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Abstract

Sialic acids are an incredibly diverse family of carbohydrates that serve many roles in
biological systems. Their presentation is influenced not only by structural modification of the sialic
acid, but also by attachment through glycosidic linkages and their presence on different
glycoconjugates. Many unusual sialic acids are unstable and difficult to study. Our group has an
ongoing interest in sialic acid metabolism by the human neuraminidase enzymes (hNEU). The
metabolism of unstable sialic acids such as 9-O-acetylated sialic acids (Neu5,9Ac>) and polymers
of sialic acid (polysialic acid, polysia) by hNEU has not been systematically defined. In this thesis
we present studies towards understanding hNEU metabolism of sialic acids which vary in
monosaccharide structure and glycosidic linkage.

Chapter 2 describes our initial study of hNEU activity towards Neu5,9Ac; by monitoring
enzyme activity on simple fluorescent substrates based on 4MU-NANA (4-methylumbelliferyl o-
D-N-acetylneuraminic acid). The substrate preference observed for NEU4 towards these simple
substrates disagreed with those observed for octyl sialyllactoside mimics of the ganglioside GM3.
We also observed an increase in the preference for Neu5SAc over Neu5,9Ac: for the a(2—6)-linked
octyl sialyllactosides compared to the a(2—3)-linked substrates. These results confirmed the
importance of considering the context of sialic acid presentation when studying its metabolism and
inspired us to continue studying hNEU activity towards Neu5,9Ac> on different sialoside
substrates.

We expanded our study of hNEU activity towards Neu5,9Ac, substrates in Chapter 3 to
encompass more of the diversity of sialic acid presentation. We began by studying hNEU activity
towards a Neu5,9Acz-enriched glycoprotein, which required the optimization of an assay used to

detect bacterial neuraminidase activity on Neu5,9Ac: glycoproteins. For all four hNEU
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isoenzymes, we observed a large preference for Neu5SAc over Neu5,9Ac» such that our assay could
only detect the release of Neu5Ac. We then expanded the scope of our study to include a(2—?8)-
linked sialosides. We designed a panel of disialo substrates based on the ganglisoside GD3 with
Neu5,9Acs sialic acids and developed an HPLC assay to monitor hNEU kinetics on a(2—8)-linked
sialic acids. The assay will be valuable for the study of hNEU activity on labeled gangliosides.
The challenge of studying metabolism of a(2—8)-linked sialic acids is apparent when
considering polymers of a(2—8)-linked sialic acids, known as polysialic acid. The unique
chemical and physical properties of polysia include enhanced susceptibility to acid-catalyzed
hydrolysis. In Chapter 4 we detail the first systematic investigation of the activity of isoforms of
hNEU towards polysialic acid. We found that NEU1, NEU3, and NEU4 hydrolyzed short
polymers with degree of polymerization (DP) of 3-8. We did not detect hNEU activity on longer
polymers (DP > 10), suggesting alternative mechanisms for polysialic acid regulation in vivo.
The work described in this thesis fills in longstanding questions in our understanding of sialic
acid metabolism by hNEU enzymes. In doing this work, we have expanded chemical biology
methods available for the investigation of sialic acid metabolism and the important roles of
monosaccharide and glycosidic linkage diversity in substrate presentation. Overall, this work
highlights the importance of considering the influence of sialic acid presentation on the role of

sialosides in biological systems.
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Preface

A version of Chapter 1 is a manuscript in progress as a review article detailing methods

for the study of sialoside metabolism.

A version of Chapter 2 was been published as: Hunter, C.D.; Khanna, N.; Richards, M.R.;
Darestani, R.R.; Zou, C.; Klassen, J.S.; Cairo, C.W., (2018) Human neuraminidase isoenzymes
show variable activities for 9-O-acetyl-sialoside substrates. ACS Chemical Biology, 13, 4, 922-
932. Methodology for synthesis of octyl sialyllactoside compounds was developed by Neha
Khanna, molecular modelling was carried out by Michele R. Richards, ESI-MS assay was
developed and implemented by Reza Rezaei Darestani and John Klassen, NEU1-NEU4 enzymes
were expressed by Cecilia Zou. Carmanah Hunter executed the synthesis of compounds 2-2, 2-4,
2-5, 2-7, 2-8, 2-9; characterized compounds 2-2, 2-5 — 2-9, developed methods for the purification
of 9-O-acetylated derivatives, optimized the solution-phase kinetics assay, implemented the
solution-phase kinetics assay, and wrote the manuscript.

The experiments detailed in Section 3.2.1 have been adapted into a manuscript in
preparation Hunter, C.D., Porter, E., Cairo, C.W., Human neuraminidase activity towards
modified sialic acids on glycoproteins. In Section 3.2.1, optimization of assay conditions and
collection of preliminary data was done with Elizabeth Porter. NEU1 was produced by Hanh-
Thuc Ton Tran, and NEU2-NEU4 were expressed and purified by Carmanah Hunter or other

members of the Cairo Lab.

A version of Chapter 4 has been adapted to a manuscript in preparation Hunter, C.D.,
Cairo, C.W., Hydrolysis of polysialic acids by human neuraminidase enzymes. For the

neuraminidase experiments in Chapter 4, NEU1-NEU4 were expressed and purified as for
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Chapter 3. Endo-N was a generous gift from Prof. Lisa Willis. Selective neuraminidase inhibitors

in Section 4.2.3 were synthesized by Dr. Tianlin Guo.
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Chapter 1 : Introduction?

4 A version of this Chapter is being adapted to a manuscript as a review article detailing methods

for the study of sialoside metabolism



1.1 Sialosides in human health and disease

Sialic acids (Sia) are a family of a-keto acids with a 9-carbon backbone that cap the non-
reducing end of glycoconjugates on glycoproteins and glycolipids. Featured at this outermost
position on the glycan, sialic acids are poised to mediate intra- and intercellular communication
and host-pathogen interactions." > The roles of sialosides generally fall into two categories:
formation of an epitope, or masking an epitope.’ For instance, in cell migration, sialic acids on p1-
integrins enhance binding to collagen-1,* but block the binding of galectin-3 to the underlying
galactose.’ The complement of cellular sialosides is crucial to human health and is maintained by
opposing actions of sialyltransferase (SiaT) and sialidase (neuraminidase) enzymes (Scheme 1.1).
To date, 20 human SiaT® 7 and 4 human neuraminidases ((NEU, NEU1-4) have been identified.®
This broad assortment of enzymes that regulate addition and removal of sialic acids from the
glycan hints at the remarkable heterogeneity of sialic acid presentation in human systems. Methods
to study sialic acid metabolism that can account for heterogeneity are critical to elucidating the

roles of sialic acids in normal and disease processes.

HOOH HOOH
(o} COOH =< = o o
AcHN AcHN
. hNEU N~
HO OH HO OH
Neu5Ac, 1-1

Scheme 1.1: Regulation of sialic acids by sialyltransferase and neuraminidase enzymes
1.2 Heterogeneity of sialic acid presentation

Sialic acids were first identified and named from salivary glycoproteins in 1936 by Blixt and
were later independently discovered on neuronal glycolipids by Klenk in 1941 and referred to as

“neuraminic acids”.” Both terms have been adopted into scientific vernacular, and at the time it



was agreed that the term sialic acid should be used synonymously with N-acylated neuraminic
acids.!? In practice, the term “sialic acid” has most often been used synonymously with a particular
N-acylated neuraminic acid: N-acetylneuraminic acid (5-Acetamido-3,5-dideoxy-D-glycero-a-D-
galacto-non-2-ulopyranosylonic acid, NeuSAc, 1-1). The primary reason for this is that NeuSAc
is the most abundant form of sialic acid in humans. This seemingly innocuous shift in nomenclature
belies the incredible diversity found in sialic acids and its impact on biological processes. To date
over 50 different sialic acids have been identified, the most common of which is Neu5Ac, which
is made biosynthetically from N-acetylmannosamine (ManNAc).!! Most other sialic acids are
derived biosynthetically from Neu5Ac through modification of one or more hydroxyl groups or at
C-5 (Figure 1.1A)."? The definition of sialic acids was expanded with the discovery of 2-keto-3-
deoxy-D-glycero-D-galactononic acid (KDN, 1-3), which has a hydroxyl group at C5 but the same
stereochemistry as N-acylated neuraminic acids,'? and is derived biosynthetically from mannose.'*
15 KDN is primarily found in bacteria and lower vertebrates, but is present in trace amounts in

mammalian systems.'®
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Figure 1.1: Diversity in sialic acid presentation A) diversity in sialic acid monosaccharide
structure B) diversity in glycosidic linkage C) sialylglycoconjugate scaffolds 1) ganglioside GM3
presented as both a line drawing and with SNFG (symbol nomenclature for glycans)!’ ii)
representative example of a sialylated N-glycan'® iii) representative example of a sialylated O-

glycan.!

Sialic acid presentation throughout phylogeny is discussed extensively elsewhere.! 202!
Herein, we limit our discussion to sialic acids in mammalian systems. Hydroxylation of the C-5
amide of Neu5Ac (Rs, Figure 1.1A) gives N-glycolylneuraminic acid (Neu5Gc, 1-2). This residue
is uncommon in humans as exon deletion in the cytidine monophosphate N-acetylneuraminic acid

hydroxylase (CMAH) gene prevents humans from making Neu5Gce. However, Neu5Gce from meat



and dairy products can be incorporated into the human glycome.?> 23, The most common hydroxyl
group modification is O-acetylation at O-4,7,8, or 9,%* although acetylation at O-4 does not occur
in humans.?®> Under physiological conditions acetyl groups at O-7 and O-8 migrate to the primary
alcohol at 0-9.2%-27 9-O-acetylated sialic acids (Neu5,9Ac>) have numerous roles in both normal
and disease processes (see Chapter 2 and Chapter 3) and are regulated by the opposing action of
sialate-O-acetyltransferase (SOAT)?* ?° and sialate-9-O-acetylesterase (SIAE)** 3! enzymes. Less
prevalent sialic acid modifications include 8-O-methyl or -sulfo, and 9-O-phosphoro or -lactyl
groups.'? Of these, only 9-O-phosphoro or -lactyl groups have been identified in humans, where
9-O-phosphoro-Neu5Ac is a biosynthetic precursor to sialylglycoconjugates,®? and 9-O-lactyl-
Neu5Ac has been identified on gastric mucins.*?

The diversity of sialic acid presentation is further complicated by its attachment to the glycan.
While the B-anomer of sialic acid is more thermodynamically favored, naturally occurring

glycosidic linkages of sialic acid are in the a-conformation

; most commonly an o(2—3) or
a(2—6) linkage to an underlying galactose (see Chapter 2), or an o(2—8) linkage to an underlying
sialic acid (Figure 1.1B).% Different glycosidic linkage of the sialic acid can influence sialic acid
recognition. For instance, Siglec 2 (CD22), a negative regulator of B-cell activation, only
recognizes sialic acids with an a(2—6) linkage to galactose.*® *’ Sialosides with a(2—8)-linkage
are present as disialyl epitopes, as in the ganglioside GD3 (see Chapter 3),* but also as polymers
of sialic acid (polysialic acid, polysia). The polyanionic nature of polysia contributes to its
interesting chemical and biological properties which continue to be elucidated (see Chapter 4).*°

Sialic acid-containing glycans are displayed on an array of glycoconjugates, providing an

additional level of diversity in sialic acid presentation. Glycosphingolipids (GSLs) containing

sialic acids are referred to as gangliosides, which almost exclusively have a(2—3) and a(2—38)



linked sialic acids (see Chapter 2 and Chapter 3).** Gangliosides (Figure 1.1C i)) are
amphiphilic and their physical properties influence their organization and biological function in
cell membranes. Recently a study found that the lipid composition of liposomes influenced rates
of ganglioside desialylation by viral and bacterial neuraminidases.*! The properties of GSLs and
GSL-based probes have been recently reviewed by our group,* and others.*> Glycoproteins
display sialosides (see Chapter 3) on both N- and O-linked glycans where the reducing end sugar
is bound to the protein through an asparagine (N-glycan, Figure 1.1C ii)), and serine or threonine
(O-glycan, Figure 1.1C iii))."" ** Sialosides on N- and O-linked glycans generally have an a(2—?3)
or a(2—06) linkage to galactose, or occasionally an a(2—6)-linkage to N-acetylgalactosamine.**
Certain proteins contain N- and O-glycans with polysialic acid.** %> Thus, the heterogeneity of
sialic acid presentation results from variations in the monosaccharide structure, glycosidic linkage,

and the underlying glycoconjugate. The study of sialic acid metabolism requires consideration of

all these levels of diversity.

1.3 Metabolism of sialosides by human neuraminidases

Neuraminidases, also referred to as sialidases, are glycosyl hydrolases that cleave the
glycosidic bond between a sialic acid and its reducing end substituent. To date, four neuraminidase
enzymes have been identified in the human system, denoted NEU1-NEU4.*® All four hNEU
isoenzymes are members of the GH33 family.*” The hNEU are fairly ubiquitous across cell types,

but have different primary subcellular localizations (see Table 1).% ® The hNEU have many roles

49, 50

in normal and disease processes, including in cell migration,*® inflammation, glucose

51,52

homeostasis, and tumor malignancy.>® Although it is apparent that the heterogeneity of sialic

acid presentation influences the availability of sialic acids to hNEU,>* the substrate specificities of



hNEU towards natural sialic acid presentations have not been fully elucidated (see Table 1.1). For

instance, NEU3 is typically considered to be selective for glycolipid substrates; however, NEU3

activity on a glycoprotein substrate was recently reported.>® Further, there is a lack of consensus

in the literature on which hNEU modifies polysialic acid; some studies reported NEUI to be

exclusively active on polysia,* and others NEU4.>> Reports of hNEU substrate specificities

towards modified monosaccharides have been largely limited to unnatural sialic acid

modifications.’ %8

Table 1.1: Localization and reported substrate tolerance of ANEU 3 46

NEU1 NEU2 NEU3 NEU4*
Major Lysosome Cytosol Plasma Lysosome,
subcellular membrane  mitochondria, ER
localization
Monosaccharide | NeuSGe<Neu5Ac® Neu5Ge>NeuSAc® ND ND
specificity Neu5,9Ac
<<<Neu5Ac®
Glycosidic a(2—3) > a(2—6), a(2—3) >>> a(2—3)> a(2—3)>>
linkage polysialic acid® a(2—6) a(2—6), a(2—6), a(2—3)
specificity>* a(2—3)> a(2—3)> > q(2—8)%,
a(2—8)°! a(2—8)* polysialic acid®
Glycoconjugate | Oligosaccharides,  Oligosaccharides, Gangliosides, Oligosaccharides,
specificity glycoproteins glycoproteins, some glycoproteins,
gangliosides glycoproteins gangliosides

* NEU4 has two isoforms, where one isoform has an additional 12 amino acids at the N-terminus

ND, not determined



1.4 Chemical biology methods to detect sialic acids

There is no universal method to study sialic acid metabolism by NEU — rather, each has
strengths and limitations. Methods to detect sialic acids allow for the study of sialic acid
metabolism on natural substrates. The careful selection of a method to detect sialic acids, with
consideration of which factors of sialic acid presentation the method accounts for, is critical to
effectively studying sialoside metabolism. There is an assortment of chemical and biochemical
tools available to detect sialic acids, both as a part of glycoconjugates and as free reducing

monosaccharides.

1.4.1 Chemical methods to detect sialic acids

Chemical methods to detect sialic acid can be categorized as methods that detect free sialic
acid or those that detect sialic acid on glycoconjugates. Methods to detect free sialic acids are
common for studying sialic acid metabolism by neuraminidase enzymes and can detect
neuraminidase activity on natural NEU substrates. Methods that detect free sialic acids do not
discriminate sialic acid glycosidic linkage and many methods require harsh conditions that destroy
labile modifications to sialic acid. A commonly used method for detecting free sialic acids is the
thiobarbituric acid (TBA, 1-4) method (Scheme 1.2A), simultaneously developed by Warren®? and
Aminoff® %, Free sialic acid is oxidized to generate an aldehyde at C6 and then further degraded
to B-formylpyruvic acid (1-5) which reacts with TBA to generate a fluorophore.%®> The method
suffers from harsh acidic conditions and cross-reactivity with other monosaccharides®® and
unsaturated lipids,®” but it is still a popular method to detect sialic acid in hNEU activity assays>>
68 and in complex samples.®® 7 An alternative to the TBA assay is the detection of free sialic acid

with malononitrile (1-6, Scheme 1.2B).”! Although the assay conditions are relatively mild (pH



9.5), the basic conditions hydrolyze sialic acid hydroxyl group modifications (e.g 9-O-Ac) and
malononitrile reacts with other electrophiles; particularly ketones and aldehydes’?. Submitting the
sample to reducing conditions prior to enzymatic cleavage of sialic acids has enabled quantitative
sialic acid detection in cell culture supernatant.”> Malononitrile detection of free sialic acid has
been used to evaluate hNEU kinetics in vitro’*’® and is particularly useful for studying NEU377-7°
which prefers glycolipid substrates and does not tolerate the fluorogenic hNEU substrate 4MU-
NANA well (vide infia).®° Perhaps the most versatile method for detecting free sialic acids is
through derivatization with 1,2-phenylenediamines (1-7, Scheme 1.2C), which react selectively
with a-keto sugars to form a quinoxaline fluorophore.3! 8 The mild acidic conditions preserve
labile O-acetyl groups and different sialic acid species including Neu5Gc, Neu5Ac, and O-
acetylated sialic acids can be resolved using reversed-phase HPLC.% The most popular 1,2-
phenylenediamine for sialic acid labeling is 1,2-diamino-4,5-methylenedioxybenzene
dihydrochloride (DMB) because it enables the most sensitive detection of sialic acids.®* Other 1,2-
phenylenediamines such as o-phenylendiamine (OPD)3 and 4,5-dimethylbenzene-1,2-diamine

(DMBA)?® are more stable and cost-effective alternatives. 1,2-phenylenediamines have been used

87-91 55,92,93

extensively to study sialic acid composition and to monitor hNEU activity.
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malononitrile derivatization, and C) 1,2-phenylenediamine derivatization

Chemical methods to detect native sialic acids on glycoconjugates rely on the reactivity of the
glycerol sidechain at C-7 — C-9 (Scheme 1.3A). Mild oxidation of the sidechain using sodium
periodate generates an aldehyde at C-7 which can be labeled bioorthogonally.** ** Historically
resorcinol was used to label the aldehyde; °° however, the reaction is not chemoselective.”® More
recently aniline (1-8) catalyzed - oxime ligation?” after periodate oxidation was used to detect sialic

acids on live cells®®

and in zebrafish!®’ (Scheme 1.3A). After isolation of protein fractions, this
strategy was used to study the effect of ST3Gal4 knockout on glycoprotein sialylation in mice. !
The method has also been adapted to study neuraminidase activity in a 96 well plate.!*? Periodate
oxidation and aniline-catalyzed oxime ligation (PAL), coupled with a reciprocal method to detect

galactose (galactose-6-oxidase and aniline-catalyzed oxime ligation, GAL; Scheme 1.3C),'* was

used to detect cell surface neuraminidase activity.!® GAL has also been used to determine
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neuraminidase linkage specificity on a glycan microarray.!% The microarray was also used to
determine neuraminidase monosaccharide specificity towards Neu5Ge and KDN,!'® however,
labile modifications such as O-acetyl groups may not be stable to conditions for the generation and
storage of glycan microarrays.'% Modifications to the glycerol chain (such as O-acetylation) also
block periodate oxidation,’> making these modified sialic acids invisible to PAL.

Complexation of sialic acids by phenylboronic acids at the reducing end or the glycerol
sidechain can be used as an alternative to chemical modification (Scheme 1.3B).!%” Phenylboronic
acids complex 1,2- or 1,3-diols so also bind other carbohydrates, % but at physiological pH binding
is selective for sialic acids.!” The interactions between sialic acids and phenylboronic acids are
low affinity,!% and are weaker for sialosides than for free sialic acid,''® but have still been used to
detect of sialic acids on the cell surface.!!!"!'* Efforts to increase affinity and selectivity have

included the addition of pendant amino''> or urea!!'® '’

groups for electrostatic interactions with
the C1 carboxylic acid. Unlike other chemical methods to detect sialic acids, detection of sialic

acids with phenylboronic acids does not chemically modify the sialic acid, making this interaction

more analogous to biochemical methods to detect sialic acids than to chemical methods.
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Scheme 1.3:Chemical methods to detect sialoside metabolism on glycoconjugates by A) PAL, B)

phenylboronic acids, and C) GAL

1.4.2 Mass spectrometry methods to detect sialic acids

Mass spectrometry methods provide an alternative to solution-phase methods to detect
sialosides. Mass spectrometry methods have high sensitivity compared to solution-phase methods
and can provide unambiguous structural data; however, because the observable is molecular mass,
differentiating isomers is non-trivial. In the context of sialosides, differentiating between a(2—3)
and a(2—6) linkages or acetylation at different positions can be challenging.!'® ''° Further,
different compounds may have varying response factors, making quantitation challenging.'*
Despite these issues, mass spectrometry provides an important and sensitive tool for the study of
sialic acid metabolism. Glycan fingerprints of cellular N- and O-linked glycans have been
determined by MALDI mass spectrometry after glycan purification and permethylation. The

permethylated glycans have predictable fragmentation patterns which - in conjunction with
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chemical and enzymatic degradation — can be used to elucidate glycan structure.'?! This approach
was used to detect a reduction in a(2—06) sialylation on glycoproteins in gestational diabetes
mellitus.!?? It was also used to investigate the effects of disrupting sialic acid biosynthesis on
glycan composition and structure.!?* 12* The alkaline conditions used for permethylation would
destroy labile sialic acid modifications, making the method incompatible for the study of modified
sialic acids.

Mass spectrometry has been used to study neuraminidase specificity towards defined
sialosides. Electrospray ionization mass spectrometry (ESI-MS) was used to study NEU3 substrate
specificity on analogs of ganglioside GM3. Determination of relative rates was made possible by
careful selection of internal standards that had comparable structural characteristics to both the
sialic acid and lactoside products, which normalized the response factors.’® Recently, a competitive
universal proxy receptor assay (CUPRA) was developed.'?® The assay is indifferent to variance in
response factor so does not need internal standards or calibration curves to determine hNEU
substrate specificities, but does require conjugation of the glycan to an affinity tag. As such, the
CUPRA assay does not account for the influence the aglycone may have on enzyme specificity.
Conversely, ESI-MS has been used to study hNEU activity towards gangliosides embedded in

picodiscs, which mimics ganglioside presentation and distribution in cell membranes. '

1.4.3 Biochemical tools to detect sialic acids

The unstable nature of many unusual sialosides'? 19 27 has historically resulted in these
epitopes being overlooked using chemical methods for purification and analysis. Biochemical
probes such as lectins, antibodies, and inactivated enzymes provide an alternative where unstable

sialic acids can be studied in situ and under mild conditions. In general, lectins tend to be less
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expensive than antibodies, while antibodies tend to have a higher affinity than lectins.'?® The
substrate scope of biochemical probes can be broad and poorly defined, but glycan microarrays
can help to alleviate this problem.'?”> 1** The careful selection of a biochemical probe can generate
data that compliments, or is an alternative to, chemical methods to detect sialic acids.

Sialic acid-binding lectins and their specificities have been reviewed thoroughly,'*' and we
will only describe a few relevant examples herein. Some of the most widely used biochemical
probes to detect sialic acids are the lectins from Sambucus nigra (SNA) and Maackia amurensis
(MAL and MAH). These lectins discriminate sialic acid glycosidic linkages (SNA recognizes
a(2—6)-linked sialosides and MAL and MAH recognize a(2—3)-linked sialosides) but do not
distinguish between NeuS5Ac, Neu5Gce, and Neu5,9Ac,.!%% 133 There has historically been much
confusion over MAH and MAL specificity.'** These lectins recognize a charged group at C-3 of
galactose rather than the core of the sialic acid residue, thus they can also recognize 3-O-sulfated
galactose.!** 3% The lectins from Limax flavus (LFA) and Cancer antennarius have no linkage
preference, but LFA binds only Neu5Ac!*® 37 while the lectin from Cancer antennarius is
selective for 4- and 9-O-acetylated sialic acids.!3® 13° The B subunit (SubB) of subtilase cytotoxin
from E. coli has high specificity for a(2—3)-linked Neu5Gc.!*’. Engineering of SubB to decrease
its specificity for o(2—3)-linked sialosides while maintaining its specificity towards Neu5Ge'!
enabled the detection of Neu5Gc in human serum, with potential applications as a tool for cancer
diagnostics.'** 1% The substrate specificities of lectins continue to be elucidated. Lectin Achatinin-
H from Achatina fulica was reported as being selective for Neu5,9Acz-a(2—6)-GalNAc,'*
making it a probe for Neu5,9Ac: glycoproteins. However, the substrate specificity for Achatinin-
H has not been systematically studied, and it has been shown to bind other substrates, including

colominic acid.!* Cholera toxin from V. cholerae is notable for its high affinity towards
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ganglioside GM1,'%% 47 and research into V. cholerae infectivity was focused on this binding

4 and

interaction.'*® Recently, fucosylated glycoproteins were also found to bind to cholera toxin'
Lewis X-displaying glycoproteins were identified as binders to cholera toxin, while infection was
independent of GM1.!%° This example highlights the continued evolution of the understanding of
lectin specificity.

There are too many antibodies available that recognize sialic acid epitopes for a thorough
review of the topic in the scope of this Chapter. Instead, examples have been selected to provide
an overview of the types of antibody probes available for studying sialic acid metabolism.
Monoclonal antibodies tend to be specific for a sialic acid in the context of its reducing end
substituents (for instance antibody MK2-34 is specific for Neu5Ge-GM2,"*! and antibody 14F7 is
specific for Neu5Ge-GM3)!>? but polyclonal antibodies can be used to detect a specific sialic acid
residue. Polyclonal antibodies from chicken are used to detect Neu5Gc independent of its
glycosidic linkage or reducing end substituent.!3-!5 There are many antibodies that are specific
for ganglioside or O-acetylated ganglioside epitopes.!*® 157 Some antibodies that recognize
gangliosides have well defined epitopes; for instance, an anti-GD2 antibody (Dinutuximab) is an
approved drug for cancer immunotherapy.'*® Others suffer from the same undefined substrate
scope as many lectin probes. Antibody D1.1 has been used extensively over the past 35 years as a
probe to detect Neu5,9Ac> GD3'%% 10 but was recently found to cross-react with Neu5,9Ac> on
glycoproteins.'®! There are reports of antibodies selective for sialylated complex-type N-glycans
over asialo N-glycans and high-mannose-type N-glycans,'®? or that recognize portions of sialylated
N-glycan epitopes.'®> A range of antibodies available to detect polysialic acid recognize small

epitopes with degree of polymerization (DP) = as low as 2 and as large as DP > 11.3° Antibody

15



selection for the detection of polysialic acid should be made carefully as DP impacts the
conformation and biological activity of polysia.'®*

Biochemical probes can be engineered by inactivating enzymes that recognize carbohydrate
epitopes, effectively converting the enzymes to lectins.!® This approach is especially useful for
poorly immunogenic epitopes such as polysialic acid, whose poor immunogenicity has been
exploited as a potential polymer in drug delivery strategies.'®® 7 An inactive mutant of
endosialidase from Escherichia coli (E. coli) K1 bacteriophage was generated that could bind, but
not cleave, polysialic acid with DP >10.1%1¢ Expression of this modified endosialidase as a fusion
protein with green fluorescent protein enabled one-step fluorescent labeling.!’® ! The
hemagglutinin esterase of influenza C virus removes the O-acetyl group from Neu5,9Ac>!”? After
catalytic deactivation of the enzyme with diisopropyl fluorophosphate the protein can be used to
detect Neu5,9Ac,'”® without preference for glycosidic linkage or the reducing end moiety.!”* 173
Hemagglutinin esterases from other viruses have also been transformed into “virolectins” that label
O-acetylated sialic acids.!”™ The strategy of using inactivated enzymes as lectins could be
expanded to other enzymes and that recognize other carbohydrate epitopes. '

Biochemical tools such as lectins, antibodies, and inactivated enzymes have been invaluable
in the study of unstable sialic acids, however, they are limited by their substrate specificities which
can be broad or not fully validated. The broad substrate specificities of many biochemical probes
can lead to data outputs that overlook the heterogeneity of sialic acid presentation. Furthermore,
the epitopes recognized by biochemical probes are often not fully defined, which can lead to
misleading interpretations. As a result, defined sialoside substrates are still essential tools for

studying the biological roles and metabolism of sialic acids.
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1.5 Defined substrates for the study of sialic acid metabolism.

Access to defined sialoside substrates enables a more controlled investigation into the impact
of sialic acid presentation on their metabolism. /n vitro studies with defined substrates can
eliminate numerous variables present when analyzing complex biological mixtures, generating
less ambiguous data. These studies, however, remove the sialic acid substrates from their
biological context, where the nuances of sialic interactions and spatial distribution may influence
their biological function.!” Labelled sialic acid substrates can be useful for monitoring metabolism
in cellulo or in vivo, but are not always good mimics of native substrates. Therefore, using a
combination of defined sialoside substrates and the methods to detect sialic acids discussed in

Section 1.4 can enable a more complete understanding of sialic acid metabolism.

1.5.1 Methods for the synthesis of defined substrates

Chemical and chemoenzymatic methods have been used extensively to make sialoside
probes encompassing the diversity in sialic acid presentation. Modified sialic acid
monosaccharides have been generated through chemical modification of NeuSAc or to N-
acetylmannosamine (ManNAc), which is a biosynthetic precursor converted to a sialic acid
through condensation with pyruvate by a sialic acid aldolase (sialic acid synthetase).!’® 177,
Following the biosynthetic pathway in mammals, Neu5Ac-9-phosphate was made from ManNAc-

178.179 and was used to screen inhibitors of sialic acid phosphatase.'®" Both Neu5Ge!®!

6-phosphate
and Neu5,9Ac>'% have also been prepared by this strategy. Alternatively, selective acetylation of
NeuSAc using trimethyl orthoacetate generated Neu5,9Ac: (1-9) in a single step (Scheme 1.4),
while protection of 0-9 allowed the synthesis of 4-O-acetylated sialic acid (Neu4,5Ac») 83 Other

partially acetylated sialic acids, including Neu5,7Acz and Neu5,8Ac; have been made using

carefully chosen protecting group strategies to avoid the hydrolysis or migration of the labile
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esters.!3% 135 Selective chemoenzymatic acetylation of NeuSAc has also been used to generate
Neu5,9Ac; sialosides.!®® 187 Direct conversion of Neu5SAc to Neu5Gc can be accomplished by de-
N-acylation of the NeuSAc methyl ester to neuraminic acid methyl ester, followed by N-acylation
with glycolic acid,'®® or mannosamine-HCI can by acylated and converted to a sialic acid using a
sialic acid synthetase (Scheme 1.5).!% 1% These strategies can also be used to generate labelled
C-5 derivatives. Numerous non-human and unnatural sialic acids have been made through both

chemical and chemoenzymatic methods, and are reviewed elsewhere.!”! 192
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Scheme 1.4: One-step synthesis of Neu5,9Ac; from NeuSAc using trimethyl orthoacetate.

