vivo heterologous expression system based on viral protein packaging, processing and cleavage.
This method will enable the rapid movement of natural product production between diverse hosts,
with an overarching goal of ultimately enabling synthetic biologists to better produce complex

molecules in vivo.
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Chapter Two: Total biosynthesis of legionaminic acid, a bacterial sialic acid analogue

The following chapter is adapted with permission from: Total Biosynthesis of Legionaminic
Acid, a Bacterial Sialic Acid Analogue. Mohamed I. Hassan, Benjamin R. Lundgren, Michael
Chaumun, Dennis M. Whitfield, Brady Clark, Ian C. Schoenhofen & Christopher N. Boddy.
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2.1 Introduction

5-acetamido neuraminic acid, a nine-carbon alpha keto acid sugar (2, Neu5Ac, Figure
1), is a member of the nonulosonic acid family of sugars, and plays a major role in prokaryotic
and eukaryotic glycobiology. NeuS5Ac, along with its approximately 50 derivatives, is
commonly referred to as sialic acid. In eukaryotes, NeuSAc is abundant on cell surface
glycoconjugates and is involved in a wide array of processes such as cell-cell interactions
and immune response.! The amounts and types of sialic acids on eukaryotic cell surfaces are
regulated spatially and temporally. These changes are controlled by biosynthetic and
catabolic enzymes that are responsive to metabolic controls linked to intracellular N-
acetylglucosamine levels and to numerous extracellular sialic acid binding proteins such as

the SigLec family of proteins.> Many human diseases are associated with alterations in sialic
acid homeostasis especially diseases associated with immune dysfunction like cancer.*® In

addition, many bacteria and viruses rely on binding host cell-surface sialic acids as part of
their infectious life cycle. Some viruses, such as influenza A, require neuraminidase or
sialidase to cleave these host cell-surface sialic acids and release the virus. Selective
inhibition of influenza neuraminidase by zanamivir or oseltamivir provides one of the few
pharmacological treatment options for combatting an influenza pandemic.*® In addition to
sialic acid, many bacteria have pathways to produce and use unique nonulosonic acid

analogues, notably legionaminic acid (1, Leg5,7Ac>*, Figure 1) and pseudaminic acid.’

Legionaminic acid was first identified in 1994 from the lipopolysaccharide of
Legionella pneumophila, the bacterial agent responsible for Legionnaires’ disease.® While

structurally homologous to sialic acid, the role of legionaminic acid in bacterial physiology
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and its impact on host-pathogen interaction is still largely unknown.” Studies examining the

biology of Leg5,7Ac> have been critically hampered by the lack of availability of this sugar.

OH ., HO on o
AcHNLp ) 2 HOW —7~0—7~C0o,H
AcHN—/J/ "COH  achN 2

5 “'OH OH

1, Legionaminic Acid 2, 5-acetamido neuraminic acid
(Leg5,7Ac,) (Neu5Ac)

Figure 2.1: Comparison of sialic acid (Neu5Ac) and legionaminic acid (Leg5,7Ac>) structures.

While Leg5,7Ac has been produced by total synthesis,®’ the synthetic routes are both
highly demanding and low yielding. A recent total synthesis of Leg5,7Ac> enabled the
immobilization of the 2-thioethyl glycoside onto maleimide coated glass slides. Probing these
slides with human blood sera demonstrated the presence of human antibodies that recognize
this bacterial specific sugar presumably due to previous bacterial infections.’ Despite this
advance, the low yield and technical challenge of this route limit its utility for studying the

glycobiology of Leg5,7Ac».

In 2009, the biosynthetic pathway for Leg5,7Ac> in Campylobacter jejuni'® was
elucidated. Unexpectedly this pathway was found to use GDP-GlcNAc (6, Figure 2.2) as the
key building block, unlike related nonulosonic acid biosynthetic pathways which use UDP-
GIcNAc (7). The native Leg5,7Ac: pathway starts with the NAD"-dependent dehydratase
LegB that eliminates water from C4,6 of GDP-GIcNAc, 6, generating the 4-keto
intermediate, GDP-2-acetamido-2,6-dideoxy-o-D-xylo-hexos-4-ulose, 8. LegC, a PLP-
dependent aminotransferase, catalyzes the transfer of the amino group from L-glutamate to

the 4-keto intermediate producing the amino sugar GDP-4-amino-4,6-dideoxy-a-D-GIcNAc,
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10."" Acetylation by the acetyltransferase LegH produces GDP-2,4-diacetamido-2,4,6-
trideoxy-a-D-glucopyranose (12, GDP-diNAcBac),'?> which is converted into 2,4-
diacetamido-2,4,6-trideoxy-D-mannopyranose, 14, by LegG, a hydrolyzing 2-epimerase.
Finally, the synthase Legl condenses this sugar with pyruvate to produce Leg5,7Ac», 1. While
this native pathway provides a route to produce Leg5,7Ac,, the rare GDP-linked sugar
intermediates suggested that it may be challenging to over-produce significant quantities of

the desired compound.