Extensive effort has been applied to the development of sialic acid glycosylation strategies.
Chemical o-sialylation is complicated by steric hindrance at the tertiary anomeric center, the
absence of substituents at C-3 to guide stereoselectivity, and the thermodynamic stability of the -
sialoside.!”® 1> There are numerous strategies that have been developed for stereoselective
glycosylation to make a(2—3)-, a(2—6)-, and a(2—8)-linked sialosides which have been
reviewed elsewhere; !9 however, chemical sialylation remains an ongoing challenge.
Chemoenzymatic sialylation exploits biosynthetic pathways for protecting group-free sialylation
using sialyltransferases (SiaT). It provides a reliable stereoselective alternative to chemical
methods but is limited by the substrate tolerance of the enzymes. One-pot multienzyme (OPME)
chemoenzymatic approaches facilitate synthetic strategies by executing multiple chemical
transformations without isolating intermediates. Consequently, sialosides can be generated from

ManNAc, NeuSAc, or variations thereof in a single step (Scheme 1.5).!® Chemoenzymatic
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syntheses of a(2—3)-, a(2—6)-, and a(2—8)-linked sialosides -including polysialic acid- have
been thoroughly reviewed elsewhere.** 186197 An alternative to OPME chemoenzymatic synthesis
is metabolic engineered microorganisms in which all the enzymes necessary for one or many
synthetic steps are expressed. These cell factories circumvent the need for isolated enzymes and
can be scalable.!”® Still, the development of a microbial strain that expresses all of the enzymes
necessary for synthesis - without the enzymes that lead to side products or product degradation —

is non-trivial.'”?
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.0 —_—
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A HN@\O/O - ~—_ HOO
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Scheme 1.5: General approach to one-pot multienzyme chemoenzymatic sialylation (CTP =

cytidine triphosphate, PPi = pyrophosphate, CSS = CMP-sialic acid synthetase, CMP = cytidine

monophosphate).

Sialylation strategies have been applied to the synthesis of complex sialoglycoconjugates
such as gangliosides, and N- and O-linked glycans. The synthesis of gangliosides is complicated
by their amphiphilic nature. The glucosylceramide cassette strategy facilitates the synthesis of
complex gangliosides.’”® while ganglioside analogs with simplified aglycones can be sufficient
ganglioside mimics and are easier to synthesize.’® A review detailing chemical and
chemoenzymatic methods for the synthesis of modified gangliosides was recently published by
our group.*” The synthesis of N-glycans is challenging because of the incredible diversity of these

often asymmetric branched oligosaccharides. Although convergent chemical synthetic strategies
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have been used to make specific N-glycans,?!-2% the synthesis of sialylated N-glycans is typically
accomplished through the chemoenzymatic extension of a core oligosaccharide isolated from
natural sources or made through synthetic methods.'® 2427 Orthogonally protected core structures
facilitate the synthesis of asymmetric N-glycans (Figure 1.2).!% 208 209 Comparatively, methods
for the synthesis of O-glycans have lagged behind.?!° The continued development of general and
orthogonal methods to access these complex N- and O-glycan structures will be valuable tools for

generating defined sialoglycoconjugates.
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Figure 1.2: N-glycan oligosaccharide scaffolds with orthogonal reactivity to generate diverse N-
glycan sialoglycoconjugates through chemoenzymatic synthesis A) tetraantennary scaffold that
can be degraded with glycosidases at places marked with red arrows to generate asymmetric
tetraantennary N-glycans,'® B) tri-antennary scaffold with orthogonal reactivity. Per-acetylated
galactose can be deprotected following the chemoenzymatic extension of the neighboring
galactose to de-symmetrize the scaffold.?”® C) Bioorthogonally protected core structure for the

modular synthesis of asymmetric high-mannose, hybrid, and complex-type N-glycans.?%

The methods for the synthesis of sialoside substrates discussed herein can be used to generate

defined natural sialoside substrates for the study of sialoside metabolism using the methods to
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detect sialic acids discussed in Section 1.4. Alternatively, these methods can be applied to generate

labelled substrates for the study of sialoside metabolism.

1.5.2 Labelled substrates to study sialic acid metabolism by neuraminidase

High-throughput fluorogenic substrates to study hNEU activity have been used extensively for
over 40 years (Figure 1.3A). The most popular hNEU substrate is 4-methylumbelliferyl a-D-N-
acetylneuraminic acid (4AMU-NANA, 1-10).2!!-2!2 Release of the sialic acid unmasks an alcohol,
which upon deprotonation leads to increased fluorescence of the coumarin moiety. 4AMU-NANA
has been used extensively as a tool to normalize neuraminidase activity and to screen hNEU
inhibitors.” 7>-213-215 Modifications to C-5°%2!¢ and C-97% of the sialic acid have been used to probe
the substrate tolerance of hNEU; however, 4MU-NANA is not a good mimic of natural
substrates.”® Recently, similar substrates have been developed to image neuraminidase activity in

tissues.?!7> 218

Neuraminidase activity released an insoluble, and highly fluorescent
benzothiazolylphenol (BTP) aglycone from the soluble and minimally fluorescent, NeuSAc-BTP
(1-11).2" These simple fluorogenic neuraminidase substrates have been useful tools to monitor
neuraminidase activity, but do not take into account the influence of sialic acid glycosidic linkage
or the reducing end substituent on enzyme activity.

A disaccharide substrate with a p-nitrophenol aglycone (Neu5Ac-o(2—3/6)-Gal-B-p-NP, 1-
12) enabled the differentiation of glycosidic linkages. The substrate was incubated with
neuraminidase and an excess of B-galactosidase which would release p-NP upon removal of the
sialic acid.??® The coupled enzyme assay was adapted to be high-throughput®*! and was used to

determine NEU2 specificity towards modified sialic acids.’® ® A Neu5Ac-a(2—8)-Neu5Ac-

a(2—3)-Gal-B-p -NP substrate and the inclusion of an excess of neuraminidase specific for

21



a(2—3)-linked sialosides expanded the scope of the assay to o(2—8)-linked sialosides.??? A 5-
bromo-4-chloro indol has been used as an alternative to p-NP, and produces visible color upon
sialic acid hydrolysis.?**> Monosialylated substrates with a BODIPY -tagged aglycone (1-13) have
been used to determine Michaelis-Menten kinetics parameters for NEU1-NEU4 in a well-plate
assay.>* Prior to fluorescence detection, the negatively charged sialylated substrates were removed
from the neutral product using anion exchange resin (Figure 1.3B).2** 2% This assay could be
applied to measure the kinetics of hNEU activity on any glycan containing one sialic acid. A
ganglioside probe with a FRET donor at the C-9 of sialic acid and a FRET acceptor on the ceramide
tail (1-14) was used to monitor neuraminidase activity in live cells where neuraminidase activity
correlated with an increase in coumarin fluorescence and a decrease in BODIPY fluorescence,
making it an “on-off” probe (Figure 1.3C).??® Although the fluorophore at C-9 of sialic acid makes
it a poor probe of hNEU specificity towards sialic acids, the probe is a better ganglioside mimic

making it a probe of ganglioside processing by neuraminidases.
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Figure 1.3: Selected labelled sialic acid substrates to study hNEU activity A) fluorogenic and “off-
on” absorbance-based substrates to study hNEU activity, B) “on-on” fluorescent substrate, C) “on-

off” FRET probe.
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When studying the effects of sialic acid presentation on its metabolism, an informed evaluation
of which factors influencing sialic acid presentation are most important to the study is imperative.
Further, there is a trade-off between generating defined substrates that effectively represent sialic
acid presentation and the synthetic effort required to produce these targets. A diverse chemical
biology toolkit, providing access to an array of defined sialoside substrates and methods to detect

sialic acids is essential to the study of sialoside metabolism in biological processes.

1.6 Project Objective

Our group has an ongoing interest in sialic acid metabolism by hNEU and its roles in biological
processes. Previous work has demonstrated that hNEU-catalyzed hydrolysis of sialic acids is
influenced by the diversity of sialic acid presentation at multiple levels — sialic acid structural
modification, glycosidic linkage, and reducing end substituent. We identified gaps in the literature
where hNEU activity towards various unstable sialosides, namely 9-O-acetylated sialic acids and
polysialic acid, was undefined. These unusual sialic acids have been implicated in numerous
normal and disease processes, but the instability of the substrates has hampered their study and
there is a shortage of data on their metabolism by hNEU. In this thesis, we will develop
experimental methods to study the substrate tolerance of hNEU towards sialic acids with unstable
presentations. We hypothesize that the hNEU isoenzymes will have different activities towards
these sialic acids, which will provide insight into the roles of these enzymes and their substrates
in human health and empower future study into the biological roles f these sialosides.

In Chapter 2 we began our study of hNEU activity towards Neu5,9Ac2 by monitoring hNEU
activity on simple fluorescent substrates based on 4MU-NANA (1-10) and octyl sialyllactoside
mimics of the ganglioside GM3 with a(2—3)- and a(2—6)-glycosidic linkages. Our results

indicated that in order to fully understand hNEU activity towards Neu5,9Ac, we needed to expand
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the scope of the study towards more Neu5,9Ac; substrates. In Chapter 3 we widened the scope of

our study of Neu5,9Ac» as substrates for hNEU to include a sialoglycoprotein and a(2—8)-linked

sialic acids. To study hNEU activity on these complex sialoside substrates we needed to adapt and

expand the assays available to study hNEU activity. Polymers of a(2—8)-linked sialic acids

(polysialic acid, polysia) have unique chemical and physical properties which make them

challenging to study. Chapter 4 details the first systematic investigation of hNEU activity towards

polysialic acid using purified enzymes. The work in this thesis expands our understanding of sialic

acid metabolism by hNEU and highlights the importance of considering multiple factors of sialic

acid presentation when studying its roles in biological systems.
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Chapter 2 : Human neuraminidase isoenzymes show variable activities for 9-O-acetyl-

sialoside substrates.®’
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2.1 Introduction

Sialic acids are a structurally diverse family of carbohydrates; however, the influence of
subtle structural changes on their biological function is not well understood. These 9-carbon, a-
keto acids are often the terminal (non-reducing) carbohydrate residue of human glycans.! Their
location at the periphery of the glycan allows sialic acids to play roles in development, immune
response, host-pathogen interactions, and tumor metastasis.> > The most common sialic acid in
humans is the 5-N-acetylneuraminic acid (NeuSAc), and it is considered to be the precursor for
most sialic acids. Common modifications of NeuSAc include a glycolyl group at N-5 (Neu5Gc),
and O-acetate, -sulfate, -lactate, or -phosphate ester modifications of hydroxyl groups.! The 9-O-
acetylated form of sialic acid (Neu5,9Ac») has been implicated in blocking lectin binding,* yet also
enhances the affinity of influenza C hemagglutinin.’ Ligands for immune cell lectins, such as
Siglecs, can be masked by 9-O-acetylation of sialic acid.® The presence of Neu5,9Ac> has been

7 and

associated with cancer cell survival through prevention of GD3-mediated apoptosis,
protection of sialoside substrates from bacterial and viral neuraminidases.® Despite its recognized
importance, the specific roles of Neu5,9Ac; residues have remained unclear. Routine study of
Neu5,9Ac. has been hampered by the lability of the O-acetate, particularly under basic
conditions;*!! limiting detection strategies to the use of antibodies, lectins, or influenza C
hemagglutinin-esterase.!? This fact prompted the recent development of a hydrolytically stable
analog of Neu5,9Ac (9-acetamido-9-deoxy-N-acetylneuraminic acid) for glycan microarrays.'!
The 9-O-acetylation of sialosides is regulated in vivo by the action of two opposing enzyme
activities: sialate-O-acetyltransferases (SOAT) and sialate-9-O-acetylesterases (SIAE). Human

SIAE have been identified'> '* and are implicated in several diseases including rheumatoid arthritis

and type I diabetes.'® In childhood acute lymphoblastic leukemia, there is increased sialic acid O-
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acetylation as a consequence of both decreased SIAE activity and increased SOAT activity.'¢
Furthermore, increased 9-O-acetylation has been observed in melanoma, small cell lung
carcinoma, glioblastoma, and breast carcinomas.!” The removal of the 9-O-acetyl group by
treatment with SIAE induced apoptosis in both leukemia'® and glioblastoma cells.” While human
SIAEs have been known for decades,'> '* human SOATSs have been more challenging to isolate,
due to the sensitivity of AcT activity to membrane solubilization.!” The protein CASDI1 has
recently been found to be essential for sialic acid 9-O-acetylation in humans;>° however, this
enzyme may not be responsible for SOAT activity in gangliosides.!”

While both acetylesterases and acetyltransferases are critical to the prevalence of
Neu5,9Acy, the ability of these residues to modulate activity of sialic acid modifying enzymes is
not well understood. Neuraminidase (also called sialidase) enzymes are glycosyl hydrolases which
cleave the glycosidic linkage of sialiosides (EC 3.2.1.18). Four distinct human neuraminidase
(hNEU) isoenzymes have been identified (NEU1, NEU2, NEU3, and NEU4). The hNEU
isoenzymes differ in subcellular localization, tissue expression, and substrate preference.?!">
Seyrantepe et al. demonstrated that both the sialic acid aglycone and reducing-end sugar have a
large impact on the relative activity of hNEU.? While NEU2 and NEU4 can cleave glycoproteins,
glycolipids, and oligosaccharides;?* 26 NEU1 cleaved only glycoproteins and oligosaccharides, 2
27 and NEU3 demonstrated a strong preference for glycolipid substrates.?* %8 Sialic acid diversity
also impacts hNEU activity. The hNEU are reported to have different activity for Neu5Gc
substrates compared to NeuSAc substrates.?>*° Sialic acid oligomers containing Neu5Gc residues
have reduced substrate activity with NEU1, NEU2, and NEU4.?! The Neu5,9Ac; residue is known
to impede the activity of bacterial and viral neuraminidases.> Reports differ on whether

Neu5,9Ac; residues are substrates for mammalian NEU.33-3°
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To the best of our knowledge, a comprehensive study probing the influence of sialic acid
9-O-acetylation on hNEU modulation has not been carried out. While recent work indicated that
Neu5,9Acs, is a poor substrate for NEU2,*® previous work with sialosides containing unnatural
modifications at C-9 have suggested that variation among isoenzymes could result in disparate
activity for Neu5,9Ac; substrates. Substitutions of the 9-OH of Neu5Ac with fluoride, methoxy,
hydrogen, and azide groups almost completely inhibited NEU2 activity.*® Sandbhor et al. reported
that 9-azido, -amino, or -aryl groups reduced substrate activity of sialosides for NEU3.*’
Futhermore, the most selective inhibitors known for NEU1*® and NEU4*® involve modifications
of 2-deoxy-2,3-dehydro-N-acetylneuraminic acid (DANA) at the C-9 position.”> These examples
suggest that the C-9 pocket of hNEU enzymes is critical for recognition, and could result in
differential activity for Neu5,9Ac; substrates among the isoenzymes.

Generation of defined sialosides containing Neu5,9Ac: is necessary for elucidation of
enzyme specificity. While the generation of 9-O-acetyl sialiosides is challenging, there are
examples using selective trimethyl orthoacetate chemistry.***® Enzymatic strategies using O-
acetyltransferases have been reported.*’ In order to test for effects of 9-O-acetylation on hydrolysis
by hNEU, we generated a fluorogenic substrate containing Neu5,9Ac:: 2'-(4-methylumbelliferyl)-
a-D-9-0O-acetyl-5-N-acetylneuraminic acid (4MU-Neu5,9Ac: 2-2, Scheme 2.1). A similar strategy
has been explored for testing the role of N-5 modifications of NeuSAc on hNEU activity in cell
lysates.*® Using fluorogenic substrates in combination with purified isoenzymes, we observed that
substitution of Neu5,9Ac, for NeuSAc significantly blocked sialic acid cleavage by multiple
isoenzymes of hNEU. Furthermore, we generated a panel of octyl sialyllactosides (2-4 — 2-9,
Figure 2.2) containing Neu5Gc and Neu5,9Ac; residues with variation of glycosidic linkages to

Gal (either a(2—3) or a(2—6)). We observed that trisaccharides containing Neu5,9Ac, were
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generally poor substrates for NEU2, NEU3, and NEU4 isoenzymes, with NEU2 having the
greatest sensitivity to this modified residue. These findings support a role for enzymes that regulate

9-O-acetylation of NeuSAc (i.e. SIAE, SOAT) in altering hNEU activity on cellular sialosides.

2.2 Results and discussion

2.2.1 hNEU discriminate 4MU-Neu5,9Ac:

).L
| OH
o P HCO—TOCH, OOH o

OH
HO COOH o c o
070 OcH, 070
AcHN- Y p-TsOH (cat)  AcHN- Y

HO oH DMSO HO oH

21 2-2

Scheme 2.1: Synthesis of fluorogenic hNEU substrate 4MU-Neu5,9Ac2 (2-2) from 4MU-Neu5SAc

2-1)

To investigate the effect of 9-O-acetylation of sialic acid on hydrolysis by hNEU, we
acetylated 2-1 at O-9 using the method of Furuhata and Ogura to generate 4MU-Neu5,9Ac; 2-2
(Scheme 2.1).%° Incubation of 2-1 or the 9-O-acetylated derivative, 2-2, with hNEU allowed us to
monitor the relative rates of hydrolysis by fluorescence spectroscopy. The four hNEU isoenzymes
exhibited dramatic differences in their ability to hydrolyze Neu5,9Ac, (Figure 1.1, A2.1). The
hNEU isoenzymes discriminated between the unmodified and 9-O-modified substrates to different
extents. NEU4 was the only isoenzyme to show a significant (2-fold) preference for the Neu5,9Ac»
substrate. Of the other isoenzymes, NEU3 had a 5-fold preference for the Neu5Ac substrate.
Remarkably, NEU2 activity was almost completely blocked by acetylation of the O-9 position.*

Overall, these data clearly demonstrated that the 9-O-Ac modification could have a substantial,
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isoenzyme-specific, influence on hNEU activity. However, we considered that the 4MU-based
substrates may be poor mimics of the physiological substrates of the enzymes, and proceeded to

investigate differences in hNEU activity in the context of trisaccharide substrates.

2.5

2.0 =

1.5

kre |

1.0

0.5

0.0-

Neu5Ac Neu5,9Ac,

Figure 2.1: Effect of sialic acid 9-O-acetylation on hNEU hydrolysis of 4MU-substrates. Rates
were obtained by linear regression of triplicate experiments. Data is presented as ki and

normalized to 4MU-Neu5Ac 2-1, and error bars correspond to standard error.

2.2.2 Synthesis of octyl sialyllactosides

Human neuraminidase substrate preference depends not only on sialic acid but also on the
reducing end sugars and aglycone.’” For instance, NEU1 is known to prefer 4MU-NeuSAc 2-1
over 3’-sialyllactose (the carbohydrate moiety of 2-3), which in turn was cleaved more efficiently
than gangliosides. NEU3 demonstrated the opposite preferences, with gangliosides being preferred
over 4MU-Neu5Ac (2-1).2 The specificity of human NEU for glycolipid substrates containing
LacNAc have been previously investigated.*” To generate substrates for hNEU similar to
physiological targets, we prepared analogs of the ganglioside GM3 containing modified sialic acid

residues (NeuSAc, Neu5Gc, and Neu5,9Ac») using a chemoenzymatic strategy (Figure 2.2, A2.2).
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Previous work in our group had shown that an octyl chain is a sufficient mimic of the native
ceramide in GM3 to maintain NEU3 activity.?” This substitution simplified both the synthesis and
purification of glycolipid substrates. Smutova et al. observed that the glycosidic linkage between
sialic acid and galactose had a significant impact on hNEU activity.*’ With these data in mind, we
designed a panel of octyl-sialyllactoside analogues with variable sialic acid residues to investigate
substrate activity of hNEU. We varied the anomeric linkage of the sialic acid to the galactose
residue, preparing both a(2—3) (2-4, 2-6, 2-8) and a(2—6) (2-5, 2-7, 2-9; Figure 2.2) linkages.
We also synthesized substrates containing Neu5Gc, as the N-glycolyl group has been proposed to

influence NEU2 activity.>® *

OH
HO COOH

N4 X C13H2r
\([)I/Ho oH OH \/Y\/

R%0 OH

R90 OH COOH

R5
RS/\H/HO o i OH %/ég/o\/\/\/\/ /\H/HO OH OH/gi/

2-4:R5=H,R°=H 2.5:R5=H,R°=H
2-6: R5=0OH,R°=H 2.7:R5=0OH,R°=H
2-8:R°=H,R%=Ac 2-9:R5=H,R%=Ac

Figure 2.2: Structures of hNEU substrate GM3 3-3 and octyl sialyllactoside targets containing

a(2—3) (24, 2-6, 2-8) or a(2—6) (2-5, 2-7, 2-9) linkages.

The most facile route to modified sialic acid-containing substrates is through the one-pot,
chemoenzymatic method developed by Chen and coworkers.** 3% 3! This approach circumvents
the challenges faced by chemical methods.** > The acceptor for the chemoenzymatic sialylation
was B-octyl lactoside, obtained in 5 steps from lactose.?” The NeuSAc residue was converted to

Neu5,9Ac; in one step.*” The starting materials NeuSAc, Neu5Gc, Neu5,9Ac,, and the acceptor
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were subjected to a one-pot, two-enzyme reaction (CSS and SiaT) to yield compounds 2-4, 2-5, 2-
7, 2-8, and 2-9 (A2.2).

The Neu5,9Ac; sialyllactoside targets 2-8 and 2-9 presented unique challenges for
chemoenzymatic synthesis. Optimal conditions for the one-pot multienzyme reaction are alkaline
(pH 8.8), which rapidly hydrolyzes the Neu5,9Ac; ester. Following Chen and coworkers protocol
for chemoenzymatic synthesis of O-acetylated sialic acids, we lowered the pH of the reaction
buffer to 7.2.>* We observed partial hydrolysis at long reaction times, while shorter times (3 h)
provided the best yields for Neu5,9Ac> a(2—6) product 2-9 (33%) after purification by Cig
chromatography. Synthesis of the Neu5,9Ac, a(2—3) product 2-8 required purification by HPLC,

and gave a low yield of the desired product (10%).

2.2.2 Solution phase kinetics of hNEU activity with octyl sialyllactosides

With octyl sialyllactosides 2-4 — 2-9 in hand as improved mimics of ganglioside targets,
we sought to confirm changes to hNEU kinetics with these substrates. Substrates 2-4 — 2-9 lack
any sensitive chromophore for detection of cleavage by fluorescence or UV spectroscopy. To
monitor the reactions of 2-4 — 2-9 with hNEU we adapted a known assay for the detection of free
sialic acid, in which malononitrile reacts with the ketone of open chain sialic acid under basic
conditions to generate a fluorescent product with a limit of quantitation (LOQ) of 2 uM.*> This
fluorescent assay does not require modification of the substrates with a chromophore, and can
therefore be used to enable the study of native substrates.’” ¥ ° However, the low sensitivity of
the assay in combination with the slow kinetics of NEU3 and NEU4 limited our analysis to the
determination of relative rates (kri). In testing the activity of NEU1 with 2-4, we found that the

rate of cleavage was too slow for detection by this assay; therefore, we did not attempt to quantify
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the kinetics of 2-4 — 2-9 against NEU1 with the malonitrile assay (A2.3). This observation is
consistent with previous reports that gangliosides are poor substrates for NEU1.%

Among the remaining hNEU isoenzymes, we found that NEU2 was the least tolerant of
modifications to the Neu5Ac residue or its glycosidic linkage. Due to this specificity, we had to
alter the timescale of the experiments to obtain a full data set for NEU2. For the Neu5Ac and
Neu5Gc o(2—3) substrates 2-4 and 2-6, data was collected every 1 min over 4 min, while for
substrates 2-5, 2-7, 2-8, and 2-9 data was collected every 10 min over 40 min. Substrate 2-5, which
differs from 2-4 only in the o(2—6) glycosidic linkage, had more than a 30-fold reduction in
activity. The Neu5Gc residue with an o(2—3)linkage 2-6, showed a 2-fold loss of activity as
compared to 2-4; while the o(2—6)-linked Neu5Gc 2-7, had very low activity (Figure 2.3). The
observed preference of NEU2 for NeuSAc over Neu5Gc contrasts previous reports using
disaccharides containing a p-nitrophenyl-galactoside.’® These structural differences in the
substrates are likely responsible for disagreement as hNEU substrate preference is influenced by
the aglycone. Furthermore, the glucose residue of 3’-sialyllactose participates in two hydrogen
bonds with NEU2 outside of the active site.”’ Both Neu5,9Ac, substrates 2-8 and 2-9 had
remarkably low rates of cleavage. Substrates 2-8 and 2-9 were hydrolyzed at least 100-fold slower
than 2-4, consistent with the data collected for the 4AMU-NANA substrates with NEU2 (Figure
2.3, A2.7). Our results are consistent with a recent observation that Neu5,9Ac; sialosides resulted

in nearly complete loss of NEU2 hydrolysis activity.*> 3
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Figure 2.3: Substrate specificity of hNEU towards octyl sialyllactosides. Data are given as relative
rates, normalized to a(2—3) Neu5Ac 2-4 substrate. Data for Neu5SAc and Neu5Gc a(2—3) octyl
sialyllactosides 2-4 and 2-6 were taken every one minute for 4 minutes and rates for the remaining
substrates were obtained by taking points every 10 min over 40 min. Rates were obtained by linear
regression of triplicate experiments with error bars indicating standard error. NEU1 cleavage of

octyl sialyllactosides 2-4 and 2-5 was too slow for detection and is not shown.

We observed that NEU3 was more tolerant of substrate modifications than NEU2. NEU3
had a preference for a(2—3) over a(2—6) linkages (Figure 2.3, A2.7) which was only significant
with modified sialosides (Neu5Ge and Neu5,9Ac2).*’ The incorporation of Neu5Gc for substrates
2-6 and 2-7 both showed reduction in activity to approximately half of that for Neu5Ac substrate
2-4. NEU3 activity showed a similar reduction for Neu5,9Ac> (2-8, 2-9) substrates relative to 2-4.
Interestingly, while the C-9 pocket of NEU3 has been exploited for the design of inhibitors of
NEU3,%¢ it did not accommodate the acetate group, nor a C-9 methylamide.*® We concluded that
NEU3 had a modest preference for sialosides with an a(2—3) linkage and only minor
discrimination between that Neu5SGc and Neu5,9Ac; substrates (~2-fold reduction). The NEU3

kinetic data suffered from large standard errors which we attributed to slow kinetics for this
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enzyme combined with the high LOQ of the malonitrile assay and limited quantities of the
substrates. Therefore, we pursued alternative assays to confirm this finding (vide infra).

We found that NEU4 was also more tolerant than NEU2 with modified substrates. The
NEU4 isoenzyme exhibited only a moderate preference for a(2—3) over a(2—6) linkages.* We
observed NEU4 to have a preference for Neu5SAc over Neu5Gc residues. The crystal structure of
NEU2 and homology models developed for NEU3 and NEU4 suggest that these three isoenzymes
use similar active site residues (N86, Y178, E218 of NEU2; N88, Y179, E225 of NEU3; N&6,
Y177, E222 of NEU4) to recognize the N5 group.®® Surprisingly, NEU4 exhibited a significant
discrimination against Neu5,9Ac> substrates (2-8, 2-9) compared to the NeuSAc substrate 2-4
(Figure 2.3, A2.7). This result is the opposite of the substrate preference we observed with our
4MU-NANA substrates (Figure 2.1). The NEU4 isoenzyme has previously been shown to have a
significant preference for 4-MU substrates over gangliosides, and the aglycone may have an
influence on the observed activity.?> This hypothesis is consistent with the observed differences
between 4MU-Neu5Ac and GM3 interacting with the NEU2 active site.”’ This result emphasized
the influence of the aglycone on substrate recognition by hNEU, and highlighted the limitations of
4AMU substrates for the study of hNEU substrate specificity. Together, our results suggested a

currently unrecognized role for 9-O-acetyl modifications in the regulation of sialic acid catabolism.

2.2.4 ESI-MS Kkinetics

Our kinetic studies of trisaccharide substrates for hNEU highlighted a need for more
sensitive assays. In particular, while the 4MU-based substrates clearly indicated a NEU3
preference for NeuS5Ac, the nature of the trisaccharide assays could not clearly resolve the effect

of Neu5,9Ac substrates on NEU3 hydrolysis. To address this issue, the Klassen lab designed an
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electrospray ionization mass spectrometry (ESI-MS) assay to monitor the hydrolysis of octyl
sialyllactosides by hNEU. Electrospray ionization is a sufficiently mild ionization technique to
preserve the O-acetyl ester of 2-8 and 2-9 and is more sensitive than the malononitrile fluorescence
assay. Additionally, the assay can simultaneously measure both substrate depletion and product
formation by monitoring changes in substrate and product ion abundances, relative to an internal
standard (leucine encephalin, and N-acetyl-9-azido-9-deoxy-neuraminic acid). The ESI-MS assay
was implemented to monitor the kinetics of NEU3 with the a(2—3) substrates (2-4, 2-6, and 2-8;
Figure 2.3). Control experiments were performed in the absence of enzyme to confirm that
changes in abundance of the substrate and product were not due to in-source (gas phase)
fragmentation of the substrate ions. With this assay, we confirmed the trends observed in the
malononitrile assay. We ascertained a two-fold decrease in activity for Neu5Gc substrate 2-6
relative to 2-4. We observed a 7-fold reduction in activity for Neu5,9Ac: substrate 2-8 relative to

2-4 — consistent with the 4MU assay for substrates 2-1 and 2-2.
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Table 2.1: Results of time-resolved ESI-MS data for NEU3 cleaving a(2—3) linked octyl
sialyllactosides.

Single Substrate® Mixture®
Substrate Product Substrate Product
Substrate
depletion formation depletion formation
2-4  NeuSAc 1.00 £ 0.03 1.00 £0.02 1.00£0.1 1.00+£0.2
2-6  Neu5Gc 0.6 £0.1 0.42 £0.07 0.37+£0.07 0.44 £0.08
2-8  Neu5,9Acy 0.17£0.06 0.06 £ 0.03 0.25+0.02 0.11 £0.03

“ Results are reported as relative rates (krer) using the mean of three runs, and errors corresponding
to one standard deviation.

ESI-MS can differentiate between modified sialic acids based on the differences in
molecular weights. This feature allowed us to test for competition between different sialic acid-
containing substrates for the hNEU active site, which is likely to occur in physiological settings.
Relative rates were determined for substrates 2-4, 2-6, and 2-8 measured both in isolation and in a
mixture of all three substrates (Table 2.1, Figure 2.4). The differences in relative rates for
substrates measured individually and in a mixture were not significant by one-way ANOVA.
Therefore, we concluded that competition between substrates did not have a significant impact on
sialic acid hydrolysis. These data confirmed the results of the malononitrile assay that NEU3 had

substantially reduced activity Neu5Gc and Neu5,9Ac» substrates.
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Figure 2.4: Time-resolved ESI-MS data acquired for NEU3 cleaving a(2—3) linked substrates.
Mass spectra were measured in negative ion mode for 200 mM aqueous ammonium acetate
solutions (pH 4.8, 22 °C) of 2-4, 2-6, and 2-8 (100 uM each) and NEU3 (0.0002 units). OL" is the
octyl lactoside anion; the internal standards are N-acetyl-9-azido-9-deoxy-neuraminic acid (IS1)

and leucine enkephalin (IS2).

2.2.5 Molecular modeling of hNEU active sites with modified sialic acids
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To provide insight into the surprising discrimination of hNEU for modified sialoside
substrates, we performed molecular dynamics (MD) simulations of enzyme-substrate complexes.
NEU?2 is the only hNEU enzyme with an atomic resolution crystal structure.’® Homology models
for the other hANEU enzymes have been proposed based on the structure of NEU2.%% % We used

390 to conduct MD simulations of

the crystal structure of NEU2 and our homology model of NEU
NEU2 and NEU3 bound to the methyl sialyllactoside analogues of 2-4, 2-6, and 2-8. The MD

simulations provided structural insight into the observed relative rates of hydrolysis.

Figure 2.5: Models of substrate binding to NEU2 and NEU3. View of the active site of a) NEU2

with a(2—3) NeuSAc-Lac-CH3 (methyl sialyllactoside analogue of 2-4) bound to the active site,

55



b) NEU2 with a(2—3) Neu5,9Ac>-Lac-CHjs (methyl sialyllactoside analogue of 2-8) bound to the
active site, ¢) NEU3 with methyl sialyllactoside analogue of 2-4 bound to the active site d) NEU3

with methyl sialyllactoside analogue of 2-8 bound to the active site

In NEU2, the preference for a(2—3)NeuSAc over a(2—3)NeuSGce substrates was
supported by changes in the hydrogen bonding networks seen during MD simulations, particularly
with the amino acid residues responsible for catalysis, the nucleophilic pair Y334-E218.%° We
found the H-bond between the carboxylate of E218 and H5N of 2-4 was occupied 24% of the time,
but that same H-bond increased occupancy to 82% when 2-8 was in the active site (Figure 2.5).
The increased occupancy of this E218 H-bond with HSN would make a key catalytic residue less
available to deprotonate the nucleophile (Y334), reducing the rate of cleavage.

The C-9 pocket of NEU2 cannot accommodate large modifications of the glycerol side
chain. In our MD simulations of 2-8 bound to NEU2, the 9-O-acetyl group forced the sialic acid
ring into a boat conformation throughout the simulation (Figure 2.5, A2.9). This modification also
led to further changes in the hydrogen bonding network in the NEU2 active site. When 2-4 was
bound to NEU2, the O-7H of NeuSAc formed a hydrogen bond to E111 96% of the time. This
hydrogen bond decreased occupancy to 81% for NeuSGc in 2-6, and only 2% for Neu5,9Ac; in 2-
8, with a concomitant increase on a H-bond between O-4H in Gal and E111 (68% of the simulation
time). Residue E111 has been implicated as necessary for correct positioning of the substrate in
the NEU2 active site.”® Thus, we propose that the 9-O-Ac modification cannot be sterically
accommodated by the NEU2 active site.

Our MD simulations also supported that the C-9 pocket in NEU3 was larger than that of
NEU2; allowing the sialoside rings of 2-4, 2-6, and 2-8 to remain in chair conformations

throughout the simulations (Figure 2.5). Analysis of the hydrogen bonding networks between 2-

56



4, 2-6, and 2-8 with NEU3 active site residues responsible for catalysis (Y370, E225)%° showed
differences for modified sialosides (Figure 2.5). With 2-4, a hydrogen bond between phenolic
hydrogen of Y370 and the C-1 carboxylate of Neu5Ac was occupied for only 5% of the MD
simulation. The same H-bond had higher occupancy when 2-6 or 2-8 was in the active site of
NEUS3 - for 2-6, it was occupied for 64% of the simulation, and for 2-8, it was occupied for 41%
of the simulation. Increased H-bonding should reduce the nucleophilicity of Y370, and decrease
the relative rate of catalysis for 2-6 and 2-8 when compared with 2-4. The acetate group at C-9
also caused a shift of the trisaccharide in the active site for 2-8 relative to 2-4 (Figure 2.5). This
shift was accompanied by changes in hydrogen bonding to D50, one of the catalytic residues for
NEU3.% For 2-4 and 2-6, D50 formed two key H-bonds to the glycan — one to O-4H of the sialic
acid residues (51%—-54% of the simulation) and another to O-2H of Gal (40-45% of the
simulation). However, for 2-8, the H-bond to Neu5,9Ac; decreased to only 2% occupancy and

that to Gal decreased to 38%.

2.3 Conclusion

Our substrate specificity studies of hNEU indicate that naturally occurring 9-O-acetyl
(Neu5,9Ac2) and 5-N-glycolyl (Neu5Gce) sialic acid modifications have a significant impact on
hydrolysis by hNEU. Substrate specificity studies with 4MU substrates 2-1 and 2-2 indicated that
the hNEU isoenzymes exhibited discrimination between Neu5SAc and Neu5,9Ac: substrates. While
NEU4 preferred 4MU-Neu5,9Ac,, NEU1, NEU2, and NEU3 were substantially less active against
9-0O-Ac modified substrates. Notably, NEU2 was essentially inactive (100 times lower activity) on
Neu5,9Ac» substrate 2-2. These data confirm that 9-O-acetylation of sialic acid had a substantial

and isoenzyme-specific impact on hNEU activity. By optimizing a known assay for the detection
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of free sialic acid, we were able to study hNEU kinetics on trisaccharide substrates with a
hydrophobic aglycone which acted as improved mimics of natural hNEU substrates. All three
isoenzymes tested (NEU2, NEU3, and NEU4) had a 2-fold preference for Neu5Ac over Neu5Ge
octyl sialyllactosides. Sialic acid hydrolysis by all ANEU isoenzymes discriminated against the 9-
O-acetylation of sialic acid in the trisaccharide substrates. Consistent with the 4MU substrates,
NEU2 was inactive (100-times lower activity) on Neu5,9Ac, substrates. Data for NEU3 was
ambiguous by the malononitrile assay; however, an ESI-MS assay confirmed that NEU3 had a 7-
fold preference for NeuSAc over Neu5,9Ac; substrates. In contrast to the 4MU substrates, NEU4
demonstrated a 2-fold preference for NeuSAc over Neu5,9Ac; octyl sialyllactoside substrates,
indicating that the aglycone had an influence over observed activity. In general, we observed that
substrate tolerance for NEU2, NEU3, and NEU4 followed a trend with Neu5Ac > Neu5Gc >>
Neu5,9Acy. Furthermore, the presence of modified sialoside residues (Neu5Gce, Neu5,9Ac»)
accentuated hNEU preferences for the a(2—3) glycosidic linkage. We propose that a full
understanding of the role of the 9-O-Ac modification of sialic acid will require additional study of
hNEU activity on a variety of sialoglycoconjugates to account for the effects of reducing end
sugars and aglycone on human neuraminidase specificity. Specifically, future study should include
investigation of hNEU activity towards Neu5,9Ac: polysaccharides and glycoprotein substrates.
Ultimately, the development of chemical tools to study the effects of 9-O-acetylation on hNEU
activity towards complex glycoconjugates in cells will be essential for elucidating the role of this
sialic acid modification in biological systems. Several examples suggest an important
physiological role for 9-O-Ac metabolizing enzymes SOAT and SIAE, which have impacts in

autoimmune diseases and cancers.!> !” Our findings strongly suggest that the 9-O-Ac modification
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of sialic acids could be important in the regulation of hNEU activity and may provide a

biochemical link between SIAE, SOAT, and hNEU enzymatic activity.

2.4 Materials and Methods

2.4.1 General Methods

All reagents were purchased from commercial sources and used without further purification unless
otherwise noted. Reaction solvents were purified by successive passage through columns of
alumina and copper under an argon atmosphere using Innovative Technology, Inc. PURE SOLV
(SPS-400-7). Reactions were monitored by analytical TLC on silica gel 60-F254 (0.25 nm,
Silicycle, QC, Canada). Visualization was achieved using UV fluorescence and/or by charring
with 5% sulfuric acid in ethanol. Organic solvents were evaporated under reduced pressure at 40
°C. Reaction products were purified by column chromatography on silica gel (230-400 mesh,
Silicycle, QC, Canada) unless othterwise noted. When the eluent system required greater than 10%
methanol, [atrobeads 6RS-8060 (Shell-USA Inc.) were used. HPLC was performed with a Waters
Delta 600 pump, and a Waters 600 controller with Empower 2 software. Eluted peaks were
detected with a Waters 2420 evaporative light scattering (ELS) detector or a Waters 2996
photodiode array (PDA) detector (Waters Ltd., Mississauga, ON, Canada). NMR experiments
were conducted on Varian 400, 500, 600, and 700 MHz instruments. Chemical shifts are reported
relative to deuterated solvent peaks or 3-(trimethylsilyl)-propionic-2,2,3,3,-ds acid sodium salt in
D;0 as an internal standard. The ESI mass spectra were recorded on Agilent Technologies 6220
TOF after dissolving samples in CHCl3; or CH30D and adding NaCl. Unless otherwise stated,
relative rates reported are technical replicates, with preliminary independent replicates confirming

the trends reported.
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2.4.2 Enzyme Preparation

Enzymes for the one-pot sialylation reactions were prepared as described previously.>” 4? The
aldolase was E. coli sialic acid aldolase’! expressed with a (His)s tag in E. coli strain BL21(DE3)
and was purified using a Ni-NTA column then used at a concentration of 4.6 mg mL"!. The CMP-
NeuSAc synthetase was Neisseria meningitidis CMP-Neu5Ac synthetase (NmCss)®! expressed in
E. coli strain AD202 grown to 2.4 x 10® cells mL™! and used in a crude enzyme mixture. The
a(2—3) sialyltransferase was Campylobacter jejuni a(2—3) sialyltransferase (CstI)®? expressed in
E. coli strain AD202 grown to 2.4 x 10® cells mL™! and used in a crude enzyme mixture, and the
a(2—6) sialyltransferase was Photobacterium damsela o(2—06) sialyltransferase (Pd2,6ST)
expressed with a (His)s tag in E. coli strain Nova Blue (DE3). and was purified using a Ni-NTA
column then used at a concentration of 3.0 mg mL™"'.** % Human neuraminidase enzymes NEU2
and NEU3 were expressed as fusion proteins with maltose-binding protein. Human neuraminidase
enzyme NEU4 was expressed as a fusion protein with glutathione-S-transferase protein.
Isoenzymes NEU2-4 were purified as described.*”- ¢ % Human neuraminidase enzyme NEU1 was
produced from HEK293E cells and was used as a crude cell lysate, in which the majority of the
neuraminidase activity could be accounted for by NEU1 (A2.3). Specific activity of the
neuraminidase enzymes was determined against 4-methylumbelliferyl o-p-N-acetylneuraminic

acid (4MU-NANA) in comparison to a standard curve of neuraminidase from Clostridium

perfringens.

2.4.3 Solution-phase kinetics assay with 4MU substrates

Substrate (2-1 or 2-2), (30 uL, 0.5 mM in H>O) was incubated at 37 °C for 15 min in 60 uL 0.1 M

sodium acetate buffer at the enzyme’s optimum pH (4.5 for NEU1, NEU3 and NEU4, 5.6 for
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NEU2). Enzyme was added (30 uL, 3.33 x 107 U/uL) and the assay mixture was incubated at 37
°C. At timepoints of 0, 10, 20, 30, and 40 minutes, a sample of assay mixture (20 uL) was removed
and quenched in 100 pL of 0.2 M Na glycine buffer (pH 10.2). Fluorescence was measured on a
SpectraMax M2° plate reader (Molecular Devices, Sunnyvale, CA, USA excitation 365 nm,
emission 445 nm). Relative rates were determined, after background subtraction of fluorescence
at time = 0, by linear regression forcing through time = 0 using Graphpad Prism and are an average

of three runs. Relative rates are relative to a matched NeuS5Ac control (4MU-Neu5SAc, 2-1)

2.4.4 Kinetics assay employing malononitrile for the detection of free sialic acid

Enzymes were diluted to 15 pL in 20 mM MOPS with 0.2 M NaCl, pH 7.2. Substrates (2-4 — 2-9)
(2.5 x 108 mol in 45 pL water) were incubated at 37 °C for 15 min in 120 uL 0.1 M sodium acetate
buffer, followed by addition of the appropriate enzyme to a final pH at the enzyme’s optimum (pH
5.6 for NEU2, pH 4.5 for NEU1, NEU3, and NEU4; 0.003 U for NEUI, 0.0013 U for NEU2,
0.00075 U for NEU3, 0.0029 U for NEU4). At each time point, 30 pL of the assay solution was
removed and quenched into 50 pL 0.2 M sodium borate (pH 9.5), and 15 pL of 0.8% (w/v)
malononitrile was added to the solution followed by heating to 100 °C for 20 min. Fluorescence
was measured on a SpectraMax M2° plate reader (Molecular Devices, Sunnyvale, CA, USA,
excitation 357 nm, emission 434 nm). Relative rates were determined by linear regression of three
average runs and are relative to a matched NeuSAc control (a(2—3) NeuSAc octyl sialyllactoside,
2-4). Points were corrected for background and fitting was forced through the zero point using
Graphpad Prism. Data were evaluated to exclude any outliers identified by applying Dixon’s Q

Test.® .
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2.4.5 Synthetic methods

Chemoenzymatic synthesis of octyl sialyllactosides

Enzymatic reactions were performed with stirring at 37 °C. Reaction was monitored by TLC using
6:3:3:2 ethyl acetate: acetic acid: methanol: H>O as an eluent system and charring with 5 % sulfuric
acid in ethanol. Upon completion, ethanol was added and the reaction mixture was centrifuged at
17,000 rpm for 1 hour. The supernatant was collected and lyophilized. Crude product was purified
with a Sep-pack C-18 reverse phase cartridge. The product was eluted with MeOH:H»O (1:2).

Method A: For NeuSAc octyl sialyllactosides (2-4, 2-5)

Neu5SAc (2.90 mg, 9.4 umol), cytidine triphosphate disodium salt (4.95 mg, 9.4 umol, 1 M MgCl;
(80 pL), and deionized H>O (600 pL) were dissolved in 1 M Tris-HCI1 (400 pL, pH 8.8). The
reaction was charged with CMP-Neu5Ac synthetase (200 pL), B-octyl lactoside (SI4) (2.5 mg, 6.2
pumol), sialyltransferase (200 puL), and deionized H>O (600 pL). The reaction proceeded overnight.

Method B: For Neu5Gc octyl sialyllactosides (2-6, 2-7)

N-glycolyl-D-mannosamine (ManGe, 2.25 mg, 9.4 pmol), cytidine triphosphate disodium salt
(4.95 mg, 9.4 umol, 1 M MgCl» (80 pL), and deionized H20 (600 uL) were dissolved in 1 M Tris-
HCI1 (400 pL, pH 8.8). The reaction was charged with sialic acid aldolase, CMP-Neu5Ac
synthetase, B-octyl lactoside (SI4) (2.5 mg, 6.2 pmol), sialyltransferase (300 pL), and deionized
H>O (600 pL). The reaction proceeded overnight.

Method C: For Neu5,9Ac: octyl sialyllactosides (2-8, 2-9)

Neu5,9Ac (S16) (2.5 mg, 8.5 mmol), cytidine triphosphate disodium salt (4.95 mg, 9.4 pmol, 1
M MgCl, (80 pL), and deionized H>O (600 pL) were dissolved in 1 M Na HEPES (400 uL, pH

7.2). The reaction was charged with CMP-Neu5Ac synthetase (200 pL), B-octyl lactoside (SI4)
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(2.0 mg, 5.0 umol), sialyltransferase (200 pL), and deionized H>O (600 pL). The reaction

proceeded for 3 hours.

4-methylcoumarin-7-yl  S-acetamido-9-O-acetyl-3,5-dideoxy-D-glycero-a-D-galacto-non-2-
ulopyranosylonic acid (2-2):

A solution of 4-MU-NANA (2-1, in 500 pL dry DMF), prepared as previously reported®® (5 mg,
0.01 mmol), was charged with glacial acetic acid (5 pL) and trimethyl orthoacetate (20 uL, 0.157
mmol). The reaction was stirred for four hours and then dried under reduced pressure. The crude
mixture was purified by HPLC on a C-18 reversed phase Waters (10 um, 10 x 250 mm) column.
Pure 2 was eluted with a linear gradient of 0-70% acetonitrile in water over 30 minutes, with a
flow rate of 7 mL/min to give a 5 % yield. '"H NMR data was consistent with previous reports.*
3C NMR (125 MHz, D20) 8 177.9 (NHCOCH3), 177.2 (OCOCH3), 175.8 (C-1), 167.6 (C-2°),
160.1 (C-8”), 159.3 (C-10), 156.3 (C-5"), 129.1 (C-6’), 120.3 (C-7"), 119.1 (C-4’), 114.6 (C-3°),
110.7 (C-9’), 105.2 (C-2), 76.6, 72.2, 71.5, 70.6, 68.9 (C-9), 54.6, 43.7 (C-3), 24.9 (NHCOCH3),
23.1 (OCOCH3), 20.9 (C-4’-CH3). ESI-MS calculated for C23H27NO12 [M-H]™ 508.1460 found:
508.1462.

O-(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-non-2-ulopyranosylonic acid)- (2—3)-
O-(B-p-galactopyranosyl)-(1—4)-O-(B-D-glucopyranosyl)-octanol (2-4):

Compound 4 was prepared using Method A to yield 4 mg (87 %) as a white solid. '"H and '*C NMR

data were consistent with previous reports.>’- ¢’
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O-(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-non-2-ulopyranosylonic acid)-(2—6)-O-
(B-p-galactopyranosyl)-(1—4)-O-(B-D-glucopyranosyl)-octanol (2-5):

Compound 5 was prepared using Method A to yield 3.8 mg (83 %) as a white solid. "H NMR (700
MHz, D>0O) 6 4.49 (d, J=8.2 Hz, 1H, H-1"), 4.43 (d, J= 8.3 Hz, 1H, H-1""), 4.00-3.52 (H-5, H-
6a’, H-6b’, H-5’, H-6a’’, H-6b’’, H-7°"°, H-8"*’, H-9a’”’, H-9b""’), 3.95 (1H, H-4""’, from
TOCSY), 3.93 (1H, OCHaHb(CH2)sCH3, from TOCSY, 3.87 (1H, H-5""’, from TOCSY), 3.70
(1H, OCHaHb(CH2)sCH3, from TOCSY), 3.69 (1H, H-3’, from TOCSY), 3.67 (1H, H-4""’, from
COSY), 3.65 (1H, H-3’, from TOCSY), 3.54 (1H, H-2"’, from COSY), 3.34 (t, /= 8.6 Hz, 1H, H-
2’),2.72 (dd, J=12.6,4.7 Hz, 1H, H-3eq’”’), 2.04 (s, 3H, NHCOCHa), 1.75 (t, /= 12.5 Hz, 1H,
H-3ax’’’), 1.66-1.61 (m, 2H, OCH2CH,(CH)sCHs), 1.39-1.25 (m, 10H, OCHCH2(CH2)sCH3),
0.87 (t, J = 6.6 Hz, 3H, O(CH2)7CHs). *C NMR (175 MHz, D,0) § 177.7 (NHCOCHj3, from
HMBC), 175.8 (COO-, from HMBC), 104.5 (C-1"’, from HSQC), 103.0 (C-1’, from HSQC),
102.9 (C-2’”’, from HMBC), 82.0 (C-2’’°, from HMBC), 78.5 (C-3"’, from HMBC), 76.7, 74.7,
73.91, 73.86 (C-2’, from HSQC), 73.1, 73.0 (C-4’>’, from HSQC), 72.7, 70.2 (OCH2(CH2)sCH3,
from HMBC), 69.3 (C-4"’, from HSQC), 68.9, 64.5, 63.6, 62.8, 61.4, 53.2 (C-5""’, from HSQC),
40.5 (C-3°, from HSQC), 29.8 (OCH.CH:(CH2)sCHj3, from HSQC), 29.5, 26.7, 26.5
(OCH2CH2CH2(CH2)4CH3, from HMBC), 25.7 (O(CH2)¢CH>CH3, from HMBC), 23.4
(NHCOCHs, from HSQC), 22.4, 14.5 (O(CH2);CH3, from HSQC). ESI-MS calculated for
C31HssNO19 [M-H] 744.3296 found: 744.3300.
O-(5-glycolylamido-3,5,-dideoxy-D-glycero-a-D-galacto-non-2-ulopyranosylonic acid)-
(2—3)-0-(B-p-galactopyranosyl)-(1—4)-O-(B-D-glucopyranosyl)-octanol (2-6):

Compound 6 was prepared using Method B to yield 2.5 mg (53%) as a white solid. "H NMR (700

MHz, D,0) & 4.54 (d, J= 7.8 Hz, 1H, H-1""), 4.49 (d, /= 8.1 Hz, 1H, H-1°), 4.14 (d, J= 3.2 Hz,
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1H, H-3""), 4.13 (s, 2H, NHCOCH,OH), 4.01-3.53 (H-4’, H-5’, H-6a’, H-6b’,H-5", H-6a’’, H-
6b’’, H-7""", H-8’>*, H-9a’**, H-9b">), 3.97 (1H, H-4"", from COSY), 3.95 (1H, H-5""’, from
TOCSY), 3.80 (1H, H-4""’, from COSY), 3.78 (1H, H-6""’, from TOCSY), 3.66 (1H, H-3’, from
HSQC), 3.60 (1H, H-2"’, from COSY), 3.31 (t,J= 8.5 Hz), 1H, H-2"),2.79 (dd, J=12.4, 4.7 Hz,
1H, H-3¢"”), 1.83 (t, J = 12.2 Hz, 1H, H-3a">"), 1.63 (m, 2H, OCH,CH>(CH>)sCH3), 1.39-1.26
(m, 10H, OCH2CH2(CH>)sCH3), 0.87 (t,J= 7.0 Hz, 3H, O(CH2),CH;. '3*C NMR (175 MHz, D,0)
8 176.5 (NH-CO-CH,OH, from HMBC), 175.3 (COO-, from HMBC), 100.4 (C-2’*’, from
HMBC), 103.4 (C-1", from HSQC), 102.7 (C-1", from HSQC), 79.0, (C-2"’, from HMBC), 77.1,
76.8 (C-3°, from HMBC), 76.4 (C-3’, from HSQC), 74.5, 74.2 (C-6"’, from HSQC), 73.6, 72.0
(C-2’, from HMBC), 70.4, 69.1 (C-4>*, from HMBC), 68.8, 68.6 (C-4"’, from HSQC), 63.0, 62.8,
61.7 (CH,0H, from HSQC), 52.3 (C-5""’, from HSQC), 52.3, 40.4 (C-3"", from HSQC), 32.6,
29.8 (OCH>CH>(CH,)sCHj3, from HSQC), 29.3, 28.5 (OCH,CH>CH»(CH2)sCHs, from HMBC),
27.0, 24.4 (O(CH2)sCH2CH3, from HMBC), 14.5 (O(CH2)7;CH3, from HSQC). ESI-MS calculated

for C31Hs5sNO2o [M-H] 760.3245 found: 760.3245.

O-(5-glycolylamido-3,5,-dideoxy-D-glycero-a-D-galacto-non-2-ulopyranosylonic acid)-

(2—6)-0-(B-p-galactopyranosyl)-(1—4)-O-(B-D-glucopyranosyl)-octanol (2-7):

Compound 7 was prepared using Method B to yield 3.2 mg (68%) as a white solid. "H NMR (700
MHz, D;0) 6 4.49 (d,/=8.3 Hz, 1H, H-1"),4.44 (d,J=8.1 Hz, 1H, H-1""), 4.13 (s, 2H, CH,OH),
4.01-3.53 (H-4’, H-5’, H-6a’, H-6b’, H-4’’, H-5"’, H-6a’’, H-6b’’, H-5""’, H-6""", H-7""’, H-8*"’,
H-9a’*’, H-9b*") 3.81 (1H, H-4""’, from COSY), 3.71 (2H, OCH»(CH»)¢CH3, from COSY), 3.70
(1H, H-3’, from COSY), 3.57 (H-2"’, from COSY), 3.34 (t, /= 8.7 Hz, 1H, H-2"), 2.74 (dd, J =

124, 4.6 Hz, 1H, H-3eq’”), 1.77 (t, J = 12.3 Hz, 1H, H-3ax’"), 1.66-1.61 (m, 2H,
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OCH2CH2(CHz)sCH3), 1.39-1.25 (m, 10H, OCH2CHx(CHz)sCHs), 0.87 (t, J = 7.3 Hz, 3H,
O(CH,);CHs. *C NMR (175 MHz, D,0) § 176.8 (NHCOCH,OH, from HMBC), 173.8 (COO-,
from HMBC), 105.6 (C-1"’, from HSQC), 104.3 (C-1°, from HSQC), 101.6 (C-2>”*, from HMBC),
80.9 (C-2"°, from HMBC), 79.8, 76.4, 75.6, 75.3, 73.2, 72.9, 71.5, 71.3, 70.6, 70.2, 69.9 (C-4>>",
from HMBC), 66.2, 64.9, 64.5, 63.5, 62.1 (CH,OH, from HSQC), 53.5, 40.9 (C-3*>’, from HSQC),
31.4,29.7,29.6 (OCH,CH,(CH,)sCHs, from HSQC), 26.4, 25.3 (O(CH,)sCH2CHs, from HMBC),
23.3, 14.8 (O(CH,);CHs, from HSQC). ESI-MS calculated for C3;HssNOzo [M-H]" 760.3245

found: 760.3242.

O-(5-Acetamido-9-acetoxy-3,5,9-trideoxy-D-glycero-a-D-galacto-non-2-ulopyranosylonic
acid)-(2—3)-0-(B-p-galactopyranosyl)-(1—4)-O-(B-p-glucopyranosyl)-octanol (2-8)
Compound 8 was prepared using Method C to yield a mixture of 4:8 1:2. To yield pure product 8,
the crude mixture was separated using HPLC on a C-18 reversed-phase Waters Xterra (3.5 pm,
4.8 x 150 mm) column. The trisaccharides were eluted with a linear gradient of 20—-50% methanol
in H>O over 30 min, with a flow rate of 0.7 mL/min, to yield 0.4 mg (10%) of 8 as a white solid.
'"H NMR (700 MHz, D;0) § 4.54 (d, J= 7.8 Hz, 1H, H-1"), 4.49 (d, J = 8.1 Hz, 1H, H-1"), 4.42
(dd, J=11.8,2.2 Hz, 1H, H-9a"""), 4.20 (dd, /= 11.8, 6.4 Hz, 1H, H-9b"""), 4.13-4.09 (m, 2H, H-
8’, H-3"’, from COSY, TOCSY), 4.02-3.54 (OCH2(CH2)sCHs, H-3’, H-4’, H-5°, H-6a’, H-6b’,
H-5’, H-6a’’, H-6b’, H-6"""), 3.97 (1H, H-4"’, from TOCSY), 3.87 (1H, H-5""’, from TOCSY),
3.69 (1H, H-4""’, from COSY), 3.66 (1H, H-7""’, from TOCSY), 3.59 (1H, H-2"’, from COSY),
331 (t,J=8.3 Hz, 1H, H-2"), 2.77 (dd, J = 12.8, 4.8 Hz, 1H, H-3¢’”’), 2.15 (s, 3H, OCOCH3s),
2.05 (s, 3H, NHCOCH3), 1.81 (t, J = 122 Hz, 1H, H-3a’’), 1.66-1.61 (m, 2H,
OCH2CH2(CH2)sCHs), 1.39-1.25 (m, 10H, OCH>CH2(CH2)sCHs), 0.87 (t, J = 7.0 Hz, 3H,

O(CH2)7CHs. '3C NMR (175 MHz, D,0) § 176.1 (NHCOCHj3, from HMBC), 175.4 (OCOCHs,

66



from HMBC), 175.0 (COO-, from HMBC), 103.3 (C-1"’, from HSQC), 103.0 (C-1’, from HSQC),
101.2 (C-2°’, from HMBC), 79.6 (C-2”’°, from HMBC), 76.6, 76.3, 76.1, 76.1 (C-7""’, from
HMBC), 75.9, 74.8, 73.4 (C-2’, from HMBC), 72.4, 68.9, 66.8 (C-9’"’, from HSQC), 63.4, 62.2,
62.2,61.6 (C-4’’, from HSQC), 60.7, 53.6,40.6 (C-3""’, from HSQC), 30.2 (OCH2CH»(CH2)sCH3,
from HSQC), 29.5-25.0 (OCH2CH2(CH2)4CH2CH3 23.9 (OCH2(CH2)sCH>CH3, from HMBC),
23.8 (NHCOCHs, from HSQC), 21.5 (OCOCH3, from HSQC), 14.8 (O(CH2)7CHs, from HSQC).
ESI-MS calculated for C33Hs7NO20 [M-H] 786.3401 found: 786.3403.
O-(5-Acetamido-9-acetoxy-3,5,9-trideoxy-D-glycero-a-D-galacto-non-2-ulopyranosylonic
acid)-(2—6)-0-(B-p-galactopyranosyl)-(1—4)-O-(B-D-glucopyranosyl)-octanol (2-9):
Compound 9 was prepared using Method C to yield 1.3 mg (33%) as a white solid. 'H NMR (700
MHz, D;0O) 6 4.49 (d, J=7.8 Hz, 1H, H-1"), 4.44 (d, /= 7.8 Hz, 1H, H-1"’), 4.42 (dd, J = 12.0,
2.2 Hz, 1H, H-9a’"’), 4.21 (dd, J=12.0, 5.8 Hz, 1H, H-9b’""), 4.12 (ddd, /=9.6, 5.8, 2.2 Hz, 1H,
H-8""’), 4.01-3.52 (OCH2(CH2)sCH3, H-6a’, H-6b’, H-5"’, H-6a’’, H-6b’’, H-5""", H-6""), 4.00
(1H, H-5’, from TOCSY), 3.95 (1H, H-4"’, from TOCSY), 3.81 (1H, H-4’, from TOCSY), 3.68
(1H, H-3’, from COSY), 3.68 (H-4""’, from COSY), 3.67 (1H, H-3"’, from COSY), 3.62 (1H, H-
7>, from COSY), 3.55 (1H, H-2”’, from COSY), 3.34 (t,/=8.7 Hz, 1H, H-2"),2.72 (dd, J= 12.6,
4.7 Hz, 1H, H-3eq’”’), 2.14 (s, IH, OCOCHs), 2.05 (s, IH, NHCOCH3), 1.75 (t, J = 12.1 Hz, 1H,
H-3ax’’’), 1.67-1.61 (m, 2H, OCH>CH,(CH)sCH3), 1.39-1.25 (m, 10H, OCHCH2(CH2)sCH3),
0.87 (t, J = 6.8 Hz, 3H, O(CH,);CH3). >*C NMR (175 MHz, D,0) § 175.4 (NHCOCHj3, from
HMBC), 175.0 (OCOCH3s, from HMBC), 174.4 (COO-, from HMBC), 103.9 (C-1"’, from HSQC),
103.0 (C-1’, from HSQC), 101.8 (C-2*"’°, from HMBC), 76.7 (C-3°, from HMBC), 75.1, 74.9,
74.26, 74.25, 73.7, 73.6 (C-2’, from HSQC), 71.8, 71.7 (C-2"’, from HSQC), 70.4 (C-8””’, from

HSQQ), 69.3 (C-4°>, from HMBC), 68.8 (C-4”, from HSQC), 67.4 (C-7"", from HMBC), 66.9
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(C-9°, from HSQC), 63.5, 63.1, 52.8, 41.1 (C-3’’, from HSQC), 32.6, 30.0, 29.7

(OCH,CH(CH,)sCHs, from HSQC), 26.9, 26.3 (O(CH2)sCH,CHs, from HMBC), 23.4, 23.3

(NHCOCH3, from HSQC), 21.5 (OCOCHs, from HSQC), 14.4 (O(CHa),CHs, from HSQC). ESI-

MS calculated for C33Hs7NO2 [M-H] 786.3401 found: 786.3396.
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Chapter 3 : Determination of hNEU activity on glycoproteins and glycolipid analogs.®"

 Parts of this Chapter (Section 3.2.1) have been adapted to a manuscript Hunter, C.D., Porter, E.,
Cairo, C.W., Human neuraminidase activity towards modified sialic acids on glycoproteins.