PgIF PgIE
OH
LegB (0] LegC
HO 0] 0] H,N 0}
HO ;‘ HO / ; HO
AcHN
c OR H,O AcHN OR L-Glu o-KG AcHN OR
6, R = GDP 8, R=GDP 10, R = GDP
7, R =UDP 9, R=UDP 11, R=UDP
Native pathway, R=GDP Ac-CoA PglD
Engineered pathway R=UDP LegH
CoA
OH oH NHAc .
AcHN" &~ Legl AcHN‘g&N‘ Leg AcHN 0
AcHN CO2H ﬁ HO OH ‘Ti HO
OH | AcHN OR
1, Leg5,7Ac, P PEP 14 ugg;r 12, R = GDP
13, R=UDP

Figure 2.2: Native biosynthetic pathway to produce Leg5,7Ac2in C. jejuni (enzymes in red)
and a de novo biosynthetic pathway utilizing PgIFED from the protein glycosylation pathway
from C. jejuni (enzymes in blue).

Previously the Boddy lab had over-produced multiple grams per litre of the biosynthetically
less complex sugar NeuSAc from UDP-GIcNAc in Escherichia coli.'> We thus hypothesized it
would be possible to produce significant quantities of Leg5,7Ac»> in E. coli by creating a de novo
pathway that relied on UDP-GlcNAc rather than the rare GDP-GIcNAc. This required accessing
the key intermediate UDP-2,4-diacetamido-2,4,6-trideoxy-a-D-glucopyranose (UDP-diNAcBac,

13), which is a known metabolite from the N-linked protein glycosylation pathway (Pgl) in C.
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Jjejuni.'* This pathway converts UDP-GIcNAc, 7, to UDP-diNAcBac, 13, where the latter is
converted to a membrane-bound undecaprenyl diphosphate-diNAcBac intermediate and serves as
the core for subsequent glycan assembly and transfer to Asn residues on proteins.'> The design of
our de novo biosynthetic pathway thus relied on the dehydratase PglF, the aminotransferase PglE
and the acetyltransferase PglD from the C. jejuni Pgl pathway to convert UDP-GIcNAc, 7, into
UDP-diNAcBac, 13 (Figure 2.2). At this point 13 must intercept the Leg5,7Ac, pathway and be
converted by LegG and Legl into the final product. While in vitro data with purified Legl and
LegG from L. pneumophila suggested this was possible, the reported efficiencies were very
low.!%16 Herein we show that our de novo pathway is highly effective, producing Leg5,7Ac> with
a titer of ~120 mg L' of E. coli culture broth. This is the first in vivo production system for
accessing this key carbohydrate and demonstrates the power of de novo biosynthetic pathway

design.

To construct this system, the individual genes pglFFED and legGI were codon optimized for
expression in E. coli and cloned into pKH22, a low copy expression vector.! This installed a C-
terminal or N-terminal hexa-His tag into each gene product and enabled all five genes to be
combined into a single operon under the control of an inducible T7 promoter with ribosome
binding sites directly upstream of each start codon. This polycistronic plasmid, pMIH37 was
introduced into the robust protein expression strain E. coli BL21 (ADE3). Western blot analysis of
the cell lysate 24 h post induction with an anti-hexa-Histidine antibody showed all five proteins

were produced (Figure 2.3).
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Figure 2.3: Western blot analysis of proteins involved in the de novo biosynthetic pathway for
legionaminic acid production from Campylobacter jejuni and Legionella pneumophila using a
HRP-conjugated primary hexa-his tag antibody. Lysates from BRL04, BRL0O2 and BL21
expressing pMIH37 are also shown. Lane 1, His¢PglF; lane 2, HissPglE; lane 3, HissPgID (10-fold
dilution of lysate); lane 4, HissLegG; lane 5, HisgLegl; lane 6, HisspMIH37 in BRL04 (protein at
60 kDa is Agm1 from pBRL178); lane 7, HisspMIH37 in BRLO2; lane 8, HisspMIH37 in BL21.
On the left side, Precision Plus dual color standards (Bio-Rad) labeled next to the image of the
protein standard that transferred onto the membrane (not chemiluminescent).

A reliable and efficient detection and quantification method of Leg5,7Ac> was necessary
to evaluate expression levels of this sugar. Direct analysis by LCMS is not feasible due to poor
retention of Leg5,7Ac on reverse phase columns. Additionally, this sugar has a poor chromophore
making it difficult to visualize by HPLC. A well-established method for sialic acid detection
involves derivatization with a fluorogenic reagent, DMB (4,5-Methylenedioxy-1,2-

phenylenediamine dihydrochloride), which has been shown to improve retention on C18 columns
and enable UV-vis detection with the addition of the aromatic moiety.? Because Leg5,7Aca
possesses the a—keto acid functionality that is required to react with DMB, we hypothesized that

a similar detection method can be utilized for this sugar (Figure 2.4). Our approach involved
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centrifuging and removing the cells from the culture broth followed by direct derivatization of the
clarified culture broths. Using a pure Leg5,7Ac; standard that was generously gifted to us by Ian
Schoenhofen at the NRC, we were able to derivatize Leg5,7Ac> and generate a standard curve that

was used to quantify in vivo production in E. coli.