® Optimization of assay conditions and collection of preliminary data was done with Elizabeth
Porter. NEU1 was produced by Hanh-Thuc Ton Tran, and NEU2-NEU4 were expressed and

purified by myself or other group members.
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3.1 Introduction

Chemical modifications to sialic acids can influence their rates of hydrolysis by the human
neuraminidase (hNEU) enzymes. Our study of 9-O-acetylated sialic acids on octyl sialyllactoside
substrates (described in Chapter 2) suggested that this modification may generally impede the
activity of the hNEU enzymes.! We noted, however, that the modification had different effects on
hNEU-catalyzed hydrolysis on substrates with different sialic acid glycosidic linkages and
reducing end sugars or aglycones. We concluded that in order to better understand the effect of 9-
O-acetylation on hNEU-catalyzed hydrolysis of sialic acids we had to expand the scope of our
study to include a broad range of well-defined substrates, including sialoglycoproteins and
a(2—8)-linked sialosides.

Just as sialic acid glycosidic linkage and reducing end substituents may influence
metabolism by hNEU, the Neu5,9Ac> residue plays unique roles in biological processes.
Sialoglycoproteins containing 9-O-acetylated sialosides modulate B-cell immune response by
blocking sialic acid recognition by CD22.% * Sialic acids on colonic mucins are heavily O-
acetylated which protects them from neuraminidases of gut bacteria.* > In colon carcinomas this
O-acetylation is reduced, unmasking sialyl Lewis* - a contributing ligand in metastasis.®® In vitro,
Neu5,9Ac: levels on sialomucins were found to be tightly controlled throughout development and
differentiation of murine erythroleukemia cells.’ Sialomucins with Neu5,9Ac: have been identified
as a differentiation marker on CD4" T-cells,!® and sialic acid O-acetylesterase has been implicated
in B-cell development.!' Most studies of Neu5,9Ac, have monitored cell-surface Neu5,9Aco;
however, in cells where cell surface Neu5,9Ac: is not detected Neu5,9Ac; sialoglycoproteins have
been identified in the Golgi, suggesting an unexplored role for intracellular Neu5,9Ac,.!> 1 Sialic

acid O-acetylation of glycoproteins also plays a role in pathological processes. In visceral
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leishmaniasis, elevated levels of Neu5,9Ac> on erythrocyte glycoproteins were associated with
shorter erythrocyte lifespan and anemia.'* !> In acute lymphoblastic leukemia (ALL) lower levels
of Neu5,9Ac; glycoproteins was correlated with better prognosis,'® and a role for Neu5,9Ac> on
glycoproteins has been identified in the deployment of cancerous lymphoblasts from the bone
marrow to circulating blood.!” Increased levels of sialiate 9-O-acetyltransferase (SOAT) activity
have been detected in ALL, which not only resulted in more acetylated sialoglycoproteins, but also
disialo-ganglioside GD3 (NeuSAc a(2—8) NeuSAc a(2—3) Gal B(1—4) Glc p Ceramide, 3-2).'8

Likewise, acetylation of the a(2—8)-linked sialic acid on GD3 has been implicated in the
pathogenesis of ALL and other cancers. Neu5,9Ac,-GD3 promoted survival of cancerous
lymphoblasts in ALL by blocking GD3-mediated apoptosis.!” An increase in Neu5,9Ac>-GD3
could be attributed to both an increase in SOAT activity and a decrease in sialate acetyl esterase
(SIAE) activity.?’ The anti-apoptotic effect of Neu5,9Ac, GD3 was also observed in glioblastoma,

where esterase activity could induce apoptosis.?!: 2 Elevated levels of Neu5,9Ac, GD3 have also

23,24 25,26

been found in basal cell carcinoma, melanoma, medulloblastoma,?’ and breast cancer.?®
2 Increased 9-O-acetylation of o(2—8)-linked sialic acids have been identified on other
gangliosides in malignant cells. Elevated 9-O-acetylation of GD2 and GT3 was detected in breast
cancer, 2% 3° and Neu5,9Ac, GD2 was found in neuroblastoma,’' and melanoma.?’ Neu5,9Ac,-
GD2 is emerging as a potential target in cancer immunotherapy.>? These 9-O-acetylated o(2—8)-
linked sialic acids also have roles in normal cellular processes. Neu5,9Ac2 GD3 plays a role in

33.34 and on the regulation of B- and T-lymphocytes.?

development of the central nervous system
37 In contrast to its anti-apoptotic effect in many cancers, Neu5,9Ac>-GD3 is a pro-regulatory

molecule for programmed cell death in erythrocytes.*®
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An understanding of hNEU activity towards Neu5,9Ac; on glycoproteins and a(2—?8)
sialosides would help to elucidate the specific roles of this small but impactful modification to
sialic acid. To study hNEU activity on 9-O-acetylated glycoproteins and Neu5,9Ac, a(2—8)-
linked sialosides we adapted and expanded assays available to monitor hNEU activity (see
Sections 1.4 and 1.5). We detected sialic acid released from a Neu5,9Ac; sialoglycoprotein with
o-phenylenediamine (OPD). This assay was adapted from one originally used to study bacterial
neuraminidase activity on a Neu5,9Ac, sialoglycoprotein® to quantify the activity of hNEU.
Detection of free sialic acid is not a good strategy for studying neuraminidase kinetics on a(2—8)-
linked sialosides because it is not possible to differentiate release of a(2—8) linked sialic acid from
the underlying a(2—3/6)-linked sialoside. To study hNEU activity on o(2—8) Neu5,9Ac. we
designed substrates with a chromophore in the aglycone and an HPLC method to monitor substrate
degradation. These assays expand the toolkit of chemical biology methods available to study
mammalian neuraminidases. Together, the results of these studies should provide a more complete
picture of the effects of Neu5,9Ac2 on hNEU-catalyzed hydrolysis and help to illuminate the roles

of these modified sialic acids and the hNEU in biological systems.
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3.2 Results and discussion

3.2.1 hNEU activity on 9-O-acetylated glycoproteins
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Figure 3.1: Assay workflow to detect modified sialic acid released from glycoproteins A) assay
workflow implemented by Lewis and coworkers’ B) assay workflow to detect sialic acid released

by hNEU.

A strategy that has been used to probe the effects of O-acetylated sialic acids on
glycoproteins is treatment of a sialoglycoprotein with base to hydrolyze the O-acetyl esters,
followed by comparison of the treated protein to an untreated control. 43! Bovine submaxillary
mucin (BSM) is an inexpensive commercially available glycoprotein with o(2—6) linked
sialosides enriched in O-acetylated sialic acids, particularly Neu5,9Ac2, making it a popular model
to study 9-O-acetylated glycoproteins. Recently, Lewis and coworkers used this strategy to study
sialic acid released from BSM by sialidase and sialate-O-acetylesterase activity from

Bacteroidetes.” The capacity for the sialidase to hydrolyze acetylated sialic acids versus its non-
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acetylated variant was determined by comparing the amount of sialic acid it released from control
BSM to BSM pre-treated with NaOH to hydrolyze any O-acetyl esters. After neuraminidase
treatment, the samples were again submitted to basic conditions to remove any O-acetyl groups to
standardize the analysis to detection of only Neu5Ac and Neu5Gc across all samples (Figure
3.1A). Free sialic acid release was labeled with a 1,2-phenylenediamine and detected after
separation using HPLC.’

When we implemented this assay to study hNEU, we found that the assay had insufficient
sensitivity for our purposes. We calculated a limit of detection (LOD) of 1.3 uM (A3.1, Section
3.4.2) for Neu5Ac labeled with o-phenylenediamine (OPD) and detection at 350 nm. Lewis and
coworkers reported a small but significant signal with their enzyme-free base-treated negative
control.’ The background noise was inconsequential in studying bacterial neuraminidases where
the signal was approximately 10-fold higher than the background; however, we noted that the
hNEU enzymes were at least 8- and 15-fold less efficient at cleaving sialic acids from BSM than
bacterial neuraminidases from C. perfringens and A. ureafaciens, respectively (Figure 3.2, A3.2).
With the lower efficiency of hNEU towards BSM, the noise resulting from treatment of the protein

with base was prohibitive to studying hNEU substrate tolerance.
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Figure 3.2: Representative run of sialic acids released from bovine submaxillary mucin by 4.
ureafaciens neuraminidase (grey) and by NEU2 (black). Enzyme activity was normalized to 1 mU

based on 4MU-NANA.

To account for the lower efficiency of the hNEU towards BSM we modified the assay to
avoid pre-treatment of BSM with base, meaning we could not compare the amount of sialic acid
released from BSM with or without O-acetyl modifications. Instead, we compared the ratios of
modified sialic acids released by hNEU to Neu5SAc (Figure 3.1B). This approach eliminated the
noise from the negative control which allowed us to study hNEU activity; however, it complicated
the analysis from detection of Neu5Gc and NeuSAc to at least five different sialic acid species.
We could definitively identify Neu5Gc, NeuSAc, and Neu5,9Ac: using standards, and could
tentatively assign Neu5,7Ac> and NeuSGc9Ac based on the order of elution from the column.> *

To determine substrate preferences for the hNEU without pre-treatment of the samples with
base, we needed to determine the sialic acid composition of BSM, which we report as ratios of

Neu5Gce/NeuSAc or Neu5,9Ac2/NeuSAc. Two methods for the total release of O-acetylated sialic

acids from glycoconjugates are acid hydrolysis and hydrolysis with neuraminidase from A.
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ureafaciens; however, both methods have limitations. The most common method is acid
hydrolysis, which is widely used for total sialic acid release from glycoconjugates.** Conditions
for acid hydrolysis of sialosides will also hydrolyze O-acetyl esters and may lead to migration of
acetate groups from O-7 and O-8 to 0-9.*** Treatment with neuraminidase from A. ureafaciens
is an alternative control, but is not as efficient as acid treatment ** 4 and discriminates against
Neu5Gc and O-acetylated sialic acids.> ** % We found the composition of sialic acid on BSM to
be 1:0.7:1.1 of NeuS5Ac:Neu5Gc:Neu5,9Ac> (acid hydrolysis) or 1:0.6:1.5 (4. ureafaciens)
(Figure 3.3, A3.2). Conditions with a ratio of Neu5,9Ac2/NeuSAc below 1.1 or 1.5 (depending on
the control) indicate a preference for NeuSAc over Neu5,9Ac;. In our significance test we used the
acid hydrolysis condition (Neu5,9Aco/NeuSAc = 1.1 + 0.2) as our reference because it gave a more
conservative evaluation of the preference for NeuSAc over Neu5,9Ac,. The lower ratio of
Neu5,9Ac> to NeuSAc from acid hydrolysis compared to A. ureafaciens neuraminidase is likely
due to the loss of some O-acetyl groups.

Neuraminidase from C. perfringens (Nanl) discriminated Neu5Gc to a greater extent than
Neu5,9Ac: (Figure 3.3), consistent with previous reports.*’

We next turned to the hNEU enzymes using the same assay. Due to the generally low
activity of these enzymes, in some cases we quantified the minimum preference of hNEU for
NeuSAc by calculating a ratio of Neu5,9Ac> or Neu5Gce to NeuSAc where the numerator was
defined by the limit of detection (LOD) for the assay (indicated by an “x” in Figure 3.3). We
observed that all A(NEU isoenzymes had a moderate preference for NeuSAc over Neu5Ge (Figure
3.3A), consistent with our previous study of hNEU activity on Neu5Gc-containing glycolipids.!
This preference was most pronounced for NEU3, and was shared by both bacterial enzymes tested.

The discrimination of Neu5,9Ac, by hNEU was common to all isoenzymes. For NEU2-NEU4 we
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could detect a greater than 10-fold preference for NeuSAc over Neu5,9Ac, (Figure 3.3B).
Comparison to the acid or the 4. ureafaciens neuraminidase positive control indicates an 11- or
16-fold preference, respectively, of NEU2 for Neu5Ac over Neu5,9Ac;. Previous work in our
group and others found that NEU2 has very strict substrate tolerance which can be attributed to its
constrained C9 active site pocket.! 4 For NEU3 we detected a 9- to 12-fold preference; and for
NEU4 an 11- to 15-fold preference. NEU1 experiments found at least a 1.5- to 2-fold preference
for Neu5Ac over Neu5,9Ac;; however, we note that these experiments used a lower enzyme
activity where the NeuSAc peak was close to the LOD (see Materials and Methods) and the
Neu5,9Ac: value was defined by the LOD. Previous results with an artificial substrate based on
4MU-NANA (4) found a 2-fold preference for NeuSAc over Neu5,9Ac», and a selective NEU1
inhibitor developed by our lab contains a C9 acetamido group, suggesting that NEU1 may be more
tolerant of an acetate at C9.* It is important to note that ratios defined by the limit of detection
and not by a Neu5,9Ac, peak indicate a lower limit of substrate preference rather than absolute
substrate preferences. Further study will be necessary to determine if NEU1 is more tolerant of

Neu5,9Ac; than are the other hNEUSs.
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Figure 3.3: Release of modified sialic acids from bovine submaxillary mucin relative to NeuSAc.
Ratios smaller than those of the controls indicate preference for NeuSAc over A) Neu5Gc, or B)
Neu5,9Ac. Results are a mean of triplicate experiments, with error bars denoting one standard
deviation. Unpaired t-tests comparing enzymatic conditions to release of sialic acid with the acid
control were performed, and are indicated with * = p > 0.05, *** =p > 0.001, **** =p > (0.0001.
Bars marked with an x indicate that the nominator was defined by the limit of detection of the

assay rather than by a detected peak.

We have expanded our study of hNEU activity towards Neu5,9Ac; to include glycoprotein
substrates. This work provides the first data point for NEU1 substrate tolerance towards Neu5,9Ac»
on mimics of natural hNEU substrates. Considering that the sialic acid reducing end substituents
and aglycone influence hNEU substrate tolerance, this data set on a sialoglycoprotein expands on
the understanding of the substrate scope for NEU2-NEU4. Consistent with our previous study of
Neu5,9Ac> — containing glycolipids, we observed the general trend of NeuSAc > Neu5Gc >

Neu5,9Acs. Further study on diverse sialoside substrates, particularly o(2—8)-linked sialosides,
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will be important to generate a complete understanding of hNEU substrate specificity towards 9-

O-acetylated sialic acids.

3.2.2 Aryl glycolipids for the study of hANEU activity on a(2—8)-linked Neu5,9Ac2 substrates

Sialic acids are bound to glycans through a variety of different glycosidic linkages, most
commonly an o(2—3) or a(2—6) linkage to a reducing end galactose or an a(2—8) linkage to a
reducing end sialic acid. In our original study of hNEU activity on 9-O-acetylated sialic acids, we
investigated the substrate activity of hNEU on mimics of ganglioside GM3 (3-1) where the sialic
acid had an a(2—3) or a(2—6) glycosidic bond to the galactose. The data indicated that the
prohibitive effect of the 9-O-acetyl group on hNEU activity may be enhanced with the presence
of an a(2—6) versus a(2—3) linkage.! With this result in mind we sought to expand the scope of
the study to include a(2—8)-linked Neu5,9Ac, sialosides. We decided on analogues of the
glycolipid GD3 (3-2) as substrates because the carbohydrate moiety differs from GM3 by one
sialic acid. This structural similarity would not only streamline the synthesis of these substrates,
but also allow the direct comparison of the different glycosidic linkages. We designed a small
panel of Neu5,9Ac> GD3 analogues and their GM3 precursors (Figure 3.4). These substrates
contain non-reducing end a(2—8)-linked sialoside with an underlying a(2—3)-linked sialoside (3-
7, 3-8), or a non-canonical a(2—6)-linked sialoside (3-9, 3-10).

Assays of hNEU activity on a(2—8)-linked sialosides are complicated by the presence of
multiple sialic acids available to be cleaved by the hNEU enzymes. Methods to detect sialic acid
hydrolysis through an increase in free sialic acids do not distinguish between glycosidic linkages.
Therefore these methods would be unable to detect the release of a(2—8)-linked sialic acids

exclusively over the a(2—3)- or a(2—6)-linked sialic acid exposed by their removal from the
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glycan. As a result, we could not study hNEU kinetics on GD3 mimics using the malononitrile
assay as we had for the GM3 mimics.! Instead we had to implement an assay in which we could
detect changes to the substrate itself. We designed the glycolipid substrates with an aryl aglycone
(Figure 3.4) which would afford for UV detection of the substrates after resolution using reversed
phase HPLC.
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Figure 3.4: Aryl glycolipid target based on GM3 and GD3 targets.

3.2.3 Synthesis of aryl glycolipids

The aryl glycolipids 3-3 —3-7 and 3-9 were made through a combination of synthetic and
chemoenzymatic methods. Starting from lactose, lactoside 3-11 was synthesized in 5 steps as
reported. > Consecutive sialylations of 3-11 using the one-pot multienzyme chemoenzymatic
approach developed by Chen and coworkers generated the GM3 and GD3 analogues (Scheme
3.1). From lactoside 3-11, CMP-sialic acid synthetase (CSS) and the a(2—3) SiaT Cst-I°!

generated 3-3 and 3-4, while 3-5 and 3-6 were made through the action of CSS and the a(2—6)
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SiaT Pd2,6ST. The GD3 analogues were made through sialylation of 3-3 and 3-5 with CSS and
the bifunctional a(2—3/8) SiaT Cst-11.>> The a(2—8) sialyltransferase activity of Cst-II can
polymerize sialic acid to generate polymers of a(2—8)-linked sialic acids (polysialic acid), but
stoichiometric control of NeuSAc in the one-pot chemoenzymatic reaction prevented further
sialylation of the GD3 analogues.>*
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Scheme 3.1: Chemoenzymatic synthesis of GD3 targets

Synthesis of the Neu5,9Ac: sialosides was complicated by esterase activity present in the
crude enzyme mixtures. As with our parallel efforts into the synthesis of the Neu5,9Ac, GM3

analogues detailed in Chapter 2, Neu5,9Ac> GM3 analogue 3-4 was made as a mixture with its
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ester hydrolysis product 3-3, and would require further purification. Because compound 3-6 was
made successfully without de-O-acetylation to 3-5, we believe that the de-O-acetylation of 3-4
could be attributed to esterase activity in the crude mixture of the a(2—3) SiaT Cst-1. The synthesis
of Neu5,9Ac> GD3 was also hampered by esterase activity. Despite extensive optimization of the
chemoenzymatic reaction, we never detected the formation of compound 3-8, only its ester
hydrolysis product 3-7.

To identify and separate the esterase activity present in the crude enzymatic mixtures we
applied an esterase assay using p-nitrophenol acetate as the esterase substrate (Figure 3.5A).>* We
could detect the hydrolysis of the ester through the increase in absorbance at 405 nm.> After
unsuccessful attempts to separate esterase activity from sialyltransferase activity using various
molecular weight cut-off filters, we tried a different preparation of Cst-II purified using ion
exchange chromatography (personal communication from Warren Wakarchuk, University of
Alberta). Despite decreasing the esterase activity in the Cstll enzyme mixture (Figure 3.5B), our

attempts to synthesize compound 3-8 were unsuccessful.
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Figure 3.5: Efforts to eliminate esterase activity from one-pot multienzyme synthesis A)
mechanism of the esterase assay B) results of the esterase assay with esterase activity normalized

to crude Cst-II.

3.2.4 HPLC assay for hNEU activity on aryl glycolipids

The GD3 (3-7), GM3 (3-3), and lactoside (3-11) analogues were resolved using reversed-
phase HPLC with an isocratic elution of 30 % acetonitrile in water and detection at 220 nm (Figure
3.6). Benzoic acid was used as an internal standard to normalize peak areas. The limit of detection
(LOD) was 24 uM for GD3 analogue 3-7, 18 uM for GM3 analogue 3-3, and 45 uM for lactoside
3-11. The higher LOD of compound 3-11 is likely due to the reduced solubility of the substrate

observed in water, which suggests that detection of 3-11 should not be used for quantitation.
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Figure 3.6: Separation of GD3 (3-7), GM3 (3-3), and lactoside (3-11) analogues using HPLC,

with benzoic acid as an internal standard

To validate the HPLC assay to study hNEU kinetics, we obtained Michaelis-Menten
parameters for NEU2 and NEU3 cleaving the GM3 analogue 3-3 (data not shown). The kinetic
parameters determined by the HPLC assay agree with values obtained by other methods, although
there was significant noise in the assay which may limit its application. We calculated a Km of 300
uM for NEU2 (data not shown), which agrees well with the Ky of 325 pM from the malononitrile
assay (A3.2), and with literature reports.’® For NEU3 we calculated a Ky of 200 uM (data not
shown), consistent with previous reports.’’ Attempts to measure a Ky for NEU4 cleaving 3-3 were
unsuccessful even in the presence of Triton X-100, suggesting that GM3 is a poor substrate for
NEU4. These data are consistent with reports that NEU4 prefers glycoproteins and
oligosaccharides over ganglioside substrates.®® The agreement of the Michaelis-Menten
parameters measured using this HPLC assay to other methods and literature values confirmed its
utility for measuring hNEU kinetics. The assay is limited due to noise, contributing to large

standard errors; however, as compared to typical measures of NEU kinetics which rely on thin
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layer chromatography (TLC)’® 37 the assay is easier to standardize and provides similar
measurements. This assay should be particularly useful for studying the kinetics of hNEU on
ganglioside mimics with multiple sialic acids, because it can detect multiple species

simultaneously during the successive removal of each sialic acid.

3.3 Conclusions

There is no universal method for studying hNEU substrate specificity and to do so requires
the selection and implementation of appropriate assays. We report two methods which expand the
chemical biology toolbox to study hNEU substrate specificity on natural unstable sialosides. We
adapted an assay to study bacterial neuraminidase activity on Neu5,9Ac> glycoproteins for the
lower activity of hNEU. All four hNEU were more efficient at cleaving NeuSAc over Neu5,9Ac:
to such an extent we could not detect the release of Neu5,9Ac, by hNEU. Sialic acid release was
detected after derivatization with OPD which is selective for a-keto acids. As such, the assay
should be compatible with complex biological samples. To study hNEU activity on a(2—8)-linked
Neu5,9Ac> we developed an HPLC assay to monitor the degradation of aryl glycolipids. We
validated the assay for studying hNEU kinetics by using it to determine Michaelis-Menten
parameters for NEU2 and NEU3 cleaving GM3 analogue 3-3. Esterase activity in our enzyme
mixture prohibited the synthesis of Neu5,9Ac. GD3 analogues 3-8 and 3-10. Purified enzymes
should eliminate this barrier, after which relative rates of sialic acid release from substrates 3-3 to
3-10 can be measured using the HPLC assay for aryl glycolipids. This assay would be valuable for

studying hNEU kinetics on any glycolipid with more than one sialic acid residue.

3.4 Materials and Methods

3.4.1 General methods:
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All reagents were purchased from commercial sources and used as received, unless other wise
noted. Enzymes for the one-pot sialylation to make GM3 analogues 3-3, 3-5, and 3-6 were prepared
as described previously.’® > The CMP-NeuSAc synthetase (CSS) was Neisseria meningitidis
CMP-Neu5Ac synthetase (NmCss)® and the a(2—3) sialyltransferase (SiaT) was Campylobacter
Jjejuni a(2—3) sialyltransferase (Cstl),’! both expressed in E. coli strain AD202 and used as crude
enzyme mixtures. The o(2—6) sialyltransferase was Photobacterium damsela o(2—6)
sialyltransferase (Pd2,6ST) was expressed with a (His)s tag in E. coli strain Nova Blue (DE3) and
purified using a Ni-NTA column.’® ¢! The a(2—8) sialyltransferase (SiaT) used for the synthesis
of 3-7 and 3-9 was Campylobacter jejuni a(2—3/8) sialyltransferase (Cst-1I),°? expressed in E.
coli strain AD202 and used as a crude enzyme mixture. Reactions were monitored by thin layer
chromatography on silica gel 60-F254 (0.25 nm, Silicycle, QC, Canada) with visualization by
charring with 5 % sulfuric acid in ethanol. Organic solvents were evaporated under reduced
pressure, and water was removed by lyophilization. Chemoenzymatic reactions were purified
using sep-pak Cis plus short cartridges, 360 mg sorbent per cartridge, 55-105 uM particle size
(Waters Ltd., Mississauga, ON, Canada). NMR experiments were run on Varian 500, 600, and 700
MHz instruments with chemical shifts reported relative to deuterated solvent peaks. ESI mass
spectra were measured on Agilent Technologies 6220 TOF. HPLC was performed with a Waters
Delta 600 pump, a Waters 600 controller, and a Waters 2996 photodiode array (PDA) detector
with Empower 2 software (Waters Ltd., Mississauga, ON, Canada). Bovine submaxillary mucin
Type I-S, 9-24 % bound sialic acids was purchased from Sigma Aldrich. Neuraminidases from
Clostridium perfringens and Arthrobacter ureafaciens were purchased from Sigma Aldrich. The
human neuraminidase enzymes NEU2-NEU4 were expressed as fusion with maltose binding

protein, as previously reported. 3% %6 NEU1 was overexpressed in HEK293E cells and used as
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crude cell lysate.! Neuraminidase activity was determined in comparison to a standard curve of
neuraminidase from Clostridium perfringens using 4-methylumbelliferyl a-p-N-acetylneuraminic
acid (4MU-NANA) as a substrate. Unless otherwise stated, results reported are technical

replicates, with preliminary independent replicates confirming the trends reported.

3.42 LOB and LOD of the assay to detect sialic acid release from 9-O-acetylated

glycoproteins:

To determine the limit of detection (LOD) for the quinoxaline derivatized sialic acids, 30 pL of 5
uM NeuSAc (or H2O for limit of blank, LOB) was mixed with 30 puL of 40 mM TFA, 30 uL
derivatization mixture (25 mM o-phenyldiamine (OPD), 18 mM NaxS;04, 0.5 M B-
mercaptoethanol), and 10 pL. 2 mM p-nitrophenol (internal standard). The mixture was heated for
3 hours at 50 °C after which it was analyzed by HPLC on a C-18 reverse phase column with
isocratic elution with 84:9:7 H>O: acetonitrile: methanol and detection at 350 nm. The LOB and
LOD were calculating using peak areas normalized to the internal standard with LOB = meanpiank
+ 1.645(StDevpiank) and LOD = LOB +1.645(StDevsampie).** The peak areas for the LOB were
obtained by integrating the baseline with the average retention times and peak widths detected for

the LOD.

3.4.3 Acid hydrolysis of sialic acids from bovine submaxillary mucin:

Bovine submaxillary mucin (250 pg) was dissolved in 40 pL of water and 30 pL 2 M acetic acid.
The mixture was heated for 3 hrs at 80 °C to release all sialic acids.*® Derivitization mixture ((25
mM o-phenyldiamine (OPD), 18 mM Na;S>04, 0.5 M -mercaptoethanol) and 10 pL of 2 mM p-

nitrophenol were added. Protein was removed using centrifugal filters (30 kDa molecular weight
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cut-off) for 30 minutes at 14 000 rpm. The filtrate was heated for 3 hrs at 50 °C and the labeled
sialic acids were analyzed after separation by HPLC on a C-18 reversed phase column with an

isocratic solvent composition of H>O:acetonitrile:methanol 84:9:7. Elution peaks were detected at

350 nm.

3.4.4 Neuraminidase release of sialic acids from bovine submaxillary mucin:

Bovine submaxillary mucin (250 pg) was dissolved in 20 pLL 20 mM sodium acetate buffer pH 4.5
(5.5 for NEU2). 20 uL (1 mU) of enzyme was added (or water as a negative control). After 5 hrs
incubation at 37 °C, 30 uL. 40 mM TFA, 30 pL derivatization mixture (25 mM oc-phenyldiamine
(OPD), 18 mM Na»S>04, 0.5 M B-mercaptoethanol), and 10 uL. of 2 mM p-nitrophenol were added.
Protein was removed using centrifugal filter units (30 kDa molecular weight cut-off) for 30
minutes at 14 000 rpm after which the filtrate was heated for 3 hrs at 50 °C. The labeled sialic
acids were analyzed after separation by HPLC on a C-18 reversed phase column with an isocratic
solvent composition of H>O:acetonitrile:methanol 84:9:7. Peaks were detected at 350 nm. For
NEU1 which had lower activity, 500 pg of bovine submaxillary mucin was used. The volumes of

all reagents were also doubled, and 1 mU enzyme activity was used.

3.4.5 LOB and LOD of HPLC assay for aryl glycolipids:

To determine the limit of detection of aryl glycolipids separated by HPLC on a C-18 reversed
phase column, 20 pL of water (LOB) or of 60 uM each compounds 3-1, 3-2, and 3-6 (lactoside,
GM3 analogue, and GD3 analogue, respectively), 20 uL of 0.2 M sodium acetate pH 4.5, 30 uL
0.2 M sodium borate pH 9.5, and 10 pL. 0.5 mM phenol were mixed and separated using HPLC on

a reversed phase C-18 column. The glycolipids were eluted with 30 % acetonitrile in water (both
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with 0.1 % trifluoroacetic acid) over 30 minutes with detection at 220 nm. The LOB and LOD

were calculated as described in section 3.4.2.

3.4.6 Michaelis-Menten kinetics of hNEU cleaving compound 3-2:

Compound 3-2 (x:2 uM) in 100 pL. HoO was mixed with 80 pL 0.2 M sodium acetate pH 4.5
(NEU3, NEU4) or pH 5.5 (NEU2) and 20 pL (1 mU) hNEU. The assay mixture was incubated at
37 °C. At timepoints of 0, 5, 10, 15 minutes (NEU2) or 0, 10, 20, 30 minutes (NEU3, NEU4) 40
uL of the assay mixture was quenched in 30 pL 0.2 M sodium borate pH 9.5 and 10 puL 0.5 mM
benzoic acid. Protein was removed using centrifugal filters (10 kDa molecular weight cut-off) for
45 minutes at 14 000 rpm. The mixture was analyzed by HPLC on a reversed-phase C-18 column
with an isocratic elution of 30 % acetonitrile in water (both with 0.1 % trifluoroacetic acid) over
30 minutes. Peaks were detected at 220 nm and peak areas were normalized to benzoic acid.

Michaelis-Menten parameters were calculated using GraphPad Prism.

3.4.7 Synthetic methods

O-(B-D-galactopyranosyl)-(1 — 4)-O- (B-D-glucopyranosyl)-8-phenyl-octanol (3-11)

Compound 3-11 was made in 5 steps as previously described. > 'TH NMR (700 MHz, CDs;0D) §
723 (t,J=17.7, 2H, He), 7.15 (d, J = 7.7 Hz, 2H, Hy), 7.13 (1, J = 7.7 Hz, 1H, Ha), 436 (d, J=7.7
Hz, 1H, H-17"), 4.28 (d, J= 7.7 Hz, 1H, H-1"), 3.91-3.68 (m, 6H), 3.60-3.47 (m, 6H), 3.39 (ddd, J

=9.74.2, 2.6 Hz, 1H, H-4"), 3.23 (dd, J = 9.7, 7.9 Hz, 1H, H-2’), 2.59 (t, J = 7.7 Hz, 2H,
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O(CH,);CH2Ar), 1.64-1.58 (m, 4H, OCH,CHy(CH:}sCH.CH>Ar), 1.40-129 (m, 8H,
O(CH2)2(CHz2)4(CHz), Ar). 13C (175 MHz, CD30D) § 144.3 (Ca), 129.7 (Cy), 129.5 (C.), 126.9
(Ca), 105.4 (H-1>"), 104.5 (H-1"), 80.99, 77.4, 76.8, 76.3, 75.13, 75.07 (C-2"), 72.9, 71.2, 70.6,

62.8, 62.3,37.2 (O(CH2)7;CH:Ar), 33.1, 31.1, 30.8, 30.6, 27 4.

OH
HO COOH

g oyl

I NS OHO :ﬁg\%&ﬁrow\@

3-3: 5 mg (0.016 mmol) Neu5Ac, 10 mg CTP (0.021 mmol), 1.8 mL H>O, 800 uL. 1 M Tris HCI
pH 8.8 and 160 uL. 1 M MgCl, were added to 5 mg (0.0094 mmol) of lactoside 3-11. The reaction
was charged with 200 uL CSS and 200 pL Cst-I and the reaction was stirred at 37 °C overnight.
Upon completion the reaction was quenched with 1 mL EtOH and the reaction was spun down at
17 000 rpm for 1 hr. The solution was concentrated under vacuum and the product was purified
using a Cs sep pak cartridge with a gradient of 0 - 50 % MeOH in H,O. Yield: 5.2 mg (70 %) 'H
NMR (700 MHz, D20O) 6 7.37 (t, J= 7.7 Hz, 2H, H¢), 7.31 (d, J= 7.7 Hz, 2H, Hy), 7.26 (t, J= 7.7
Hz, 1H, Hyq), 4.54 (d, J=7.8 Hz, 1H, H-1""), 4.48 (d, /= 8.0 Hz, 1H, H-1"), 4.12 (dd, J=10.5, 2.8
Hz, 1H, H-3"), 4.01-3.96 (m, 2H, H-4""), 3.93-3.55 (m, 17H), 3.30 (t, /= 8.4 Hz, 1H, H-2""), 2.77
(dd, J = 12.3, 49 Hz, 1H, H-3.""), 2.64 (t, J = 7.6 Hz, 2H, O(CH2)7;CHzAr), 2.04 (s, 3H,
NHCOCH3), 1.81 (t, J=12.3 Hz, 1H, H-3¢¢’"’), 1.65-1.59 (m, 4H, OCH2CH2(CH2)4CH2CH>Ar),
1.38-1.28 (m, 8H, O(CH:)2(CH2)4(CHz)2 Ar) *C (175 MHz, D>0) § 176.0 (NHCOCHj3), 174.9
(COO), 144.7 (Ca), 129.6 (Cv), 129.5 (Ce), 126.7 (Ca), 103.6 (H-1""), 103.0 (H-1"), 100.8 (C-2"’),
79.3 (C-2"%),76.5(C-3""),76.2,75.7,75.4,73.8 (C-2"), 72.8,71.7,70.4, 69.3 (H-4"""), 69.1, 68.5
(C-4"), 63.6, 62.0, 61.1, 60.6 (C-5"""), 52.7, 40.7, 36.0 (O(CH2);CH>Ar), 31.7, 29.7, 29.4, 29.3,

29.1, 25.9, 23.0. ESI-MS calculated for C37HssNO19 [M-H] 820.3609 found: 820.3604.
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3-5: 5 mg (0.016 mmol) Neu5Ac, 10 mg (0.021 mmol) CTP, 1.8 mL H>O, 800 pL 1 M Tris HCI
pH 8.8 and 160 pL 1 M MgCl> were added to 5 mg (0.0094 mmol) of lactoside 3-11. The reaction
was charged with 200 pL CSS and 200 pL Pd2,6ST and the reaction was stirred at 37 °C overnight.
Upon completion the reaction was quenched with 1 mL EtOH and the reaction was spun down at
17 000 rpm for 1 hr. The solution was concentrated under vacuum and the product was purified
using a Ci3 sep pak cartridge with a gradient of 0 - 50 % MeOH in H»O. Yield: 3.9 mg (51 %) 'H
NMR (700 MHz, D>0O) 7.37 (t, J = 7.7 Hz, 2H, H.), 7.31 (d, J= 7.7 Hz, 2H, Hy), 7.26 (t, J= 7.7
Hz, 1H, Hq) 4.48 (d, J = 8.1 Hz, 1H, H-1"), 4.43 (d, J= 7.8 Hz, 1H, H-1""), 4.00-3.77 (m, 9H),
3.70-3.52 (m, 11H), 3.33 (t, /= 8.4 Hz, 1H, H-2"), 2.72 (dd, J=12.3, 4.9 Hz, 1H, H-3’""), 2.65
(t, J=17.6 Hz, 2H, O(CH2);CH2Ar), 2.04 (s, 3H, NHCOCH3), 1.75 (t, J=12.3 Hz, 1H, H-3¢4’"),
1.66-1.59 (m, 4H, OCH2CH2(CH2)4CH2CH2Ar), 1.38-1.29 (m, 8H, O(CH2)2(CH2)4(CH2)2 Ar) o
13C (175 MHz, D20) § 175.8 (NHCOCH3), 174.3(COO"), 144.5 (Ca), 129.5 (Cb), 129.4 (C.), 126.6
(Ca), 104.1 (C-1°),102.8 (C-1""),101.2 (C-2°""), 80.5,75.6,75.5,74.5,73.6,73.4,73.2,72.6,71.7,
71.6,69.3,69.2,64.4,63.5,62.1,61.7,60.3, 52.3,41.0, 35.8, 31.6, 29.5, 29.24. 29.18, 29.0, 25.8,

22.9. ESI-MS calculated for C37HssNO19 [M-H] 820.3609 found: 820.3606.
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3-6: 5 mg (0.016 mmol) Neu5,9Ac,, 10 mg (0.021 mmol) CTP, 1.8 mL H,0, 800 uL 1 M HEPES

o

pH 7.2 and 160 pL 1 M MgCl> were added to 5 mg (0.0094 mmol) of lactoside 3-11. The reaction
was charged with 200 pL CSS and 200 pL Pd2,6ST and the reaction was stirred at 37 °C for 3 hrs.
The reaction was quenched with 1 mL EtOH and the reaction was spun down at 17 000 rpm for 1
hr. The solution was concentrated under vacuum and the product was purified using a C;s sep pak
cartridge with a gradient of 0 - 50 % MeOH in H>O. Yield: 0.9 mg (11 %) 'H NMR (700 mHz,
D;0) 6 7.37 (t,J=7.7 Hz, 2H, H¢), 7.31 (d, J= 7.7 Hz, 2H, Hy), 7.26 (t, J= 7.7 Hz, 1H, Ha), 4.49
(d, /=8.2Hz, 1H, H-1"),4.44 (d,J="7.7Hz, 1H, H-1""), 442 (dd,J=11.9, 2.2 Hz, 1H, H-92’"’),
4.21(dd.J=11.9,5.7Hz, 1H,H-9b’""), 4.12 (ddd, 9.2,5.7,2.2 Hz, 1H), 4.00-3.53 (m, 17H), 3.33
(t, J = 8.6 Hz, 1H, H-2"), 2.72 (dd, J = 12.7, 4.9 Hz, 1H, H-3x’""), 2.65 (t, J = 7.6 Hz, 2H,
O(CH2)7;CH2Ar), 2.14 (s, 3H, CH.COCHa3), 2.05 (s, 3H, NHCOCH3), 1.75 (t, J=12.7 Hz, 1H, H-
3eq””’), 1.66-1.60 (m, 4H, OCH2CH2(CH2)4CH2CH2Ar), 1.38-1.29 (m, 8H, O(CH2)2(CH2)4(CH2)2
Ar). § 13C (175 MHz, D;0) 175.7 (NHCOCHj3, from HMBC), 175.2 (CH2COCH3, from HMBC),
174.3 (COO, from HMBC), 144.5 (Ca.), 129.5 (Cy), 129.4 (Ce), 126.6 (Ca), 104.1 (C-1"), 102.8
(C-177), 101.4 (C-2""), 80.6 (C-2"), 75.5 (C-3°), 74.6, 73.6 (C-2°), 73.2, 71.6, 71.5, 71.2, 70.1
(HSQC), 69.5 (HSQC),69.4 (HSQC), 69.2 (HSQC), 69.1 (HSQC) 66.5, 64.5 (HSQC), 61.4
(HSQC) 61.1, 52.6, 41.1, 35.8 (O(CH2);CH>Ar), 31.6, 29.5, 29.22, 29.16, 29.0, 25.8, 21.1. ESI-

MS calculated for C39Hs1NO20 [M-H] 862.3714 found: 862.373.

97



OH
HO COOH

N 0
o]
HO HO
\ﬂ/ OH COOH oH OH
0 o
N 3 L3 °£§§LO
HO on oH
H OH

3-7: 2 mg (0.004 mmol) CTP, 0.75 mg (0.002 mmol) Neu5SAc, 1.2 mL H>0, 400 uL. 1 M Tris HCI
pH 8.8 and 80 pL 1 M MgCl> were added to 2 mg (0.002 mmol) of 3-3. The reaction was charged
with 200 pL. CSS and 200 pL Cst-II and the reaction was stirred at 37 °C for 2 hrs. The reaction
was quenched with 500 uL. EtOH and the reaction was spun down at 17 000 rpm for 1 hr. The
solution was concentrated under vacuum and the product was purified using a Cig sep pak cartridge
with a gradient of 0 - 50 % MeOH in H>O. Yield: 0.8 mg (30 %) '"H NMR (700 mHz, D0) § 7.37
(t,J=7.7Hz, 2H, H.), 7.31 (d, J= 7.7 Hz, 2H, Hy), 7.26 (t, J= 7.7 Hz, 1H, Ha), 4.53 (d, J = 7.8
Hz, 1H, H-1""), 4.48 (d,J=8.2 Hz, 1H, H-1"),4.19 (dd, J = 12.2, 3.5 Hz, 1H), 4.16-4.14 (m, 1H),
4.1 (dd,J=10.0,3.0 Hz, 1H, H-3"’), 4.03-3.96 (m, 2H, H-4"’, H-X), 3.95-3.53 (m, 23 H), 3.31 (t,
J=9.1 Hz, 1H, H-2"), 2.79 (dd, J = 12.4, 4.4 Hz, 1H, H-3."""’), 2.69 (dd, J = 12.4, 4.4 Hz, 1H,
H-3.""), 2.65 (t, J = 7.6 Hz, 2H, O(CH2);CHxAr), 2.08 (s, 3H, NHCOCH3’*"’), 2.04 (s, 3H,
NHCOCH3*"), 1.75 (t, J = 122 Hz, 2H, H-3¢’”’, H-3¢""""), 1.66-1.60 (m, 4H,
OCH>CH2(CH2)4sCH>CHAr), 1.38-1.29 (m, 8H, O(CH2)2(CH2)4(CHz)2 Ar). 13C (125 MHz, D,0)
3 176.0 NHCOCH3””’ NHCOCH3"?), 174.5 (CO0O), 174.3 (COO"), 144.7 (Ca), 129.6 (Cyp), 129.5
(Co), 126.7 (Cy), 103.7 (C-17"), 103.0 (C-17), 101.5 (C-2"""), 101.2 (C-2"), 79.2, 79.1, 76.5, 76.2
(C-3"),75.8,75.4,75.0,73.9,73.6 (C-2’), 72.7,71.7,70.34, 70.28, 69.5, 69.1, 68.9, 68.5 (C-4""),
63.6, 62.6, 62.1, 61.0, 53.3, 52.7, 41.5, 40.7, 36.0 (O(CH2);CH2Ar), 31.7, 29.7, 29.4, 29.3, 29.1,

25.9,23.3, 23.0. ESI-MS calculated for C4sH74N>07 [M-2H]? 555.2245 found: 555.2253.
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3-9: 5 mg (0.010 mmol) CTP, 2.5 mg (0.008 mmol) NeuS5Ac, 1.2 mL H>O, 400 uL. 1 M Tris HCI
pH 8.8 and 80 uL 1 M MgCl» were added to 4.5 mg (0.005 mmol) of 3-5. The reaction was charged
with 200 pL CSS and 200 pL Cst-II and the reaction was stirred at 37 °C for 2 hrs. The reaction
was quenched with 500 uL. EtOH and the reaction was spun down at 17 000 rpm for 1 hr. The
solution was concentrated under vacuum and the product was purified using a Cs sep pak cartridge
with a gradient of 0 - 50 % MeOH in H>O. Yield: 2.4 mg (39 %) 'H NMR (700 mHz, D,0) § 7.37
(t,J=17.7 Hz, 2H, H¢), 7.31 (d, J= 7.7 Hz, 2H, Hy), 7.26 (t, J= 7.7 Hz, 1H, Ha), 4.49 (d, J=8.2
Hz, 1H, H-1"), 4.44 (d J= 7.8 Hz, 1H, H-1""), 4.22-4.19 (m, 1H, H-6a”’), 4.14 (dd, J=12.1,3.9
Hz, 1H, H-x), 4.00-3.78 (m, 12H), 3.74-3.53 (m, 13H), 3.32 (t, /= 8.6 Hz, 1H, H-2"), 2.79 (dd, J
= 12.4, 4.5 Hz, 1H, H-3.’""), 2.66-2.61 (m, 3H, H-3.’""’, O(CH2);CH2Ar), 2.08 (s, 3H,
NHCOCH3’"’), 2.04 (s, 3H, NHCOCH;’""),1.75 (t, J = 12.2 Hz, 1H, H-3¢4’"), 1.70 (t, J = 12.2
Hz, 1H, H-3¢’), 1.66-1.60 (m, 4H, OCH:CH:(CH:)sCH.CH:Ar), 1.38-1.29 (m, 8&H,
O(CH2)2(CH2)4(CH2), Ar). 3C (125 MHz, D,O) § 175.85 (NHCOCH;’), 175.78
(NHCOCH3’), 174.22 (COO™’%), 174.20 (COO’"), 144.5 (Ca), 129.45 (Cy), 129.36 (Co),
126.6 (Cq), 104.1 (C-1""),102.7 (C-17),101.8 (C-2">""), 101.3 (C-2°""), 95.8, 80.6, 79.4, 75.6, 75.5,
75.0, 74.6, 73.6, 73.5, 73.2, 72.6, 71.7, 71.6, 70.5, 69.4, 69.0, 68.7, 64.6, 63.5, 62.5, 61.2, 53.2,
52.6,41.4,41.0, 35.8 (O(CH2);CH2Ar), 31.6, 29.5, 29.23, 29.17, 29.0, 25.8, 23.2, 22.9. . ESI-MS

calculated for C4gH74N20,7 [M-2H]? 555.2245 found: 555.2248.
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3.4.8 Esterase assay

p-nitrophenyl acetate (3-12) was made in one step from p-nitrophenol. Briefly, 0.69 g (5 mmol) of
p-nitrophenol (3-13) was dissolved in 10 mL CH2Cl; and 0.69 mL (10 mmol) triethylamine as
added. The mixture was put over ice and 0.57 mL (6 mmol) acetic anhydride was added. The
reaction was removed from ice and stirred for 1 hr at room temperature. The reaction was quenched
with 50 mL H>O and 100 mL ethyl acetate. The water was removed and the reaction was washed
successively with 30 mL saturated ammonium chloride, 25 mL saturated sodium bicarbonate, and
40 mL brine. The reaction was dried with magnesium sulfate before evaporation under reduced
pressure. Yield 844 mg (94 %) '"H NMR (700 mHz, CDCls) & 8.26 (d, J= 9.1 Hz, 2H, Hy), 7.27
(d, J=9.1 Hz, 2H, H.), 2.34 (s, 3H, COCHj3) '3C NMR (125 mHz, CDCls) § 168.4 (COCHj3),
155.4(Cq), 145.4 (Ca), 125.2 (Cy), 122.3 (C¢), 21.1 (COCH3) For the esterase assay, the proportions
of the reagents used for the chemoenzymatic reactions were kept to scale. 48 pL 0.5 M HEPES pH
7.2 was added to 60 pL H>O and 12 pL of enzyme mixture or enzyme buffer (20 mM Tris pH 8.3
with 1 M NaCl). After addition of 10 pL 20 mM 3-12 in iso-propanol the assay was monitored at
405 nm for 30 minutes, with measurements taken every 5 minutes. Esterase activity was evaluated

by relative rate of release of 3-13, determined by linear regression using GraphPad Prism.

3.4.9 Partial purification of Cst-I1

Cst-II was expressed in E. coli strain AD202. An overnight starter culture (5 mL) was used to
inoculate 200 mL LB broth with 150 pg/mL ampicillin. The cells were grown at 37 °C with shaking
at 180 rpm until ODgoo = 0.4. Protein production was induced with 0.5 mM IPTG and the cells
were shaken overnight 180 rpm at 37°C. The cells were harvested by centrifugation at 8000 RCF

for 15 min. Cells were resuspended in 10 mL 20 mM Tris pH 8.3 per gram of cells. Dnase I and
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protease inhibitor cocktail were added, and the cells were disrupted at 20 000 PSI. The lysate was
spun down 20 000 RCF for 30 minutes, then the supernatant was spun at 100 000 RCF for 1 hour.
After filtration through a 0.2 pm nylon filter the supernatant was loaded onto HiPrep Q ion
exchange resin. The column was washed with 20 mM Tris pH 8.3 and the enzyme was eluted with
a gradient of 0 - 0.5 M NaCl in 20 mM Tris pH 8.3. The enzyme eluted at 0.15 M NaCl. (personal

communication from Warren Wakarchuk)
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Chapter 4 : Hydrolysis of polysialic acids by human neuraminidase enzymes®P

? A version of this chapter has been converted to a manuscript in preparation Hunter, C.D., Cairo,
C.W., Hydrolysis of polysialic acids by human neuraminidase enzymes.

®NEU1 was produced by Hanh-Thuc Ton Tran, and NEU2-NEU4 were expressed and purified by
C.D.H as well as other members of the Cairo Lab. Endo-N was a generous gift from Prof. Lisa

Willis. Selective neuraminidase inhibitors in Section 4.2.3 were synthesized by Dr. Tianlin Guo.
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4.1 Introduction

Hydrolysis of the glycosidic bonds of sialic acid by sialidase (neuraminidase) enzymes
modulates cell signaling by removing sialic acid epitopes or by exposing epitopes masked by sialic
acids. The regulation of sialic acid by neuraminidase enzymes plays important roles in many
biological processes including cell-cell interaction, host-pathogen interactions, and tumor
malignancy.”> 2 To date, four human neuraminidase (hNEU) isoenzymes have been identified
which differ in subcellular localization and substrate tolerance.! Small molecule inhibitors® and
unnatural sialic acid substrates*® have been valuable tools to further the understanding of ANEU
structure and substrate tolerance; however, many natural sialic acid substrates are unstable and
difficult to isolate which has impeded their study.”8

Diversity in sialic acid presentation is generated at three levels: modification to one or more
hydroxyl groups or at C-5, the attachment of glycosidic bonds (most commonly a(2—3, 6, or 8)),
and different reducing end glycans or aglycones.” Previous work in our group and others indicated
that all three levels of sialic acid diversity influence hNEU catalyzed hydrolysis, both
independently and in synergy.* '® ! These results suggest that in order to understand the
interaction of uncommon sialic acids and hNEU it is important to study a broad range of well-
defined substrates.

Polymers of a(2—8) linked sialic acids (polysialic acid, polysia) are sialylglycoconjugates
with unique chemical properties. In human systems polysia is predominantly found on NCAM,
which accounts for approximately 80 % of total polysia,'? and where chains of degrees of
polymerization (DP) up to 90 residues long have been detected.!® Polysialic acid has also been
found on synCAM,'* neuropilin,'® E-selectin,'® CD36 in human milk,!” the a-subunit of the

voltage-sensitive sodium channel'®, and on polysialyltransferases ST8Siall and ST8SiaIV.! The
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biological role of polysialic acid has generally been considered to be as a non-specific anti-
adhesive or pro-migratory molecule for cells.?®2! In recent years specific binders to polysialic acid
have emerged, including BDNF and other neurotrophins,?? and FGF2.?* Polysialyltransferase
activity regulates the activation of CD4+ T-cells** and knock-out of the polysialyltransferase
ST8SialV resulted in T-cell defects in mice.?> In some cancers dysregulation of polysia promoted
malignancy.?$? Polysialic acid regulates neuronal development and plasticity,*® and it has recently
been gaining traction as a molecule associated with mental disorders.?! In various parts of the brain
polysialic acid is increased in bipolar disorder,*? but decreased in depression,* schizophrenia,*’
and under acute stress.>* Understanding the mechanisms of polysialic acid regulation would help
to elucidate its specific roles in human health and disease.

The unique chemical properties of polysia can largely be attributed to the C-1 carboxylic
acid on the sialic acid monomers, making the polymer polyanionic at neutral pH. This polyanionic
nature causes polysia to organize large quantities of surrounding water, resulting in a large

hydration volume,*

which is influenced by charge screening from ions in the surrounding
solution.>® The carboxylic acids also influence the stability of the polymer. Like other polymers
containing carboxylic acids,?’ the pKa of the carboxylic acids of polysia increase with increasing
chain length (Scheme 4.1A).3® An intramolecular self-cleavage mechanism, where a protonated
C1 carboxylic acid acts as a proton donor to the glycosidic O2, is proposed to explain the
susceptibility of polysia to acid-catalyzed hydrolysis (Scheme 4.1B).3® Notably, polysialic acid is
known to hydrolyze even under the mild acidic conditions present in cellular compartments such
as endosomes and lysosomes.*® Protonation of the C1 carboxylate also leads to the formation of

lactones between the carboxylic acid and C9 of the neighboring reducing end residue.’®*’ The C1

carboxylate contributes to the formation of polysia tertiary structure.*!
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mechanism.>®

n=0 pKa=2.9-3.2
n=1-2 pKa=3.6-3.8
n~100 pKa=39-5.5

Scheme 4.1: Polysialic acid hydrolysis under acidic conditions A) the pKa of internal carboxylic

acids is higher than that of external carboxylic acids B) proposed intramolecular self-cleavage

The chemical properties of polysia make it challenging to study. Polysialic acid studies in
vitro have relied heavily on reducing end reactivity for the thiobarbituric acid assay,*** or 1,2-
phenylenediamines for analysis of chain length using anion exchange HPLC.* Both reducing end
chemistries require acidic conditions which would further degrade the polymer, making accurate
analysis of polysia difficult.** % In cellulo analysis of polysia has relied almost exclusively on

anti-polysia antibodies that recognize epitopes that are not always well defined.* A polysia-
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specific probe has been developed from an inactive mutant of endosialidase that binds but does
not cleave polysia,***® however, it has yet to gain traction as a common tool for polysia analysis.

Literature reports of hNEU cleaving polysialic acid are limited and often contradictory. /n
vitro and in cellulo studies have reported that NEU4 is the only isoenzyme to cleave polysialic

d,* % while another reported NEU1 to be the isoenzyme that regulates polysia.'? An in vivo

aci
study in rats detected an increase in NEUI in brain tissues upon LPS stimulation, which
corresponded to a decrease in polysia,”® and NEU1 knockdown experiments led to an increase in
polysia on hippocampal granule cells.’! Although these results provide strong evidence for NEU1
regulation of polysia, they do not provide direct evidence for NEU1 cleaving polysia. The indirect
data, contradictions in the literature, and heterogeneity of polysia substrates highlight the need for
a systematic study of polysialic acid degradation by the hNEU enzymes. Such a systematic study
should consider the chemical properties of polysialic acid and its susceptibility to non-enzymatic

hydrolysis. Our access to purified, recombinant ANEU makes us uniquely poised to carry out such

a systematic study in vitro.

4.2 Results and Discussion

4.2.1 Preparation of substrates for degradation assays.

To systematically study polysialic acid degradation we required defined polysia substrates
and a reliable method to detect polysia chain length. Reducing-end labeling of sialic acids with

1,2-phenylenediamines followed by HPLC separation is a well-established method for the analysis

53 4

of sialic acid monosaccharides®® and polymers.>* Sialic acid labeling with 1,2-
phenylenediamines requires acidic conditions which in turn promote the intramolecular self-

cleavage of polysialic acid.*® The labeling reaction has been optimized to minimize, but does not
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completely eliminate, polysia hydrolysis.** 3 Further, under acidic conditions polysia of higher
DP hydrolyzed faster than that of lower DP, so background hydrolysis from 1,2-phenyldiamine
derivatization may be inconsistent across samples.*® ** The drawbacks to determining polysia
chain length through labeling with 1,2-phenyldiamines can be circumvented by labeling the
polysia substrates prior to being submitted to their test conditions. This early labeling not only
eliminated background hydrolysis due to labeling from the polysia degradation assay, but also
allowed us to separate and isolate pools of polysialic acid of known DP using preparative HPLC
to provide defined substrates.**

The most common diamine used for sialic acid labeling is 1,2-diamino-4,5-
methylenedioxyenzene dihydrochloride (DMB) because it enables sensitive fluorescent detection.
However, DMB is unstable to both light and oxygen while being relatively expensive.>> A more
stable and inexpensive alternative,’® o-phenylenediamine (OPD, 4-1) (Scheme 4.2), provided
sufficient sensitivity for our purposes. Starting from commercially available and inexpensive
colominic acid (average DP = 100), shorter fragments of labeled polysia were produced by
reducing end labeling with OPD over 2 hours at 50 °C to promote hydrolysis to smaller chain
lengths (Scheme 4.2).>* After labeling, anion exchange chromatography with preparative HPLC
was used to isolate polymers of defined length. For our degradation assays we generated pools of
short chain (DP 3-8) and long chain (DP 10-20) sialic acids, which we henceforth refer to as oligo-
and poly-sialic acid, respectively.* These lengths were selected based on conformational studies
that suggested polysialic acid can adopt helical structures where one helical turn is 8-9 sialic acid
residues. #3738 This model indicates that oligosia (DP < 8) may have a different tertiary structure
relative to longer chain polysia (DP 10+), which we reasoned could influence its availability for

hNEU-catalyzed hydrolysis.

112



OH n~100 NH OH n<100 OH n = 3-8, 10-20
HO COOH @ 2 HO COOH HO COOH
H H
\n,N 2 NH, N o N o
HO 41 Rg™ HPLC Y o
o OH (o) _ = o OH o ——— L g OH [¢)
HO TFA purification Ho
oo i NN NN
n () OH n OH n OH
HO oH HO OH HO OH
o OH i OH
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Figure 4.1: Representative runs of oligosia (A-C) and polysia (D-F) degradation assays. Samples
were measured after 5 hrs at 37 °C where the grey chromatogram indicates time = 0, and the black
chromatogram indicates treatment with A,D) pH 4.5 control B,E) 1 mU NEU3 C,F) 65 pg/mL

Endo-N.

To study the degradation of oligo- and polysia, we implemented an endpoint assay where
the labeled substrates were incubated with neuraminidase for 5 hrs at 37 °C before quenching. The

samples were analyzed by HPLC using anion exchange chromatography (DNAPac PA-100) to
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separate polymers of different DP. To generate a succinct data output we calculated a weighted
average of the peak areas from the raw data (Figure 4.1) to produce an average degree of
polymerization. Because polymers of sialic acid undergo intramolecular self-cleavage under
mildly acidic conditions, and the pH optimum of hNEU is also acidic (4.5 for NEU1, NEU3, and
NEU4 and 5.5 for NEU2); enzyme-free pH controls were implemented in addition to a time = 0
control (Figure 4.2). The enzyme-free controls used hNEU storage buffer to ensure consistency
in pH and salt concentration (see Section 4.4). Pooled oligosia (DP 3-8) and polysia (DP 10-20)
were stable at pH 7 over the 5 hour experiment, in agreement with previous results,” and only
underwent minor hydrolysis at pH 5.5. At pH 4.5 oligosia had a ADP of -0.82 + 0.03 over 5 hours
(a decrease in molecular weight of 50.7 g mol !/hr)(Figure 4.1A), and hydrolysis occurred more
rapidly for polysia (Figure 4.1D, Figure 4.2) (ADP -4.2 £ 0.1, -247.6 g mol !/hr), consistent with
previous reports.®® * Taken together, these data agree with the postulated intramolecular self
cleavage introduced by Varki and coworkers where a protonated carboxylic acid with unusually
high pKa (3.91-5.53 for DP = 100) provides an intramolecular proton transfer to catalyze the

hydrolysis reaction (Scheme 4.1).%
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Figure 4.2: Enzyme-free hydrolysis of oligosia and polysia over 5 hours at pH 4.5, 5.5 and 7.
Hydrolysis is presented as -ADP (over 5 hrs), the change in the average degree of polymerization
of the sample, with data normalized to time = 0. Results are presented as means of triplicate

experiments with error bars denoting standard deviation.