OH co,H
AcHN" “~7~0~7—0H H2N 0
AcHN OH + > g
HoN O

Legionaminic Acid DMB Derivitized Legionaminic Acid

Figure 2.4: DMB derivatization of Leg5,7Ac> to generate a derivatized product that improves
retention on C-18 columns for improved analysis by HPLC.

The polycistronic plasmid pMIH37 was introduced into E. coli BL21 (ADE3) and
production of Leg5,7Ac> was probed. Surprisingly, no Leg5,7Ac> was detected in the culture broth
(Figure 2.8). We hypothesized that this result was due to degradation of Leg5,7Ac> as it was being
produced. In the case of Neu5SAc production in E. coli, genes encoding the inner membrane sialic
acid transporter NanT and the degrading sialic acid aldolase NanA needed to be inactivated to
prevent NeuSAc catabolism.'> While there is no known Leg5,7Ac> specific transporter and
degradation pathway in E. coli, we hypothesized that this NeuSAc catabolism pathway could also
act on Leg5,7Acz due to the structural homology between the two molecules.!” To evaluate this
hypothesis, we investigated if NanA was capable of degrading Leg5,7Ac,. Treatment of
Leg5,7Ac> with recombinant purified NanA (Figure 2.5C) showed consumption of Leg5,7Ac> by
HPLC. 5 uM of purified NanA showed complete degradation of 1 mM sialic acid, the native
substrate for this enzyme, after 18 h (Figure 2.5A). 25 uM of NanA was required for an appreciable

amount of degradation of Leg5,7Ac> to be detected. It is evident that while Leg5,7Ac: is a substrate
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for this enzyme, its degradation is nowhere near as efficient as it is for its native substrate sialic

acid (Figure 2.5B).
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Figure 2.5: (A) HPLC analysis (A= 350 nm) for the degradation of sialic acid with NanA.
Complete consumption of sialic acid is detected after 18 hrs. 5 uM NanA, 1 mM Sialic acid, 50
mM Tris was used for this assay. Sialic acid elutes at 3.7 min when derivatized with DMB. (B)
HPLC analysis (A= 350 nm) for the degradation of Leg5,7Ac> with NanA. Approx. 50% Leg5,7Ac:
degradation is obtained after 18 h. I mM Leg5,7Ac>, 25 uM NanA and 50 mM Tris was used for
this assay. (C) Sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis of NanA from
Escherichia coli after nickel-nitrilotriacetic acid purification. Precision Plus unstained standards

(Bio-Rad) was used as the molecular mass standards shown on the left. The expected size of NanA
1s 32.5 kDa.

Quantification of the pyruvate produced from the aldolase activity enabled determination
of the kinetic parameters of NanA-mediate degradation of Leg5,7Ac> (kear=0.52 + 0.1 min™', K
=1.80 £ 0.5 mM, keo/Km = 4.8 £ 2.2 M!s™!, Appendix Figure S2.1). To test if deletion of the
NeuSAc catabolism genes impacted Leg5,7Ac> production, E. coli BRL02, which is NanT" and
NanA~ was transformed with pMIH37 encoding the synthetic pglFED-LegGI operon and
cultivated in a shake flask. ' Consistent with our hypothesis, Leg5,7Ac> was readily detected at

52 + 11 mg L' when this strain was fed 0.3 % GlcNAc and 0.3 % glycerol (Figure 2.8).
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To further improve Leg5,7Ac> production, we focused on maximizing intracellular UDP-
GlcNAc pools (Figure 2.6). The key feedstock GIcNAc is transported by the phosphotransferase
system NagE and concomitantly phosphorylated to generate intracellular GIcNAc-6-phosphate
(GlcNAc-6-P, 4).'® GIcNAc-6-P binds the transcriptional repressor, NagC, relieving repression of
the nag operon and leads to conversion of GIcNAc-6-P into fructose-6-phosphate.'® The first step
in this catabolic pathway is NagA catalyzed deacetylation of the GIcNAc-6-P 2-acetamido group
forming G1cN-6-P. Deletion of nagA was thus expected to eliminate catabolism of GlcNAc-6-P.!3¢
To ensure robust conversion of intracellular GIcNAc-6-P into UDP-GIcNAc, 7, the Saccharomyces
cerevisiae enzymes Agml, a GIcNAc-6-P to GlcNAc-1-P mutase, and Uapl, a GlcNAc-1-P
uridyltransferase, were added to our de movo pathway.?’ These enzymes were particularly
advantageous since they circumvented the highly regulated metabolic node focused on GlcN-6-P

that connects central metabolism to cell wall biosynthesis in E. coli and ultimately limits UDP-

GlcNAc pools. 342!
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