Bearing in mind that pH has a strong influence on enzyme-independent hydrolysis of
oligosia and polysia, we tested oligosia degradation by neuraminidases both at the enzyme
optimum pH (4.5 for NEU1, NEU3, NEU4 and 5.5 for NEU2) as well as at pH 7.
Endoneuraminidase-N (Endo-N, from E. coli K1 bacteriophage) was used as a positive control and
has endoneuraminidase activity which could not be normalized using our exosialidase enzyme
activity assay based on 4MU-NANA. Endo-N treatment (65 pg/mL)% of oligosia converted most
of the sample to monosaccharide (Figure 4.1C) at both pH 4.5 and pH 7 (Figure 4.3A), confirming
that the reducing-end labeling conditions did not disrupt the structure of oligosia. We note that a
previous study found that Endo-N has low activity at pH 7;%° however, since our assay was not
optimized to study Endo-N specificity we may not expect to observe Endo-N preferences under

these conditions. We were surprised to observe that neuraminidase from A. ureafaciens, reported
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compared to the pH controls at both pH 4.5 and pH 7 (Figure 4.3B).

B) A. ureafaciens

to be a universal neuraminidase for 0(2—3,6,8,9) linked sialic acids,*>¢! did not hydrolyze oligosia
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Figure 4.3: Neuraminidase-catalyzed degradation assays. Enzyme activity was normalized to 1

mU enzyme activity apart from endo N, for which enzyme activity could not be normalized and



so was used at 65 pg/mL, and NEU1 which was normalized to 0.5 mU. For NEU3 at pH 7, 0.75
mU of enzyme activity was used due to its low activity away from the enzyme optimum pH.
Results are presented as means of triplicate experiments with error bars denoting standard

deviation. Unpaired t-tests were performed comparing the enzymatic conditions to their respective

pH controls, where * = p < 0.05 and **** = p<0.0001.

The hNEU isoenzymes exhibited different activity towards oligosia depending on pH. The
enzyme activity for all neuraminidase enzymes was normalized to 0.5-1 mU at the pH used for the
degradation assay. At the enzyme optimum pH, NEU3 hydrolyzed oligosia fastest with a ADP of
-2.00 + 0.04 compared to -0.82 £ 0.03 for the pH 4.5 control (Figure 4.3E). The NEU4 isoenzyme
also had significant activity on oligosia (ADP of -1.53 + 0.01, Figure 4.3F). At its optimum pH
(5.5) NEU2 did not show detectable hydrolysis of oligosia relative to the pH control (Figure 4.3D),
nor did it have activity at a more acidic pH (4.5, data not shown). These results agree with reports
that NEU2 has a strong preference for a(2—3) over a(2—6) and a(2—8) linked sialic acids and
that it does not to cleave colominic acid.®® Previous studies in our group and others suggest that
the NEU2 active site pocket that accommodates the glycerol chain is very constrained, limiting its
substrate tolerance.'” © We observed moderate, but detectable, enzyme-catalyzed hydrolysis by
NEUI at pH 4.5 (Figure 4.3C). Our NEU1 enzyme preparation was not active at pH 7, preventing
measurement under this condition. In general, hANEU isoenzymes showed activity at acidic enzyme
optimum pH (except for NEU2); however, none of the hNEU cleaved oligosia at pH 7. This
observation suggests that oligosia is not degraded by hNEU at the cell surface in vivo.

We proceeded to test hNEU activity on polysia (DP 10-20) at the enzyme optimum pH
(Figure 4.3). Our results showed that with the exception the Endo-N positive control, none of the

neuraminidases tested had appreciable activity on polysia. NEU2 treatment showed a small but
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significantly different ADP compared to the pH 5.5 control (p < 0.05), suggesting that it may be
cleaving polysia. We note that NEU3 treatment had a similarly significant (p < 0.05) ADP
compared to its control which suggested that the DP was increasing slightly with treatment. Taken
together, we ascribe both of these observations to noise in the assay rather than authentic
differences in enzyme activity. We conclude that all four hNEU isoenzymes have minimal or no
activity towards polysia. We note that previous reports found that NEU2 did not cleave colominic

acid.®?

4.2.3 Inhibition of oligosia degradation by selective hNEU inhibitors

Our group and others have developed isoenzyme specific inhibitors of hNEU.%%® We have
previously demonstrated that our NEU3% and NEU4% inhibitors can block glycolipid processing
in vitro. To confirm that oligosia degradation under hNEU treatment conditions was a result of
neuraminidase activity, we used a NEU4 selective inhibitor (Figure 4.4, 4-2) to block hydrolysis
of oligosia by NEU4.% Addition of the inhibitor to the assay mixture at 1.6 pM (10x the ICso
concentration measured on a fluorescent substrate)®> gave a ADP identical to the pH control
(Figure 4.3F), indicating that NEU4-catalyzed hydrolysis of oligosia was completely blocked by
the NEU4-selective inhibitor. This result confirmed that the additional hydrolysis compared to the

pH controls under hNEU treatment conditions could be attributed to hNEU activity.
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Figure 4.4: Structures of selective hNEU inhibitors. NEU4 inhibitor 4-2 was is 500-fold selective

for NEU4 and NEU1 inhibitor 4-3 is 300-fold selective for NEU1.

A selective hNEU inhibitor was also used to confirm NEUI activity. While NEU2-NEU4
were expressed in E. coli as recombinant MBP fusion proteins, NEU1 was overexpressed in
HEK?293 cells from a crude cell lysate.!” We previously confirmed that all neuraminidase activity
present in the sample was from NEU1 !© (see Chapter 2) but considering the sensitivity of
oligosia/polysia to small changes in pH and salt concentration (vide infra) we could not use the
enzyme-free conditions as controls for NEU1. Instead, we used selective NEU1 inhibitor 4-3% at
10x the ICso concentration (Figure 4.3C) which confirmed that the differences observed could be
attributed to NEU1 enzyme activity on oligosia. As with the other isoenzymes, we did not observe

NEUT1 activity towards polysia compared to the control.

4.2.4 Influence of salt concentration on oligosia degradation.

Our systematic investigation of hNEU activity on oligosia/polysia provides evidence that
hNEU may only cleave short polymers of sialic acid and only at the acidic enzyme optimum pH.
We hypothesize that these results could be explained through two factors 1) the relative ionic
strength of polysia to the surrounding solution influencing association kinetics of the substrate to

hNEU, or 2) different conformations of the polymer. These two factors would be difficult to isolate
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experimentally because conformational studies on polysia suggest that the carboxyl group is
integral to its conformation.*!:>” The relative ionic strength of the solution to the polymer can be
changed either by altering the charge on the polymer, as we did by changing the pH of the solution
and the polymer length, or by varying the salt concentration of the solution. To test whether the
relative ionic strength of the polymer influenced its accessibility to hNEU, we monitored oligosia
hydrolysis at three different salt concentrations: 260 mM (used in our assays, 150 mM
NaOACc/HEPES from assay buffer, 100 mM NaCl, 10 mM MOPs from hNEU buffer), 160 mM
(150 mM NaOAc HEPES, 10 mM MOPS), and 80 mM (75 mM NaOAc HEPES, 5 mM MOPS).
Similar to changing the charge on polysialic acid, changing the salt concentration of the
buffer also had an effect on oligosia hydrolysis (Figure 4.5). Increasing the salt concentration had
a small protective effect against hNEU-independent hydrolysis, which was consistent with an
observation reported by Manzi et al.*® Analogous to our results from altering the charge on polysia,
in our system varying the salt concentration of the buffer did not change the ADP after Endo-N
treatment. Conversely, higher salt concentration correlated with an increase in NEU4-catalyzed
hydrolysis of oligosia. These data make sense when considering the polyanionic nature of
oligosia/polysia. A previous study demonstrated that decreasing salt concentrations increased the
anti-adhesive properties of polysialic acid by reducing charge screening and changing the
hydration volume of polysialic acid.*® In this context, our experiments suggest that the relative
ionic strength of oligosia/polysia may influence the association kinetics of the polymer to the
enzyme. Although our experiments with varying salt concentrations support ionic strength of the
polymer as a barrier to hNEU catalyzed hydrolysis of polysia, they do not rule out conformational
differences between oligosia and polysia which may act as a barrier for hNEU catalysis.

Considering the influence of the C1 carboxyl group on polysia conformation,*' we propose that
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the results of this study are likely best explained by changes in both polysia charge and

conformation.

Figure 4.5: Effect of buffer salt concentrations on oligosia hydrolysis. Each point represents a
mean of triplicate experiments with error bars denoting one standard deviation. Enzyme activity
was normalized to 1 mU with the exception of Endo-N, which was used at 65 pg/mL. Unpaired t-
tests were performed comparing the enzymatic conditions to the pH control at each buffer

concentration, where * = p <0.05 ** =p <0.01, **** =p < 0.0001.

4.2.5 The ongoing challenge of studying polysia.

The sensitivity of our degradation assays to different salt concentrations highlights the
challenge of studying polysialic acid in a controlled and reliable manner. The unique chemistry of
polysia makes it a challenging target. Factors which complicate the study of polysialic acid include
the DP, sample consistency, pH, salt concentration, and methods of detection. This challenge
becomes apparent when reviewing the literature for examples of neuraminidase activity towards
polysialic acid.
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Neuraminidase from Arthrobacter ureafaciens is reported to be an o(2—3,6,8,9)

neuraminidase*? ©!

and has been used to degrade polysia to smaller DP for both preparatory
purposes and in the analysis of polysialic acid degradation. In fact, colominic acid has been used
as a substrate to determine enzymatic activity of A. ureafaciens neuraminidase; however, the
released sialic acid was detected using the thiobarbituric acid assay which requires the sample to
be subjected to both strong acid and boiling.*> % Many reports using A. ureafaciens neuraminidase
for preparatory purposes employed large amounts of enzyme for small amounts of polysia at acidic
pH, which would promote hydrolysis of polysia independent of enzyme activity.!* 3% 70 In
analytical studies of polysia degradation, A. ureafaciens neuraminidase released approximately 10
% of available monosaccharides from oligosia over 80 minutes, although the enzyme activity used
was not reported.”! High concentrations of 4. ureafaciens neuraminidase (10-fold higher enzyme
activity than in this study) was reported to hydrolyze polysia qualitatively faster than a pH
control.” In this context, our observation that A. ureafaciens neuraminidase did not cleave
oligosia/polysia indicates that activity of the enzyme towards polysialic acid could be much lower
than is generally considered; and may be attributed to acid-catalyzed hydrolysis.

Apart from NEU3, all hNEU have been reported to hydrolyze oligosia at their enzyme
optimum pH in vitro. In one study, murine NEU2 and NEU4 exhibited similar activity towards
oligosia while NEU1 was approximately twice as active on the substrate. Monosaccharide release
was detected after DMB derivatization’! Conversely, a study of murine sialidases determined that
only NEU4 cleaved oligosia where the initial DP was either 2 or 6. Monosaccharide release was
measured using the thiobarbituric acid assay*’ The study also used anti-polysia antibodies to show

that NEU4b could cleave polysialic acid in vitro and in cellulo. The antibodies used (12E3 and

12F8) recognize epitopes of DP > 5 and an undefined epitope, respectively.*’ In contrast to our
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observation that no hNEU were active on oligosia at pH 7, they detected murine NEU4b-catalyzed
removal of polysia from NCAM in vitro at near-neutral pH.** The results of the study were in
disagreement with a previous study by the same group that used anti-polysialylated NCAM
antibodies to determine that murine NEU4a was the active isoenzyme on polysialylated NCAM.*
Data in the literature further deviate from consensus when considering more recent studies that
point to NEU1, not NEU4, as the isoenzyme involved in polysia regulation in mouse microglial
cells after an inflammatory stimulus. Polysialic acid was detected with the 12E3 anti-polysia
antibody, and polysia disappearance could be blocked by a general neuraminidase inhibitor.'?> An
in vivo study using anti-polysia mAb 735 detected a decrease in polysia upon LPS stimulation that
corresponded to an increase in NEU1.%°

The data presented in this study suggest that polysialic acid regulation and turnover may
be largely independent of neuraminidase-catalyzed hydrolysis of polysialic acid, although follow-
up studies will be necessary to confirm this result. This idea is not baseless. In vitro studies
showing enzyme-free polysialic acid hydrolysis under mild acidic conditions prompted
speculation that enzyme-free hydrolysis of polysia may occur in the acidic environments of
endosomes and lysosomes.® 7> ™ Evidence for this mechanism of polysia turnover is emerging.
Desialylation of polysialylated NCAM was found to be dependent on endocytosis.”> More
recently, an antibody specific for polysialic acid (DP >3) was internalized by cells — likely through
antibody-induced receptor internalization - and co-localized with endosomal and lysosomal

markers.”® Further investigation of polysia trafficking and degradation, as well as follow-up studies

of hNEU activity on polysia will be essential to elucidate the mechanisms of polysia regulation.

4.3 Conclusion
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The lack of agreement throughout the literature on polysialic acid degradation emphasizes
the unique chemistry of this substrate and the challenges impeding its study. Herein, we have
reported the first systematic study of polysialic acid degradation with all four ANEU enzymes. Our
assay design has enabled us to directly compare several factors that influence polysia degradation
kinetics, including degree of polymerization, pH, and relative ionic strength of the surrounding
media. Our results suggest that hANEU can only hydrolyze polymers of sialic acid with short degree
of polymerization at acidic pH, and we provide evidence to suggest that the relative ionic strength
of polysia influences its susceptibility to hNEU-catalyzed hydrolysis. We hypothesize that ANEU
activity towards polysia depends both on the relative ionic strength to the solution and the
conformation of the substrate because these factors are not likely independent of one another.
Further study of polysia conformation would be required to confirm this hypothesis. Our findings
provide a base that can be used as a foundation for future work into the interesting chemistry and

biology of polysialic acid.

4.4 Materials and Methods

4.4.1 General methods

All reagents were purchased from commercial sources and used without further purification unless
otherwise noted. HPLC was performed with a Waters Delta 600 pump, and a Waters 600 controller
with Empower 2 software. Eluted peaks were detected with a Waters 2996 photodiode array (PDA)
detector (Waters Ltd.). Neuraminidase from A. ureafaciens was purchased from Millipore Sigma.
Endo-N was a generous gift from Dr. Lisa Willis. Human neuraminidase enzymes NEU2-NEU4
were expressed as fusion proteins with maltose binding protein and were purified as described.*

7778 Human neuraminidase enzyme NEU1 was produced from HEK293E cells and was used as a
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crude cell lysate.!? Specific activity of the exosialidase enzymes was determined in comparison to
a standard curve of neuraminidase from Clostridium perfringens against 4-methylumbelliferyl a-
D-N-acetylneuraminic acid (4MU-NANA). Neuraminidase activity was normalized to 1 mU, with
exceptions. Our NEU1 expression systems has lower activity'® than the other isoenzymes so 0.5
mU NEU1 was used at pH 4.5. At pH 7, NEU1 had no activity and NEU3 had lower activity, so
was used at 0.75 mU. Endo-N could not be normalized using the exosialidase assay so was used
at 65 pg/mL. Unless otherwise stated, results reported are technical replicates, with preliminary

independent replicates confirming the trends reported.

4.4.2 Oligo- and polysialic acid sample preparation

Colominic acid (average MW 30 000 kDa, 45 mg) was dissolved in 4.5 mL of 0.25 M -
mercaptoethanol, 9 mM Na;S,04, and 20 mM trifluoroacetic acid. 8 mg (0.07 mmol) of 1,2-
phenylenediamine was added and the mixture was heated at 50 °C for 2 hrs. 10 pL of 28 % NH4OH
was added and the mixture was incubated at 37 °C for 2 hrs.>%

Labelled polysialic acid was separated on a DNA Pac PA-100 anion exchange column (9
x 250 mm) with a gradient of 2 M NH4OAc (pH 8) in water 3 mL/min: 0%, 0%, 20%, 25%, 32.5%,
100%, 100%, at 0, 5, 20, 35, 45, 48, 55 minutes, respectively.*** Peaks were detected at 350 nm.
Fractions were collected and pooled to obtain oligosialic acid (DP 3-8) and polysialic acid (DP 10-
20). For oligosialic acid, solvent was removed under vacuum and remaining salt was removed by
repeated washes through a centrifugal filter unit (3 kDa MWCO) before lyophilization. For
polysialic acid solvent was concentrated under vacuum and salt was removed by dialysis (3 kDa

MWCO) followed by repeated washes through a centrifugal filter unit (3kDa MWCO), before

lyophilization.
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4.4.3 Oligo- and polysialic acid hydrolysis assays

To aliquots of oligo- or polysialic acid (0.1 mg of oligo- or 0.8 mg of poly-) 20 uL of assay
buffer was added. Unless otherwise stated, the assay buffer was 0.3 M sodium acetate HEPES at
pH 4.5, 5.5, or 7. For controls, 20 pL of neuraminidase buffer (0.2 M NaCl, 20 mM MOPS, 10
mM maltose and 10% glycerol, pH 7.2) was added and for enzymatic assays 20 uL. of 1 mU of
enzyme in neuraminidase buffer was added (for NEU1, 0.5 mU of enzyme in 1X RIPA buffer was
used). Mixtures were incubated at 37 °C for 5 hrs. 10 puL of ethanol and 30 uL of 0.2 M NH4OAc
pH 8 with 1 mM benzoic acid were added. The mixture was washed through a centrifugal filter
unit (30 kDa MWCO) at 14 000 rpm for 30 min and the filtrate was analyzed after separation on a
DNA Pac PA-100 anion exchange column (4 x 150 mm), with monitoring at 350 nm. The gradient
was 2 M NH4OAc (pH 8) in water 2 mL/min: : 0%, 0%, 20%, 25%, 100%, 100%, at 0, 5, 20, 35,
38, 43 minutes, respectively (oligosia) or : 0%, 0%, 20%, 25%, 32.5%, 100%, 100%, at 0, 5, 20,
35, 45, 48, 55 minutes, respectively (polysia).

For inhibitor assays NEU1 or NEU4 was incubated with their respective inhibitors for 10
minutes at room temperature prior to addition to the oligosialic acid. Final concentrations of each
inhibitor was 10x their Icso values. For the NEU1 inhibitor (C5-hexanamido-C9-acetamido-
DANA) the concentration was 1.4 uM,% and for the NEU4 inhibitor (9-[4-hydroxymethyl-
[1,2,3]triazol-1-yl]-2,3-didehydro-N-acetylneuraminic acid, C9-4HMT-DANA) the concentration

was 1.6 uM.”
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5.1 General Conclusions

Sialic acids have exceptionally heterogeneous presentations in biological systems;
however, many methods used to study sialic acids do not account for that heterogeneity (as
discussed in Chapter 1). As a result, many roles of sialic acids remain unclear. The metabolism of
sialic acids by human neuraminidase enzymes is influenced by the heterogeneity of sialic acid
presentation, but the substrate tolerance of these enzymes towards various unstable sialic acids is
poorly understood. This thesis has investigated the role of sialic acid modifications in hNEU
metabolism of sialosides using model and glycoprotein substrates. In Chapters 2 and 3, we
investigated hNEU tolerance of 9-O-acetylated sialic acids (Neu5,9Acz). We observed a general
preference for NeuSAc over Neu5,9Ac;, and found that the degree of this preference was
dependent on sialic acid glycosidic linkage and aglycone,! indicating that an understanding of the
context of sialic acid presentation is important to understanding its metabolism by hNEU. In
Chapter 4 we implemented the first systematic study of polysialic acid metabolism by hNEU. We
found that shorter polymers with degrees of polymerization (DP) of 3-8 were hydrolyzed by
hNEU; however, we did not observe hNEU-catalyzed hydrolysis of longer polymers (DP 10-20).
We provide evidence for relative ionic strenght of polysialic acid as a factor changing its
availability to hNEU. Overall, we note the importance of considering the larger context of sialic
acid presentation when studying its metabolism by hNEU - whether it be the glycosidic linkage
and reducing end substituents influencing hNEU tolerance of Neu5,9Ac;, or DP influencing

hNEU-catalyzed hydrolysis of polysia.

5.2 Methods to study sialic acid metabolism by hNEU
Our studies of sialic acid metabolism by hNEU required adaptation and expansion of the

known methods to monitor sialic acid metabolism to account for increasingly complex sialoside
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substrates. Our initial studies in hNEU specificity for Neu5,9Ac, were with the simple fluorogenic
substrate 4AMU-NANA (4-methyllumbelliferyl-N-acetylneuraminic acid)! which does not have a
glycosidic bond to a reducing end sugar and contains an aromatic aglycone (see Section 1.5.2).
We expanded the substrate scope to octyl sialyllactoside mimics (with a(2—3) or o(2—6) linked
sialosides) of the monosialo-ganglioside GM3.! hNEU specificity studies with these octyl
sialyllactoside substrates required adaptation of sialic acid detection using malononitrile for

enzyme kinetics® (see Section 1.4.1).

More complex substrates such as glycoprotein and disialo substrates were not amenable to
hNEU assays using malononitrile. To study hNEU specificity towards a Neu5,9Ac:-enriched
glycoprotein we needed a method that could distinguish between modified sialic acids, so we used
reducing end derivatization with a 1,2-phenylenediamine (see Section 1.4.1). This strategy has
been used to study bacterial neuraminidase specificity® # but was optimized to study the hNEU
which have significantly lower activity. To study hNEU specificity on disialo substrates with
a(2—8)-linked sialic acids we could not use a method to detect free sialic acids because they do
not discriminate between glycosidic linkages. Instead we designed substrates with a chromophore
in the aglycone that could be resolved using HPLC. This approach should be useful for studying

hNEU kinetics on any glycolipid substrate with multiple sialic acids.

The problem of accounting for multiple sialic acids is also apparent in the study of
polysialic acid (polysia) metabolism. Reducing end labeling with 1,2-phenylenediamines followed
by analysis using anion exchange HPLC is a popular method for DP analysis of polysia,’ but the
conditions required for derivatization cause acid-catalyzed hydrolysis of the polymer.® By labeling
polysia prior to enzymatic conditions, we could directly monitor enzymatic degradation of the

polymer. The informed selection of methods to study sialic acid metabolism that accounts for the
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chemical properties and diversity of sialic acids is essential to provide interpretable data in these

systems.

5.3 Metabolism of modified sialic acids by hNEU on complex biological samples.

The workflow we developed to study hNEU activity on bovine submaxillary mucin is
amenable to studying hNEU activity on more complex biological samples. Not only could the
method be used to study other sialoglycoproteins, but potentially cell and tissue samples — provided
potential contamination by pyruvate was accounted for. Reported methods for glycoprotein and
ganglioside extraction from tissue samples do not require harsh acidic or basic conditions’ and
should be compatible with particularly unstable sialosides such as O-acetylated sialic acids.

Mouse erythrocytes almost exclusively have O-acetylated sialic acids.®  Considering the
importance of sialic acid spatial distribution on their function,'® mouse erythrocytes would be a
good model for future studies of hNEU activity towards Neu5,9Ac; on complex biological samples

and could provide insight into their physiological roles

5.4 hNEU metabolism of aryl glycolipids

In the work presented herein we were not able to complete the synthesis of Neu5,9Ac»-
GD3 aryl glycolipids 3-8 and 3-10. Future studies should look towards a sialic acid 9-O-
acetyltransferase (SOAT) enzyme to acetylate Neu5SAc-GD3 substrate 3-7.!! This approach has
the potential to have higher yields than our original approach because the yield of the one-pot
multienzyme sialylations are low when run at neutral pH to preserve the ester of Neu5,9Ac:.

The HPLC assay for aryl glycolipids could be applied to other disialo glycolipid substrates.
The hNEU are reported to have a particular intolerance for a(2—8)-Neu5Gc.!> The enzyme

activity of hNEU towards Neu5Gc-GD3 analogues could be studied by this method. Kinetic data
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for ANEU metabolism of ganglioside substrates is limited and has relied on TLC methods.!* '* The
kinetics of any glycolipid — particularly those with more than one sialic acid — can be monitored
effectively using this approach.

An alternate approach to studying hNEU substrate tolerance on complex glycolipid glycans
with HPLC is to use mass spectrometry, which is generally faster and more sensitive. In Chapter
2, we detailed our collaboration with the Klassen group where they used ESI-MS to monitor hNEU
activity on our octyl sialyllactoside substrates. The relative rates observed with ESI-MS agreed
with those obtained by solution-phase methods, however, the method required internal standards
to normalize the response factor.! Recently, an ESI-MS approach to studying protein-glycan
binding interactions without internal standards was developed.'®> The competitive universal proxy
receptor assay (CUPRA) would not be amenable to studying glycolipid analogs, but could be used

to study hNEU kinetics on the carbohydrate moiety of glycolipids.'

5.5 Polysialic acid

Our systematic study of hNEU activity towards polysialic acid identified new questions
surrounding polysia metabolism. The data presented herein should be followed up by studies with
better mimics of natural polysia substrates. A follow-up with hNEU activity on polysialylated
glycoproteins would help to confirm the results of this study. The controlled polysialylation of
glycoproteins has been reported'® and could be used to generate short and long polysialic acid on
a glycoprotein. /n cellulo data would be necessary to confirm the results obtained in in vitro studies.
Polysialic acid immobilized on beads could be an effective probe of extracellular neuraminidase
activity.

Changes in polysialic acid hydration and conformation may both be contributing factors to

the resistance of polysia against hNEU-catalyzed hydrolysis. We found evidence that suggests that
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the relative ionic strength of the polymer may influence the association of polysia to the hNEU.
Experiments with divalent cations such as calcium and magnesium at their physiologically relevant
concentrations would also help to illuminate the influence of salts on polysia regulation. Relative
ionic strength and conformation are not likely to be independent factors. Conformational studies
using NMR!” 18 would help to elucidate the role polysia conformation may have in blocking
hNEU-catalyzed hydrolysis of polysia.

There are still significant barriers to accurate DP analysis of polysia — both in polysia
release from glycoconjugates and in polysia labeling. Current labelling chemistries require acidic
conditions that result in hydrolysis of the polymer.> ® Release of the polysia from a glycoprotein
is typically accomplished using acidic conditions that not only hydrolyze the glycosidic bond
between galactose and sialic acid, but also the bonds between sialic acid monomers in polysia.'®
An alternative to polysia release from the glycan using acidic conditions is to use an endo-B3-
galactosidase to cleave the bond between the galactose and N-acetylglucosamine.® This method
releases polysia from glycoconjugates without hydrolysis of the polymer but the substrate

specificity of the endo-B-galactosidase is limited.* A mild labeling chemistry that does not result

in polysia hydrolysis would also be an invaluable tool for polysia analysis.

5.6 Outlook

Many sialic acid presentations are unstable and difficult to isolate or synthesize, which has
resulted in a shortage of molecular data to describe their regulation. In this thesis [ have developed
methods to study the substrate tolerance of the human neuraminidase isoenzymes towards some
of these unstable sialic acids: namely, 9-O-acetylated sialic acids and polysialic acids. This work
should inform future study into the roles of these sialosides and hNEU in human health and disease.

Discrimination of 9-O-acetylated sialosides by hNEU may provide a biochemical link between
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sialic acid O-acetyltransferase and O-acetylesterase activities and hNEU regulation of sialosides.

Our observation that hANEU did not hydrolyze polysia with DP 10+ suggests the potential for an

alternate mechanisms of polysialic acid turnover. Finally, the work presented in this thesis

highlights the intricacies of sialic acid presentation and emphasizes the importance of diverse

chemical biology methods to study the roles of sialic acids and their presentation in biological

systems.

5.7 References

1.

Hunter, C.D., Khanna, N., Richards, M.R., Rezaei Darestani, R., Zou, C., Klassen, J.S.,
and Cairo, C.W. (2018) Human neuraminidase isoenzymes show variable activities for 9-
O-acetyl-sialoside substrates. ACS Chemical Biology, 13, 4, 922-932.

Markely, L.R.A., Ong, B.T., Hoi, K.M., Teo, G., Lu, M.Y., and Wang, D.I. (2010) A high-
throughput method for quantification of glycoprotein sialylation. Analytical Biochemistry,
407, 1, 128-133.

Robinson, L.S., Lewis, W.G., and Lewis, A.L. (2017) The sialate O-acetylesterase EstA
from gut Bacteroidetes species enables sialidase-mediated cross-species foraging of 9-O-
acetylated sialoglycans. Journal of Biological Chemistry, 292,28, 11861-11872.
Robinson, L.S., Schwebke, J., Lewis, W.G., and Lewis, A.L. (2019) Identification and
characterization of NanH2 and NanH3, enzymes responsible for sialidase activity in the
vaginal bacterium Gardnerella vaginalis. Journal of Biological Chemistry, 294, 14, 5230-
5245.

Inoue, S., Lin, S.-L., Lee, Y.C., and Inoue, Y. (2001) An ultrasensitive chemical method
for polysialic acid analysis. Glycobiology, 11,9, 759-767.

Nakata, D. and Troy, F.A. (2005) Degree of Polymerization (DP) of Polysialic Acid
(PolySia) on Neural Cell Adhesion Molecules (N-CAMs) DEVELOPMENT AND
APPLICATION OF A NEW STRATEGY TO ACCURATELY DETERMINE THE DP
OF polySIA CHAINS ON N-CAMS. Journal of Biological Chemistry, 280, 46, 38305-
38316.

Demina, E.P., Pierre, W.C., Nguyen, A.L., Londono, ., Reiz, B., Zou, C., Chakraberty, R.,
Cairo, C.W., Pshezhetsky, A.V., and Lodygensky, G.A. (2018) Persistent reduction in
sialylation of cerebral glycoproteins following postnatal inflammatory exposure. Journal
of Neuroinflammation, 15, 1, 336, DOI:10.1186/s12974-018-1367-2.

Reuter, G., Vliegenthart, J.F., Wember, M., Schauer, R., and Howard, R.J. (1980)
Identification of 9-O-acetyl-N-acetylneuraminic acid on the surface of BALB/c mouse
erythrocytes. Biochemical and Biophysical Research Communications, 94, 2, 567-572.
Spiller, F., Nycholat, C.M., Kikuchi, C., Paulson, J.C., and Macauley, M.S. (2018) Murine
red blood cells lack ligands for B cell siglecs, allowing strong activation by erythrocyte
surface antigens. The Journal of Immunology, 200, 3, 949-956.

139



10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Cohen, M. and Varki, A. (2010) The sialome—far more than the sum of its parts. Omics:
A Journal of Integrative Biology, 14, 4, 455-464.

Houliston, R.S., Endtz, H.P., Yuki, N., Li, J., Jarrell, H.C., Koga, M., Van Belkum, A.,
Karwaski, M.-F., Wakarchuk, W.W., and Gilbert, M. (2006) Identification of a Sialate O-
Acetyltransferase from Campylobacter jejuni: DEMONSTRATION OF DIRECT
TRANSFER TO THE C-9 POSITION OF TERMINALa-2, 8-LINKED SIALIC ACID.
Journal of Biological Chemistry, 281, 17, 11480-11486.

Davies, L.R.L., Pearce, O.M.T., Tessier, M.B., Assar, S., Smutova, V., Pajunen, M.,
Sumida, M., Sato, C., Kitajima, K., Finne, J., Gagneux, P., Pshezhetsky, A., Woods, R.,
and Varki, A. (2012) Metabolism of Vertebrate Amino Sugars with N-Glycolyl Groups:
Resistance of a2—8-linked N-glycolylneuraminic acid to enzymatic cleavage Journal of
Biological Chemistry, 287, 34,28917-28931.

Monti, E., Bassi, M., Papini, N., Riboni, M., Manzoni, M., Venerando, B., Croci, G., Preti,
A., Ballabio, A., Tettamanti, G., and Borsani, G. (2000) Identification and expression of
NEUS3, a novel human sialidase associated to the plasma membrane. Biochemical Journal,
349, 343-351.

Tringali, C., Papini, N., Fusi, P., Croci, G., Borsani, G., Preti, A., Tortora, P., Tettamanti,
G., Venerando, B., and Monti, E. (2004) Properties of Recombinant Human Cytosolic
Sialidase HsSNEU2: The enzyme hydrolyzes monomerically dispersed GM1 ganglioside
molecules. Journal of Biological Chemistry, 279, 5, 3169-3179.

Kitov, P.I,, Kitova, E.N., Han, L., Li, Z., Jung, J., Rodrigues, E., Hunter, C.D., Cairo, C.W.,
Macauley, M.S., and Klassen, J.S. (2019) A quantitative, high-throughput method
identifies protein—glycan interactions via mass spectrometry. Communications Biology, 2,
1,268, DOI:10.1038/s42003-019-0507-2.

Lindhout, T., Igbal, U., Willis, L.M., Reid, A.N., Li, J., Liu, X., Moreno, M., and
Wakarchuk, W.W. (2011) Site-specific enzymatic polysialylation of therapeutic proteins
using bacterial enzymes. Proceedings of the National Academy of Sciences, 108, 18, 7397-
7402.

Azurmendi, H.F., Vionnet, J., Wrightson, L., Trinh, L.B., Shiloach, J., and Freedberg, D.I.
(2007) Extracellular structure of polysialic acid explored by on cell solution NMR.
Proceedings of the National Academy of Sciences, 104, 28, 11557-11561.

Battistel, M.D., Shangold, M., Trinh, L., Shiloach, J., and Freedberg, D.N.I. (2012)
Evidence for helical structure in a tetramer of 02-8 sialic acid: unveiling a structural
antigen. Journal of the American Chemical Society, 134, 26, 10717-10720.

Inoue, S. and Inoue, Y. (2003) Ultrasensitive Analysis of Sialic Acids and Oligo
Polysialic Acids by Fluorometric High-Performance Liquid Chromatography, in Methods
in Enzymology. Elsevier. 543-560.

Galuska, S.P., Oltmann-Norden, 1., Geyer, H., Weinhold, B., Kuchelmeister, K.,
Hildebrandt, H., Gerardy-Schahn, R., Geyer, R., and Miihlenhoff, M. (2006) Polysialic
acid profiles of mice expressing variant allelic combinations of the polysialyltransferases
ST8Siall and ST8SialV. Journal of Biological Chemistry, 281, 42,31605-31615.

140



A.1 Bibliography

141



Aalto, J., Pelkonen, S., Kalimo, H., and Finne, J. (2001) Mutant bacteriophage with non-
catalytic endosialidase binds to both bacterial and eukaryotic polysialic acid and can be
used as probe for its detection. Glycoconjugate Journal, 18, 10, 751-758.

Aamelfot, M., Dale, O.B., Weli, S.C., Koppang, E.O., and Falk, K. (2014) The in situ
distribution of glycoprotein-bound 4-O-Acetylated sialic acids in vertebrates.
Glycoconjugate Journal, 31, 4, 327-335.

Abe, C., Yi, Y., Hane, M., Kitajima, K., and Sato, C. (2019) Acute stress-induced change
in polysialic acid levels mediated by sialidase in mouse brain. Scientific Reports, 9, 1, 9950,
DOI:10.1038/s41598-019-46240-6.

Albohy, A., Li, M.D., Zheng, R.B., Zou, C., and Cairo, C.W. (2010) Insight into substrate
recognition and catalysis by the human neuraminidase 3 (NEU3) through molecular
modeling and site-directed mutagenesis. Glycobiology, 20,9, 1127-1138.

Albohy, A., Richards, M.R., and Cairo, C.W. (2015) Mapping substrate interactions of the
human membrane-associated neuraminidase, NEU3, using STD NMR. Glycobiology, 25,
3,284-293,

Albohy, A., Zhang, Y., Smutova, V., Pshezhetsky, A.V., and Cairo, C.W. (2013)
Identification of selective nanomolar inhibitors of the human neuraminidase, NEU4. ACS
Medicinal Chemistry Letters, 4, 6, 532-537.

Allevi, P., Anastasia, M., Costa, M.L., and Rota, P. (2011) Two procedures for the syntheses
of labeled sialic acids and their 1, 7-lactones. Tetrahedron: Asymmetry, 22, 3, 338-344.

Aminoff, D. (1959) The determination of free sialic acid in the presence of the bound
compound. Virology, 7, 3, 355.

Aminoff, D. (1961) Methods for the quantitative estimation of N-acetylneuraminic acid and
their application to hydrolysates of sialomucoids. Biochemical Journal, 81, 2, 384.

Angata, T. and Varki, A. (2002) Chemical diversity in the sialic acids and related a-keto
acids: an evolutionary perspective. Chemical Reviews, 102, 2, 439-470.

Angata, T., Nakata, D., Matsuda, T., Kitajima, K., and Troy, F.A. (1999) Biosynthesis of
KDN  (2-keto-3-deoxy-D-glycero-D-galacto-nononic ~ acid)  Identification  and
characterization of a KDN-9-phosphate synthetase activity from trout testis. Journal of
Biological Chemistry, 274, 33, 22949-22956.

142



Anumula, K.R. (1995) Rapid quantitative determination of sialic acids in glycoproteins by
high-performance liquid chromatography with a sensitive fluorescence detection.
Analytical Biochemistry, 230, 1, 24-30.

Armbruster, D.A. and Pry, T. (2008) Limit of blank, limit of detection and limit of
quantitation. The Clinical Biochemist Reviews, 29, Suppl 1, S49.

Audry, M., Jeanneau, C., Imberty, A., Harduin-Lepers, A., Delannoy, P., and Breton, C.
(2010) Current trends in the structure—activity relationships of sialyltransferases.
Glycobiology, 21, 6, 716-726.

Augg¢, C., David, S., Gautheron, C., and Veyriéres, A. (1985) Synthesis with an immobilized
enzyme of N-acetyl-9-O-acetyl-neuraminic acid, a sugar reported as a component of
embryonic and tumor antigens. Tetrahedron Letters, 26, 20, 2439-2440.

Azurmendi, H.F., Vionnet, J., Wrightson, L., Trinh, L.B., Shiloach, J., and Freedberg, D.I.
(2007) Extracellular structure of polysialic acid explored by on cell solution NMR.
Proceedings of the National Academy of Sciences, 104, 28, 11557-11561.

Bai, X., Brown, J.R., Varki, A., and Esko, J.D. (2001) Enhanced 3-O-sulfation of galactose
in Asn-linked glycans and Maackia amurenesis lectin binding in a new Chinese hamster
ovary cell line. Glycobiology, 11, 8, 621-632.

Barbeau, D., Liang, J.J., Robitalille, Y., Quirion, R., and Srivastava, L.K. (1995) Decreased
expression of the embryonic form of the neural cell adhesion molecule in schizophrenic
brains. Proceedings of the National Academy of Sciences, 92, 7, 2785-2789.

Bardor, M., Nguyen, D.H., Diaz, S., and Varki, A. (2005) Mechanism of uptake and
incorporation of the non-human sialic acid N-glycolylneuraminic acid into human cells.
Journal of Biological Chemistry, 280, 6, 4228-4237.

Barnard, K.N., Alford-Lawrence, B.K., Buchholz, D.W., Wasik, B.R., Laclair, J.R., Yu, H.,
Honce, R., Ruhl, S., Pajic, P., and Daugherity, E.K. (2019) The effects of modified sialic
acids on mucus and erythrocytes on influenza A virus HA and NA functions. bioRxiv,
800300, DOI: 10.1101/800300.

Baskin, J.M., Dehnert, K.W., Laughlin, S.T., Amacher, S.L., and Bertozzi, C.R. (2010)
Visualizing enveloping layer glycans during zebrafish early embryogenesis. Proceedings
of the National Academy of Sciences, 107, 23, 10360-10365.

143



Battistel, M.D., Shangold, M., Trinh, L., Shiloach, J., and Freedberg, D.N.I. (2012)
Evidence for helical structure in a tetramer of a2-8 sialic acid: unveiling a structural antigen.
Journal of the American Chemical Society, 134,26, 10717-10720.

Baumann, A.-M.T., Bakkers, M.J., Buettner, F.F., Hartmann, M., Grove, M., Langereis,
M.A., De Groot, R.J., and Miihlenhoff, M. (2015) 9-O-Acetylation of sialic acids is
catalysed by CASDI1 via a covalent acetyl-enzyme intermediate. Nature Communications,
6, 7673, DOI:10.1038/ncomms8673.

Baumann, H., Brisson, J.R., Michon, F., Pon, R., and Jennings, H.J. (1993) Comparison of
the conformation of the epitope of. alpha.(2. fwdarw. 8) polysialic acid with its reduced and
N-acyl derivatives. Biochemistry, 32, 15, 4007-4013.

Bhide, G.P. and Colley, K.J. (2017) Sialylation of N-glycans: mechanism, cellular
compartmentalization and function. Histochemistry and Cell Biology, 147, 2, 149-174.

Bhide, G.P., Fernandes, N.R., and Colley, K.J. (2016) Sequence requirements for
neuropilin-2 recognition by ST8SialV and polysialylation of its O-glycans. Journal of
Biological Chemistry, 291, 18, 9444-9457.

Birks, S.M., Danquah, J.O., King, L., Vlasak, R., Gorecki, D.C., and Pilkington, G.J. (2011)
Targeting the GD3 acetylation pathway selectively induces apoptosis in glioblastoma.
Neuro-Oncology, 13, 9, 950-960.

Blix, F., Gottschalk, A., and Klenk, E. (1957) Proposed nomenclature in the field of
neuraminic and sialic acids. Nature, 179, 4569, 1088.

Blixt, O., Vasiliu, D., Allin, K., Jacobsen, N., Warnock, D., Razi, N., Paulson, J.C.,
Bernatchez, S., Gilbert, M., and Wakarchuk, W. (2005) Chemoenzymatic synthesis of 2-
azidoethyl-ganglio-oligosaccharides GD3, GT3, GM2, GD2, GT2, GMI, and GDla.
Carbohydrate Research, 340, 12, 1963-1972.

Bonten, E., Van Der Spoel, A., Fornerod, M., Grosveld, G., and D'azzo, A. (1996)
Characterization of human lysosomal neuraminidase defines the molecular basis of the
metabolic storage disorder sialidosis. Genes & Development, 10, 24, 3156-31609.

Boons, G.-J. and Demchenko, A.V. (2000) Recent advances in O-sialylation. Chemical
Reviews, 100, 12, 4539-4566.

Brinkman-Van Der Linden, E.C., Sonnenburg, J.L., and Varki, A. (2002) Effects of sialic
acid substitutions on recognition by Sambucus nigra agglutinin and Maackia amurensis
hemagglutinin. Analytical Biochemistry, 303, 1, 98-104.

144



Brisson, J.R., Baumann, H., Imberty, A., Perez, S., and Jennings, H.J. (1992) Helical
epitope of the group B meningococcal. alpha.(2-8)-linked sialic acid polysaccharide.
Biochemistry, 31, 21, 4996-5004.

Byres, E., Paton, A.W., Paton, J.C., Lofling, J.C., Smith, D.F., Wilce, M.C., Talbot, U.M.,
Chong, D.C., Yu, H., and Huang, S. (2008) Incorporation of a non-human glycan mediates
human susceptibility to a bacterial toxin. Nature, 456, 7222, 648-652.

Cairo, C.W. (2014) Inhibitors of the human neuraminidase enzymes. MedChemComm, 5,
8, 1067-1074.

Cariappa, A., Takematsu, H., Liu, H., Diaz, S., Haider, K., Boboila, C., Kalloo, G., Connole,
M., Shi, H.N., and Varki, N. (2009) B cell antigen receptor signal strength and peripheral
B cell development are regulated by a 9-O-acetyl sialic acid esterase. Journal of
Experimental Medicine, 206, 1, 125-138.

Carr, A., Mullet, A., Mazorra, Z., Vazquez, A.M., Alfonso, M., Mesa, C., Rengifo, E.,
Pérez, R., and Fernandez, L.E. (2000) A mouse IgG1 monoclonal antibody specific for N-
glycolyl GM3 ganglioside recognized breast and melanoma tumors. Hybridoma, 19, 3, 241-
247.

Cavdarli, S., Dewald, J.H., Yamakawa, N., Guérardel, Y., Terme, M., Le Doussal, J.-M.,
Delannoy, P., and Groux-Degroote, S. (2019) Identification of 9-O-acetyl-N-
acetylneuraminic acid (Neu5, 9Ac 2) as main O-acetylated sialic acid species of GD2 in
breast cancer cells. Glycoconjugate Journal, 36, 1, 79-90.

Cervin, J., Wands, A.M., Casselbrant, A., Wu, H., Krishnamurthy, S., Cvjetkovic, A.,
Estelius, J., Dedic, B., Sethi, A., and Wallom, K.-L. (2018) GM1 ganglioside-independent
intoxication by Cholera toxin. PLoS Pathogens, 14, 2, e1006862.

Chavas, L.M.G., Tringali, C., Fusi, P., Venerando, B., Tettamanti, G., Kato, R., Monti, E.,
and Wakatsuki, S. (2005) Crystal structure of the human cytosolic sialidase Neu2: Evidence
for the dynamic nature of substrate recognition. Journal of Biological Chemistry, 280, 1,
469-475.

Chellappa, V., Taylor, K.N., Pedrick, K., Donado, C., Netravali, .A., Haider, K., Cariappa,
A., Dalomba, N.F., and Pillai, S. (2013) M89V sialic acid acetyl esterase (SIAE) and all
other non-synonymous common variants of this gene are catalytically normal. PloS One, 8,
1, e53453.

145



Chen, R. (2015) The sweet branch of metabolic engineering: cherry-picking the low-
hanging sugary fruits. Microbial Cell Factories, 14, 1, 197, DOI:10.1186/s12934-015-
0389-z.

Chen, X. and Varki, A. (2010) Advances in the biology and chemistry of sialic acids. ACS
Chemical Biology, 5, 2, 163-176.

Chen, X., Kooner, A.S., and Yu, H. (2019) Synthesis of N-glycolylneuraminic acid
(Neu5Ge) and its glycoside. Frontiers in Immunology, 10, 2004,
DOI:10.3389/fimmu.2019.02004.

Cheresh, D.A., Reisfeld, R.A., and Varki, A.P. (1984) O-acetylation of disialoganglioside
GD3 by human melanoma cells creates a unique antigenic determinant. Science, 225, 4664,
844-846.

Cheresh, D.A., Varki, A.P., Varki, N.M., Stallcup, W.B., Levine, J., and Reisfeld, R.A.
(1984) A monoclonal antibody recognizes an O-acylated sialic acid in a human melanoma-
associated ganglioside. Journal of Biological Chemistry, 259, 12, 7453-7459.

Chinoy, Z.S., Friscourt, F., Capicciotti, C.J., Chiu, P., and Boons, G.J. (2018)
Chemoenzymatic Synthesis of Asymmetrical Multi-Antennary N-Glycans to Dissect
Glycan-Mediated Interactions between Human Sperm and Oocytes. Chemistry—A European
Journal, 24, 31, 7970-7975.

Chiu, C.P., Watts, A.G., Lairson, L.L., Gilbert, M., Lim, D., Wakarchuk, W.W., Withers,
S.G., and Strynadka, N.C. (2004) Structural analysis of the sialyltransferase Cstll from
Campylobacter jejuni in complex with a substrate analog. Nature Structural & Molecular
Biology, 11, 2, 163-170.

Chokhawala, H.A., Yu, H., and Chen, X. (2007) High-throughput substrate specificity
studies of sialidases by using chemoenzymatically synthesized sialoside libraries.
ChemBioChem, 8, 2, 194-201.

Chowdhury, S., Mandal, C., Sarkar, S., Bag, A.K., Vlasak, R., Chandra, S., and Mandal, C.
(2012) Mobilization of lymphoblasts from bone marrow to peripheral blood in childhood
acute lymphoblastic leukaemia: role of 9-O-acetylated sialoglycoproteins. Leukemia
Research, 36, 2, 146-155.

Christie, D.R., Shaikh, F.M., Lucas, J.A., and Bellis, S.L. (2008) ST6Gal-I expression in
ovarian cancer cells promotes an invasive phenotype by altering integrin glycosylation and
function. Journal of Ovarian Research, 1,3, DOI:10.1186/1757-2215-1-3.

146



Chu, K.C., Ren, C.T., Lu, C.P., Hsu, C.H., Sun, T.H., Han, J.L., Pal, B., Chao, T.A., Lin,
Y.F., and Wu, S.H. (2011) Efficient and stereoselective synthesis of a (2— 9) oligosialic
acids: from monomers to dodecamers. Angewandte Chemie International Edition, 50, 40,
9391-9395.

Clarke, P.A., Mistry, N., and Thomas, G.H. (2012) Synthesis of the complete series of mono
acetates of N-acetyl-d-neuraminic acid. Organic & Biomolecular Chemistry, 10, 3, 529-
535.

Cohen, M. and Varki, A. (2010) The sialome—far more than the sum of its parts. Omics: A
Journal of Integrative Biology, 14, 4, 455-464.

Corfield, A.P., Myerscough, N., Warren, B.F., Durdey, P., Paraskeva, C., and Schauer, R.
(1999) Reduction of sialic acid O-acetylation in human colonic mucins in the adenoma-
carcinoma sequence. Glycoconjugate Journal, 16, 6, 307-317.

Corfield, A.P., Wagner, S.A., Clamp, J., Kriaris, M., and Hoskins, L. (1992) Mucin
degradation in the human colon: production of sialidase, sialate O-acetylesterase, N-
acetylneuraminate lyase, arylesterase, and glycosulfatase activities by strains of fecal
bacteria. Infection and Immunity, 60, 10, 3971-3978.

Corfield, A.P., Wagner, S.A., O'donnell, L.J., Durdey, P., Mountford, R.A., and Clamp,
JR. (1993) The roles of enteric bacterial sialidase, sialateO-acetyl esterase and
glycosulfatase in the degradation of human colonic mucin. Glycoconjugate Journal, 10, 1,
72-81.

Cotton, T.R., Joseph, D.D., Jiao, W., and Parker, E.J. (2014) Probing the determinants of
phosphorylated sugar-substrate binding for human sialic acid synthase. Biochimica et
Biophysica Acta (BBA)-Proteins and Proteomics, 1844, 12, 2257-2264.

Cox, E.C., Thornlow, D.N., Jones, M.A., Fuller, J.L., Merritt, J.H., Paszek, M.J., Alabi,
C.A., and Delisa, M.P. (2019) Antibody-Mediated Endocytosis of Polysialic Acid Enables
Intracellular Delivery and Cytotoxicity of a Glycan-Directed Antibody—Drug Conjugate.
Cancer Research, 79, 8, 1810-1821.

Crich, D. (2011) Methodology development and physical organic chemistry: A powerful
combination for the advancement of glycochemistry. Journal of Organic Chemistry, 76, 22,
9193-9209.

Cummings, R.D., Darvill, A.G., Etzler, M.E., and Hahn, M.G. (2017) Glycan-recognizing
probes as tools, in Essentials of Glycobiology [Internet]. 3rd edition. Cold Spring Harbor
Laboratory Press.

147



Curreli, S., Arany, Z., Gerardy-Schahn, R., Mann, D., and Stamatos, N.M. (2007)
Polysialylated neuropilin-2 is expressed on the surface of human dendritic cells and
modulates dendritic cell-T lymphocyte interactions. Journal of Biological Chemistry, 282,
42,30346-30356.

Davies, L.R.L., Pearce, O.M.T., Tessier, M.B., Assar, S., Smutova, V., Pajunen, M.,
Sumida, M., Sato, C., Kitajima, K., Finne, J., Gagneux, P., Pshezhetsky, A., Woods, R., and
Varki, A. (2012) Metabolism of Vertebrate Amino Sugars with N-Glycolyl Groups:
Resistance of a2—8-linked N-glycolylneuraminic acid to enzymatic cleavage Journal of
Biological Chemistry, 287, 34, 28917-28931.

Day, C.J., Paton, A.W., Higgins, M.A., Shewell, L.K., Jen, F.E.-C., Schulz, B.L., Herdman,
B.P., Paton, J.C., and Jennings, M.P. (2017) Structure aided design of a Neu5Gc specific
lectin. Scientific Reports, 7, 1495, DOI:10.1038/s41598-017-01522-9.

De, C.M. and Jones, B.T. (2018) Chemical Synthesis of Glycosides of N-Acetylneuraminic
Acid. Advances in Carbohydrate Chemistry and Biochemistry, 75, 215-316.

Demina, E.P., Pierre, W.C., Nguyen, A.L., Londono, 1., Reiz, B., Zou, C., Chakraberty, R.,
Cairo, C.W., Pshezhetsky, A.V., and Lodygensky, G.A. (2018) Persistent reduction in
sialylation of cerebral glycoproteins following postnatal inflammatory exposure. Journal of
Neuroinflammation, 15, 1, 336, DOI:10.1186/s12974-018-1367-2.

Deshayes, S., Cabral, H., Ishii, T., Miura, Y., Kobayashi, S., Yamashita, T., Matsumoto,
A., Miyahara, Y., Nishiyama, N., and Kataoka, K. (2013) Phenylboronic acid-installed
polymeric micelles for targeting sialylated epitopes in solid tumors. Journal of the
American Chemical Society, 135, 41, 15501-15507.

Dhillon, S. (2015) Dinutuximab: first global approval. Drugs, 75, 8, 923-927.

Diaz, S.L., Padler-Karavani, V., Ghaderi, D., Hurtado-Ziola, N., Yu, H., Chen, X.,
Brinkman-Van Der Linden, E.C., Varki, A., and Varki, N.M. (2009) Sensitive and specific
detection of the non-human sialic Acid N-glycolylneuraminic acid in human tissues and
biotherapeutic products. PLoS One, 4, 1, e4241.

Diringer, H. (1972) The thiobarbituric acid assay of sialic acids in the presence of large
amounts of lipid. Hoppe-Seyler’ s Zeitschrift fiir physiologische Chemie, 353, 1, 39-42.

Djanashvili, K., Frullano, L., and Peters, J.A. (2005) Molecular recognition of sialic acid
end groups by phenylboronates. Chemistry—A European Journal, 11, 13, 4010-4018.

148



Drake, P.M., Stock, C.M., Nathan, J.K., Gip, P., Golden, K.P., Weinhold, B., Gerardy-
Schahn, R., and Bertozzi, C.R. (2009) Polysialic acid governs T-cell development by

regulating progenitor access to the thymus. Proceedings of the National Academy of
Sciences, 106, 29, 11995-12000.

Dridi, L., Seyrantepe, V., Fougerat, A., Pan, X., Bonneil, E., Thibault, P., Moreau, A.,
Mitchell, G.A., Heveker, N., and Cairo, C.W. (2013) Positive regulation of insulin signaling
by neuraminidase 1. Diabetes, 62, 7, 2338-2346.

Dumermuth, E., Beuret, N., Spiess, M., and Crottet, P. (2002) Ubiquitous 9-O-acetylation
of sialoglycoproteins restricted to the Golgi complex. Journal of Biological Chemistry, 277,
21, 18687-18693.

Ednie, A.R. and Bennett, E.S. (2015) Reduced sialylation impacts ventricular repolarization
by modulating specific K+ channel isoforms distinctly. Journal of Biological Chemistry,
290, 5, 2769-2783.

Elkashef, S.M., Allison, S.J., Sadiq, M., Basheer, H.A., Morais, G.R., Loadman, P.M., Pors,
K., and Falconer, R.A. (2016) Polysialic acid sustains cancer cell survival and migratory
capacity in a hypoxic environment. Scientific Reports, 6, 33026, DOI: 10.1038/srep33026.

Erdmann, M., Wipfler, D., Merling, A., Cao, Y., Claus, C., Kniep, B., Sadick, H., Bergler,
W., Vlasak, R., and Schwartz-Albiez, R. (2006) Differential surface expression and possible
function of 9-O-and 7-O-acetylated GD3 (CD60 b and c) during activation and apoptosis
of human tonsillar B and T lymphocytes. Glycoconjugate Journal, 23,9, 627-638.

Evans, S., Sigurskjold, B., Jennings, H., Brisson, J.-R., To, R., Altman, E., Frosch, M.,
Weisgerber, C., and Kratzin, H. (1995) Evidence for the Extended Helical Nature of
Polysaccharide Epitopes. The 2.8. ANG. Resolution Structure and Thermodynamics of
Ligand Binding of an Antigen Binding Fragment Specific for. alpha.-(2. fwdarw. 8)-Poly
(sialic acid). Biochemistry, 34, 20, 6737-6744.

Fahr, C. and Schauer, R. (2001) Detection of sialic acids and gangliosides with special
reference to 9-O-acetylated species in basaliomas and normal human skin. Journal of
Investigative Dermatology, 116, 2, 254-260.

Fleurence, J., Fougeray, S., Bahri, M., Cochonneau, D., Clémenceau, B., Paris, F.,
Heczey, A., and Birkl¢, S. (2017) Targeting O-acetyl-GD2 ganglioside for cancer
immunotherapy. Journal of Immunology Research, 2017, DOI:10.1155/2017/5604891.

149



Fougerat, A., Pan, X., Smutova, V., Heveker, N., Cairo, C.W., Issad, T., Larrivée, B.,
Medin, J.A., and Pshezhetsky, A.V. (2018) Neuraminidase 1 activates insulin receptor and
reverses insulin resistance in obese mice. Molecular Metabolism, 12, 76-88.

Fougeray, S., Fleurence, J., Faraj, S., Bahri, M., Cochonneau, D., Terme, M., Leclair, M.-
D., Thébaud, E., Paris, F., and Birkl¢é, S. (2016) O-acetylated gangliosides: Structure,
biosynthesis, immunogenicity, functions and their potential for cancer immunotherapy.
Journal of Cancer Research and Therapeutics, 4, 3, 21-30.

Fujita, A. and Kohler, J.J. (2015) Metabolism of Natural and Unnatural Sialic Acids, in
Glycoscience: Biology and Medicine. Springer. 1118-1125.

Furuhata, K. and Ogura, H. (1989) Studies on sialic acids. XIX. Syntheses of partially O-
acetylated 4-methylcoumarin-7-yl 5-acetamido-3, 5-dideoxy-a-D-glycero-D-galacto-2-
nonulopyranosidonic acids. Chemical and Pharmaceutical Bulletin, 37, 8, 2037-2040.

Gagarinov, L.A., Li, T., TorafiO, J.S., Caval, T., Srivastava, A.D., Kruijtzer, J.A., Heck,
A.J., and Boons, G.-J. (2017) Chemoenzymatic approach for the preparation of asymmetric
bi-, tri-, and tetra-antennary N-glycans from a common precursor. Journal of the American
Chemical Society, 139, 2, 1011-1018.

Gahmberg, C.G. and Hakomori, S.-I. (1973) External Labeling of Cell Surface Galactose
and Galactosamine in Glycolipid and Glycoprotein of Human Erythrocytes. Journal of
Biological Chemistry, 248, 12, 4311-4317.

Galuska, S.P., Geyer, R., Gerardy-Schahn, R., Miihlenhoff, M., and Geyer, H. (2008)
Enzyme-dependent variations in the polysialylation of the neural cell adhesion molecule
(NCAM) in vivo. Journal of Biological Chemistry, 283, 1, 17-28.

Galuska, S.P., Oltmann-Norden, 1., Geyer, H., Weinhold, B., Kuchelmeister, K.,
Hildebrandt, H., Gerardy-Schahn, R., Geyer, R., and Miihlenhoff, M. (2006) Polysialic acid
profiles of mice expressing variant allelic combinations of the polysialyltransferases
ST8Siall and ST8SialV. Journal of Biological Chemistry, 281, 42, 31605-31615.

Galuska, S.P., Rollenhagen, M., Kaup, M., Eggers, K., Oltmann-Norden, ., Schiff, M.,
Hartmann, M., Weinhold, B., Hildebrandt, H., and Geyer, R. (2010) Synaptic cell adhesion
molecule SynCAM 1 is a target for polysialylation in postnatal mouse brain. Proceedings
of the National Academy of Sciences, 107, 22, 10250-10255.

Geisler, C. and Jarvis, D.L. (2011) Letter to the Glyco-Forum: Effective glycoanalysis with
Maackia amurensis lectins requires a clear understanding of their binding specificities.
Glycobiology, 21, 8, 988-993.

150



Geninatti Crich, S., Alberti, D., Szabo, 1., Aime, S., and Djanashvili, K. (2013) MRI
visualization of melanoma cells by targeting overexpressed sialic acid with a GdIII-dota-
en-pba imaging reporter. Angewandte Chemie International Edition, 52,4, 1161-1164.

Ghaderi, D., Taylor, R.E., Padler-Karavani, V., Diaz, S., and Varki, A. (2010) Implications
of the presence of N-glycolylneuraminic acid in recombinant therapeutic glycoproteins.
Nature Biotechnology, 28, 8, 863-867.

Gilbert, M., Brisson, J.-R., Karwaski, M.-F., Michniewicz, J., Cunningham, A.-M., Wu, Y.,
Young, N.M., and Wakarchuk, W.W. (2000) Biosynthesis of ganglioside mimics in
Campylobacter jejuni OH4384: Identification of the glycosyltransferase genes, enzymatic
synthesis of model compounds, and characterization of nanomole amounts by 600-MHz 1H
and 13C NMR analysis. Journal of Biological Chemistry, 275, 6, 3896-3906.

Go, S., Sato, C., Furuhata, K., and Kitajima, K. (2006) Oral ingestion of mannose alters the
expression level of deaminoneuraminic acid (KDN) in mouse organs. Glycoconjugate
Journal, 23, 5-6,411-421.

Gocht, A., Rutter, G., and Kniep, B. (1998) Changed expression of 9-O-acetyl GD3
(CDw60) in benign and atypical proliferative lesions and carcinomas of the human breast.
Histochemistry and Cell Biology, 110, 3, 217-229.

Guo, T., DdTwyler, P., Demina, E., Richards, M.R., Ge, P., Zou, C., Zheng, R., Fougerat,
A., Pshezhetsky, A.V., and Ernst, B. (2018) Selective inhibitors of human neuraminidase
3. Journal of Medicinal Chemistry, 61, 5, 1990-2008.

Guo, T., Héon-Roberts, R., Zou, C., Zheng, R., Pshezhetsky, A.V., and Cairo, C.W. (2018)
Selective inhibitors of human neuraminidase 1 (NEU1). Journal of Medicinal Chemistry,
61,24, 11261-11279.

Hao, J., Balagurumoorthy, P., Sarilla, S., and Sundaramoorthy, M. (2005) Cloning,
expression, and characterization of sialic acid synthases. Biochemical and Biophysical
Research Communications, 338, 3, 1507-1514.

Hara, S., Takemori, Y., Yamaguchi, M., Nakamura, M., and Ohkura, Y. (1987)
Fluorometric  high-performance liquid chromatography of N-acetyl-and N-
glycolylneuraminic acids and its application to their microdetermination in human and
animal sera, glycoproteins, and glycolipids. Analytical Biochemistry, 164, 1, 138-145.

Hara, S., Yamaguchi, M., Takemori, Y., Furuhata, K., Ogura, H., and Nakamura, M. (1989)
Determination of mono-O-acetylatedN-acetylneuraminic acids in human and rat sera by

151



fluorometric high-performance liquid chromatography. Analytical Biochemistry, 179, 1,
162-166.

Hara, S., Yamaguchi, M., Takemori, Y., Nakamura, M., and Ohkura, Y. (1986) Highly
sensitive determination of N-acetyl-and N-glycolylneuraminic acids in human serum and
urine and rat serum by reversed-phase liquid chromatography with fluorescence detection.
Journal of Chromatography B: Biomedical Sciences and Applications, 377, 111-119.

Harduin-Lepers, A., Vallejo-Ruiz, V., Krzewinski-Recchi, M.-A., Samyn-Petit, B., Julien,
S., and Delannoy, P. (2001) The human sialyltransferase family. Biochimie, 83, 8, 727-737.

Hata, K., Koseki, K., Yamaguchi, K., Moriya, S., Suzuki, Y., Yingsakmongkon, S., Hirai,
G., Sodeoka, M., Von Itzstein, M., and Miyagi, T. (2008) Limited inhibitory effects of
oseltamivir and zanamivir on human sialidases. Antimicrobial Agents and Chemotherapy,
52,10, 3484-3491.

He, N., Yi, D., and Fessner, W.D. (2011) Flexibility of substrate binding of cytosine-5'-
monophosphate-N-acetylneuraminate synthetase (CMP-sialate synthetase) from Neisseria

meningitidis: An enabling catalyst for the synthesis of neo-sialoconjugates. Advanced
Synthesis & Catalysis, 353, 13, 2384-2398.

Hemeon, 1. and Bennet, A.J. (2007) Sialic acid and structural analogues: Stereoselective
syntheses. Synthesis, 2007, 13, 1899-1926.

Higa, H.H., Butor, C., Diaz, S., and Varki, A. (1989) O-acetylation and de-O-acetylation of
sialic acids. O-acetylation of sialic acids in the rat liver Golgi apparatus involves an acetyl
intermediate and essential histidine and lysine residues--a transmembrane reaction? Journal
of Biological Chemistry, 264, 32, 19427-19434.

Honda, S., Iwase, S., Suzuki, S., and Kakehi, K. (1987) Fluorometric determination of sialic
acids using malononitrile in weakly alkaline media and its application to postcolumn
labeling in high-performance liquid chromatography. Analytical Biochemistry, 160, 2, 455-
461.

Houliston, R.S., Endtz, H.P., Yuki, N., Li, J., Jarrell, H.C., Koga, M., Van Belkum, A.,
Karwaski, M.-F., Wakarchuk, W.W., and Gilbert, M. (2006) Identification of a Sialate O-
Acetyltransferase from Campylobacter jejuni: DEMONSTRATION OF DIRECT
TRANSFER TO THE C-9 POSITION OF TERMINALa-2, 8-LINKED SIALIC ACID.
Journal of Biological Chemistry, 281, 17, 11480-11486.

152



Huggins, C. and Lapides, J. (1947) Chromogenic substrates [V. Acyl esters of p-nitrophenol
as substrates for the colorimetric determination of esterase. Journal of Biological
Chemistry, 170, 2, 467-482.

Hunt, K.A., Smyth, D.J., Balschun, T., Ban, M., Mistry, V., Ahmad, T., Anand, V., Barrett,
J.C., Bhaw-Rosun, L., and Bockett, N.A. (2012) Rare and functional SIAE variants are not
associated with autoimmune disease risk in up to 66,924 individuals of European ancestry.
Nature Genetics, 44, 1, 3-5.

Hunter, C.D., Guo, T., Daskhan, G., Richards, M.R., and Cairo, C.W. (2018) Synthetic
strategies for modified glycosphingolipids and their design as probes. Chemical Reviews,
118, 17, 8188-8241.

Hunter, C.D., Khanna, N., Richards, M.R., Rezaei Darestani, R., Zou, C., Klassen, J.S., and
Cairo, C.W. (2018) Human neuraminidase isoenzymes show variable activities for 9-O-
acetyl-sialoside substrates. ACS Chemical Biology, 13, 4, 922-932.

Ibrahim, M. A., Abdulkadir, A., Onojah, A., Sani, L., Adamu, A., and Abdullahi, H. (2016)
Modulation of sialic acid levels among some organs during insulin resistance or
hyperglycemic states. Molecular and Cellular Biochemistry, 411, 1-2,235-239.

Inoue, S. and Inoue, Y. (2003) Ultrasensitive Analysis of Sialic Acids and Oligo/Polysialic
Acids by Fluorometric High-Performance Liquid Chromatography, in Methods in
Enzymology. Elsevier. 543-560.

Inoue, S. and Kitajima, K. (2006) KDN (deaminated neuraminic acid): dreamful past and
exciting future of the newest member of the sialic acid family. Glycoconjugate Journal, 23,
5-6, 277-290.

Inoue, S., Lin, S.-L., Lee, Y.C., and Inoue, Y. (2001) An ultrasensitive chemical method
for polysialic acid analysis. Glycobiology, 11,9, 759-767.

Jakobsson, E., Schwarzer, D., Jokilammi, A., and Finne, J. (2012) Endosialidases: versatile
tools for the study of polysialic acid, in SialoGlyco Chemistry and Biology II. Springer. 29-
73.

Janas, T., Nowotarski, K., and Janas, T. (2011) The effect of long-chain bases on polysialic
acid-mediated membrane interactions. Biochimica et Biophysica Acta (BBA)-
Biomembranes, 1808, 9, 2322-2326.

153



Jang-Lee, J., North, S.J., Sutton-Smith, M., Goldberg, D., Panico, M., Morris, H., Haslam,
S., and Dell, A. (2006) Glycomic profiling of cells and tissues by mass spectrometry:
fingerprinting and sequencing methodologies. Methods in Enzymology, 415, 59-86.

Jia, F., Howlader, M.A., and Cairo, C.W. (2016) Integrin-mediated cell migration is blocked
by inhibitors of human neuraminidase. Biochimica et Biophysica Acta (BBA)-Molecular
and Cell Biology of Lipids, 1861, 9, 1170-1179.

Johnson, C.P., Fujimoto, I., Rutishauser, U., and Leckband, D.E. (2005) Direct evidence
that neural cell adhesion molecule (NCAM) polysialylation increases intermembrane
repulsion and abrogates adhesion. Journal of Biological Chemistry, 280, 1, 137-145.

Jokilammi, A., Korja, M., Jakobsson, E., and Finne, J. (2007) Generation of Lectins from
Enzymes: Use of Inactive Endosialidase for Polysialic Acid Detection, in Lectins. Elsevier.
385-395.

Jokilammi, A., Ollikka, P., Korja, M., Jakobsson, E., Loimaranta, V., Haataja, S., Hirvonen,
H., and Finne, J. (2004) Construction of antibody mimics from a noncatalytic enzyme—
detection of polysialic acid. Journal of Immunological Methods, 295, 1-2, 149-160.

Joo, E.J., Wasik, B.R., Parrish, C., Paz, H., Mbhlenhoff, M., Abdel-Azim, H., Groffen, J.,
and Heisterkamp, N. (2018) Pre-B acute lymphoblastic leukemia expresses cell surface
nucleolin as a 9-O-acetylated sialoglycoprotein. Scientific Reports, 8, 1, 17174.

Jourdian, G.W., Dean, L., and Roseman, S. (1971) The Sialic Acids: XI. A PERIODATE-
RESORCINOL METHOD FOR THE QUANTITATIVE ESTIMATION OF FREE
SIALIC ACIDS AND THEIR GLYCOSIDES. Journal of Biological Chemistry, 246, 2,
430-435.

Kakehi, K., Hirose, A., Tamai, T., Taga, A., and Honda, S. (1996) Analysis of N-
acetylneuraminic acid oligomers by high-performance capillary electrophoresis. Analytical
Sciences, 12,2, 171-176.

Kamerling, J.P., Schauer, R., Shukla, A.K., Stoll, S., Van Halbeek, H., and Fg Vliegenthart,
J. (1987) Migration of O-acetyl groups in N, O-acetylneuraminic acids. European Journal
of Biochemistry, 162, 3, 601-607.

Kanato, Y., Kitajima, K., and Sato, C. (2008) Direct binding of polysialic acid to a brain-
derived neurotrophic factor depends on the degree of polymerization. Glycobiology, 18, 12,
1044-1053.

154



Karwaski, M., Wakarchuk, W., and Gilbert, M. (2002) High-level expression of
recombinant Neisseria CMP-NeuSAc synthetase and its use in the gram-scale synthesis of
CMP-NeuSAc. Protein Expression and Purification, 25, 237-240.

Katchalsky, A. and Spitnik, P. (1947) Potentiometric titrations of polymethacrylic acid.
Journal of Polymer Science, 2, 4, 432-446.

Katoh, S., Miyagi, T., Taniguchi, H., Matsubara, Y.-I., Kadota, J.-I., Tominaga, A.,
Kincade, P.W., Matsukura, S., and Kohno, S. (1999) Cutting edge: an inducible sialidase
regulates the hyaluronic acid binding ability of CD44-bearing human monocytes. The
Journal of Immunology, 162, 9, 5058-5061.

Kawamura, S., Sato, 1., Wada, T., Yamaguchi, K., Li, Y., Li, D., Zhao, X., Ueno, S., Aoki,
H., and Tochigi, T. (2012) Plasma membrane-associated sialidase (NEU3) regulates
progression of prostate cancer to androgen-independent growth through modulation of
androgen receptor signaling. Cell Death and Differentiation, 19, 1, 170-179.

Kelm, S., Schauer, R., Manuguerra, J.-C., Gross, H.-J.,, and Crocker, P.R. (1994)
Modifications of cell surface sialic acids modulate cell adhesion mediated by sialoadhesin
and CD22. Glycoconjugate Journal, 11, 6, 576-585.

Key, J.A., Li, C., and Cairo, C.W. (2012) Detection of cellular sialic acid content using
nitrobenzoxadiazole carbonyl-reactive chromophores. Bioconjugate Chemistry, 23, 3, 363-
371.

Khedri, Z., Muthana, M.M., Li, Y., Muthana, S.M., Yu, H., Cao, H., and Chen, X. (2012)
Probe sialidase substrate specificity using chemoenzymatically synthesized sialosides
containing C9-modified sialic acids. Chemical Communications, 48, 3357-3359.

Khedri, Z., Xiao, A., Yu, H., Landig, C.S., Li, W., Diaz, S., Wasik, B.R., Parrish, C.R.,
Wang, L.-P., and Varki, A. (2016) A chemical biology solution to problems with studying
biologically important but unstable 9-O-acetyl sialic acids. ACS Chemical Biology, 12, 1,
214-224.

Kiefel, M.J., Wilson, J.C., Bennett, S., Gredley, M., and Von Itzstein, M. (2000) Synthesis
and evaluation of C-9 modified N-acetylneuraminic acid derivatives as substrates for N-
acetylneuraminic acid aldolase. Bioorganic & Medicinal Chemistry, 8, 3, 657-664.

Kim, S.-H., Constantine, K.L., Duke, G.J., Goldfarb, V., Hunt, J.T., Johnson, S., Kish, K.,
Klei, H.E., Mcdonnell, P.A., and Metzler, W.J. (2013) Design, synthesis, functional and
structural characterization of an inhibitor of N-acetylneuraminate-9-phosphate

155



phosphatase: Observation of extensive dynamics in an enzyme/inhibitor complex.
Bioorganic & Medicinal Chemistry Letters, 23, 14, 4107-4111.

Kiso, M., Ishida, H., Ando, H., and Imamura, A. (2015) Gangliosides Synthesis, in
Glycoscience: Biology and Medicine. Springer. 331-338.

Kiss, J.Z. and Rougon, G. (1997) Cell biology of polysialic acid. Current Opinion in
Neurobiology, 7, 5, 640-646.

Kitazume, S., Kitajima, K., Inoue, S., and Inoue, Y. (1992) Detection, isolation, and
characterization of oligo/poly (sialic acid) and oligo/poly (deaminoneuraminic acid) units
in glycoconjugates. Analytical Biochemistry, 202, 1, 25-34.

Kitov, P.I,, Kitova, E.N., Han, L., Li, Z., Jung, J., Rodrigues, E., Hunter, C.D., Cairo, C.W.,
Macauley, M.S., and Klassen, J.S. (2019) A quantitative, high-throughput method identifies

protein—glycan interactions via mass spectrometry. Communications Biology, 2, 1, 268,
DOI:10.1038/542003-019-0507-2.

Klein, A. and Roussel, P. (1998) O-acetylation of sialic acids. Biochimie, 80, 1, 49-57.

Klein, A., Krishna, M., Varki, N.M., and Varki, A. (1994) 9-O-acetylated sialic acids have
widespread but selective expression: analysis using a chimeric dual-function probe derived

from influenza C hemagglutinin-esterase. Proceedings of the National Academy of
Sciences, 91, 16, 7782-7786.

Kleineidam, R.G., Furuhata, K., Ogura, H., and Schauer, R. (1990) 4-Methylumbelliferyl-
a-glycosides of partially O-acetylated N-acetylneuraminic acids as substrates of bacterial
and viral sialidases. Biological Chemistry Hoppe-Seyler, 371, 2, 715-720.

Knibbs, R., Goldstein, 1.J., Ratcliffe, R.M., and Shibuya, N. (1991) Characterization of the
carbohydrate binding specificity of the leukoagglutinating lectin from Maackia amurensis.
Comparison with other sialic acid-specific lectins. Journal of Biological Chemistry, 266, 1,
83-88.

Knibbs, R.N., Osborne, S.E., Glick, G.D., and Goldstein, I.J. (1993) Binding determinants
of the sialic acid-specific lectin from the slug Limax flavus. Journal of Biological
Chemistry, 268, 25, 18524-18531.

Kniep, B., Flegel, W., Northoff, H., and Rieber, E. (1993) CDw60 glycolipid antigens of
human leukocytes: structural characterization and cellular distribution. Blood, 82, 6, 1776-
1786.

156



Kodama, H., Baum, L.G., and Paulson, J.C. (1991) Synthesis of linkages-specific sialoside
substrates for colorimetric assay of neuraminidases. Carbohydrate Research, 218, 111-119.

Kohla, G., Stockfleth, E., and Schauer, R. (2002) Gangliosides with O-acetylated sialic
acids in tumors of neuroectodermal origin. Neurochemical Research, 27, 7-8, 583-592.

Kohler, J.J. (2009) Aniline: a catalyst for sialic acid detection. ChemBioChem, 10, 13, 2147-
2150.

Krishna, M. and Varki, A. (1997) 9-O-Acetylation of sialomucins: a novel marker of murine
CDA4 T cells that is regulated during maturation and activation. Journal of Experimental
Medicine, 185, 11, 1997-2013.

Kuboki, A., Okazaki, H., Sugai, T., and Ohta, H. (1997) An expeditious route to N-
glycolylneuraminic acid based on enzyme-catalyzed reaction. Tetrahedron, 53, 7, 2387-
2400.

Kuwahara, S.S. (1980) Carbohydrate interference in assays based on the periodate-coupled
thiobarbituric acid reagent. Analytical Biochemistry, 101, 1, 54-60.

Kuziemko, G.M., Stroh, M., and Stevens, R.C. (1996) Cholera toxin binding affinity and
specificity for gangliosides determined by surface plasmon resonance. Biochemistry, 35,
20, 6375-6384.

Lacomba, R., Salcedo, J., Alegria, A., Lagarda, M.J., Barberd, R., and Matencio, E. (2010)
Determination of sialic acid and gangliosides in biological samples and dairy products: a
review. Journal of Pharmaceutical and Biomedical Analysis, 51, 2, 346-357.

Langereis, M.A., Bakkers, M.J., Deng, L., Padler-Karavani, V., Vervoort, S.J., Hulswit,
R.J., Van Vliet, A.L., Gerwig, G.J., De Poot, S.A., and Boot, W. (2015) Complexity and
diversity of the mammalian sialome revealed by nidovirus virolectins. Cell Reports, 11, 12,
1966-1978.

Lee, C.-L., Chiu, P.C., Pang, P.-C., Chu, LK., Lee, K.-F., Koistinen, R., Koistinen, H.,
Seppidld, M., Morris, H.R., and Tissot, B. (2011) Glycosylation failure extends to
glycoproteins in gestational diabetes mellitus: evidence from reduced a2-6 sialylation and
impaired immunomodulatory activities of pregnancy-related glycodelin-A. Diabetes, 60, 3,
909-917.

Lehmann, F., Tiralongo, E., and Tiralongo, J. (2006) Sialic acid-specific lectins:
occurrence, specificity and function. Cellular and Molecular Life Sciences CMLS, 63, 12,
1331-1354.

157



Leize, E., Jaffrezic, A., and Van Dorsselaer, A. (1996) Correlation between solvation
energies and electrospray mass spectrometric response factors. Study by electrospray mass
spectrometry of supramolecular complexes in thermodynamic equilibrium in solution.
Journal of Mass Spectrometry, 31, 5, 537-544.

Leney, A.C., Rezaei Darestani, R., Li, J., Nikjah, S., Kitova, E.N., Zou, C., Cairo, C.W.,
Xiong, Z.J., Privé, G.G., and Klassen, J.S. (2015) Picodiscs for facile protein-glycolipid
interaction analysis. Analytical Chemistry, 87, 8, 4402-4408.

Levine, J.M., Beasley, L., and Stallcup, W.B. (1984) The D1. 1 antigen: a cell surface
marker for germinal cells of the central nervous system. Journal of Neuroscience, 4, 3, 820-
831.

Lewis, A.L., Nizet, V., and Varki, A. (2004) Discovery and characterization of sialic acid
O-acetylation in group B Streptococcus. Proceedings of the National Academy of Sciences,
101, 30, 11123-11128.

Li, K. (1992) Determination of sialic acids in human serum by reversed-phase liquid
chromatography with fluorimetric detection. Journal of Chromatography B: Biomedical
Sciences and Applications, 579, 2, 209-213.

Li, L., Liu, Y., Ma, C., Qu, J., Calderon, A.D., Wu, B., Wei, N., Wang, X., Guo, Y., and
Xiao, Z. (2015) Efficient chemoenzymatic synthesis of an N-glycan isomer library.
Chemical Science, 6, 10, 5652-5661.

Li, W., Xiao, A., L1, Y., Yu, H., and Chen, X. (2017) Chemoenzymatic synthesis of
NeuSAc9ONAc-containing a2-3-and a2—6-linked sialosides and their use for sialidase
substrate specificity studies. Carbohydrate Research, 451, 51-58.

Li, Y. and Chen, X. (2012) Sialic acid metabolism and sialyltransferases: natural functions
and applications. Applied Microbiology and Biotechnology, 94, 4, 887-905.

Li, Y., Cao, H., Yu, H., Chen, Y., Lau, K., Qu, J., Thon, V., Sugiarto, G., and Chen, X.
(2011) Identifying selective inhibitors against the human cytosolic sialidase NEU2 by
substrate specificity studies. Molecular BioSystems, 7, 4, 1060-1072.

Li, Z. and Chai, W. (2019) Mucin O-glycan microarrays. Current Opinion in Structural
Biology, 56, 187-197.

Liang, L., Qu, H., Zhang, B., Zhang, J., Deng, R., Shen, Y., Xu, S., Liang, C., and Xu, W.
(2017) Tracing sialoglycans on cell membrane via surface-enhanced Raman scattering

158



spectroscopy with a phenylboronic acid-based nanosensor in molecular recognition.
Biosensors and Bioelectronics, 94, 148-154.

Liang, P.-H., Wu, C.-Y., Greenberg, W.A., and Wong, C.-H. (2008) Glycan arrays:
biological and medical applications. Current Opinion in Chemical Biology, 12, 1, 86-92.

Liberti, J. (1968) Rapid spectrophotometric determination of p-nitrophenylpropionate
esterase activity in rat tissues. Analytical Biochemistry, 23, 1, 53-59.

Lifely, M.R., Gilbert, A.S., and Moreno, C. (1981) Sialic acid polysaccharide antigens of
Neisseria meningitidis and Escherichia coli: esterification between adjacent residues.
Carbohydrate Research, 94, 2, 193-203.

Lih, Y.H. and Wu, C.Y. (2017) Chemical Synthesis of Sialosides, in Selective
Glycosylations: Synthetic Methods and Catalysts. Wiley Online Library. 353-370.

Lindhout, T., Igbal, U., Willis, L.M., Reid, A.N., Li, J., Liu, X., Moreno, M., and
Wakarchuk, W.W. (2011) Site-specific enzymatic polysialylation of therapeutic proteins

using bacterial enzymes. Proceedings of the National Academy of Sciences, 108, 18, 7397-
7402.

Lombard, V., Golaconda Ramulu, H., Drula, E., Coutinho, P.M., and Henrissat, B. (2014)
The carbohydrate-active enzymes database (CAZy) in 2013. Nucleic Acids Research, 42,
1, 490-495.

Magesh, S., Moriya, S., Suzuki, T., Miyagi, T., Ishida, H., and Kiso, M. (2008) Design,
synthesis, and biological evaluation of human sialidase inhibitors. Part 1: Selective
inhibitors of lysosomal sialidase (NEU1). Bioorganic and Medicinal Chemistry Letters, 18,
2, 532-537.

Magesh, S., Suzuki, T., Miyagi, T., Ishida, H., and Kiso, M. (2006) Homology modeling of
human sialidase enzymes NEU1, NEU3 and NEU4 based on the crystal structure of NEU2:
Hints for the design of selective NEU3 inhibitors. Journal of Molecular Graphics and
Modelling, 25, 2, 196-207.

Mahajan, V.S., Alsufyani, F., Mattoo, H., Rosenberg, 1., and Pillai, S. (2019) Alterations in
sialic-acid  O-acetylation glycoforms during murine erythrocyte development.
Glycobiology, 29, 3, 222-228.

Maliekal, P., Vertommen, D., Delpierre, G., and Van Schaftingen, E. (2005) Identification
of the sequence encoding N-acetylneuraminate-9-phosphate phosphatase. Glycobiology,
16,2, 165-172.

159



Malisan, F. and Testi, R. (2005) The ganglioside GD3 as the Greek goddess Hecate: several
faces turned towards as many directions. /[UBMB life, 57, 7, 477-482.

Malisan, F., Franchi, L., Tomassini, B., Ventura, N., Condo, I., Rippo, M.R., Rufini, A.,
Liberati, L., Nachtigall, C., and Kniep, B. (2002) Acetylation suppresses the proapoptotic
activity of GD3 ganglioside. Journal of Experimental Medicine, 196, 12, 1535-1541.

Mandal, C. and Basu, S. (1987) A unique specificity of a sialic acid binding lectin
AchatininH, from the hemolymph of Achatinafulica snail. Biochemical and Biophysical
Research Communications, 148, 2, 795-801.

Mandal, C., Chatterjee, M., and Sinha, D. (2000) Investigation of 9-O-acetylated
sialoglycoconjugates in childhood acute lymphoblastic leukaemia. British Journal of
Haematology, 110, 4, 801-812.

Mandal, C., Mandal, C., Chandra, S., Schauer, R., and Mandal, C. (2012) Regulation of O-
acetylation of sialic acids by sialate-O-acetyltransferase and sialate-O-acetylesterase
activities in childhood acute lymphoblastic leukemia. Glycobiology, 22, 1, 70-83.

Mandal, C., Srinivasan, G.V., Chowdhury, S., Chandra, S., Mandal, C., Schauer, R., and
Mandal, C. (2009) High level of sialate-O-acetyltransferase activity in lymphoblasts of
childhood acute lymphoblastic leukaemia (ALL): enzyme characterization and correlation
with disease status. Glycoconjugate Journal, 26, 1, 57-73.

Mann, B., Klussmann, E., Vandamme-Feldhaus, V., Iwersen, M., Hanski, M.L., Riecken,
E.O., Buhr, H.J., Schauer, R., Kim, Y.S., and Hanski, C. (1997) Low O-acetylation of sialyl-
LEx contributes to its overexpression in colon carcinoma metastases. International Journal
of Cancer, 72,2, 258-264.

Manzi, A.E., Higa, H.H., Diaz, S., and Varki, A. (1994) Intramolecular self-cleavage of
polysialic acid. Journal of Biological Chemistry, 269, 38, 23617-23624.

Markely, L.R.A., Ong, B.T., Hoi, K.M., Teo, G., Lu, M.Y., and Wang, D.I. (2010) A high-
throughput method for quantification of glycoprotein sialylation. Analytical Biochemistry,
407, 1, 128-133.

Markely, L.R.A., Ong, B.T., Hoi, K.M., Teo, G., Lu, M.Y., and Wang, D.I.C. (2010) A
high-throughput method for quantification of protein sialylation. Analytical Biochemistry,
407, 1, 128-133.

160



Marquina, G., Waki, H., Fernandez, L.E., Kon, K., Carr, A., Valiente, O., Perez, R., and
Ando, S. (1996) Gangliosides expressed in human breast cancer. Cancer Research, 56, 22,
5165-5171.

Martin, L.T., Marth, J.D., Varki, A., and Varki, N.M. (2002) Genetically altered mice with
different sialyltransferase deficiencies show tissue-specific alterations in sialylation and
sialic acid 9-O-acetylation. Journal of Biological Chemistry, 277, 36, 32930-32938.

Martinez, J.E.R., Sardzik, R., Voglmeir, J., and Flitsch, S.L. (2013) Enzymatic synthesis of
colorimetric substrates to determine a-2, 3-and a-2, 6-specific neuraminidase activity. RSC
Advances, 3, 44, 21335-21338.

Mather, R.L., Loveson, K.F., and Fillmore, H.L. (2019) Human Sialic acid O-acetyl
esterase (SIAE)-mediated changes in sensitivity to etoposide in a medulloblastoma cell
line. Scientific Reports, 9, 8609, DOI:10.1038/s41598-019-44950-5.

Matsumoto, A., Kataoka, K., and Miyahara, Y. (2014) New directions in the design of
phenylboronate-functionalized polymers for diagnostic and therapeutic applications.
Polymer Journal, 46, 8, 483-491.

Mccombs, J.E. and Kohler, J.J. (2016) Pneumococcal neuraminidase substrates identified
through comparative proteomics enabled by chemoselective labeling. Bioconjugate
Chemistry, 27,4, 1013-1022.

Mccombs, J.E., Diaz, J.P., Luebke, K.J., and Kohler, J.J. (2016) Glycan specificity of
neuraminidases determined in microarray format. Carbohydrate Research, 428, 31-40.

Merritt, E.A., Sarfaty, S., Akker, F.V.D., L'hoir, C., Martial, J.A., and Hol, W.G. (1994)
Crystal structure of cholera toxin B-pentamer bound to receptor GM1 pentasaccharide.
Protein Science, 3, 2, 166-175.

Michalski, J.-C., Corfield, A.P., and Schauer, R., (1986), Properties of human liver
lysosomal sialidase, Biological Chemistry, 367, 2, 715-722

Minami, A., Meguro, Y., Ishibashi, S., Ishii, A., Shiratori, M., Sai, S., Horii, Y., Shimizu,
H., Fukumoto, H., and Shimba, S. (2017) Rapid regulation of sialidase activity in response
to neural activity and sialic acid removal during memory processing in rat hippocampus.
Journal of Biological Chemistry, 292, 14, 5645-5654.

Minami, A., Otsubo, T., Ieno, D., Ikeda, K., Kanazawa, H., Shimizu, K., Ohata, K.,
Yokochi, T., Horii, Y., and Fukumoto, H. (2014) Visualization of sialidase activity in

161



Mammalian tissues and cancer detection with a novel fluorescent sialidase substrate. PLoS
One, 9,1, e81941.

Minami, A., Saito, M., Mamada, S., Ieno, D., Hikita, T., Takahashi, T., Otsubo, T., Ikeda,
K., and Suzuki, T. (2016) Role of sialidase in long-term potentiation at mossy fiber-CA3
synapses and hippocampus-dependent spatial memory. PloS One, 11, 10, e0165257.

Miyagi, T. and Yamaguchi, K. (2012) Mammalian sialidases: physiological and
pathological roles in cellular functions. Glycobiology, 22, 7, 880-896.

Miyagi, T., Takahashi, K., Shiozaki, K., and Yamaguchi, K. (2015) Mammalian Sialidase
and Tumor Development, in Sugar Chains. Springer.

Miyagi, T., Wada, T., Iwamatsu, A., Hata, K., Yoshikawa, Y., Tokuyama, S., and Sawada,
M. (1999) Molecular cloning and characterization of a plasma membrane-associated
sialidase specific for gangliosides. Journal of Biological Chemistry, 274, 8, 5004-5011.

Miyahara, R., Tanaka, F., Nakagawa, T., Matsuoka, K., Isii, K., and Wada, H. (2001)
Expression of neural cell adhesion molecules (polysialylated form of neural cell adhesion
molecule and L1-cell adhesion molecule) on resected small cell lung cancer specimens: In
relation to proliferation state. Journal of Surgical Oncology, 77, 1, 49-54.

Miyake, M., Ito, M., Hitomi, S., Ikeda, S., Taki, T., Kurata, M., Hino, A., Miyake, N., and
Kannagi, R. (1988) Generation of two murine monoclonal antibodies that can discriminate
N-glycolyl and N-acetyl neuraminic acid residues of GM2 gangliosides. Cancer Research,
48,21, 6154-6160.

Mochalova, L., Korchagina, E., Kurova, V., Shtyria, J., Gambaryan, A., and Bovin, N.
(2005) Fluorescent assay for studying the substrate specificity of neuraminidase. Analytical
Biochemistry, 341, 1, 190-193.

Mochalova, L., Kurova, V., Shtyrya, Y., Korchagina, E., Gambaryan, A., Belyanchikov, L.,
and Bovin, N. (2007) Oligosaccharide specificity of influenza HIN1 virus neuraminidases.
Archives of Virology, 152, 11, 2047-2057.

Monti, E. and Miyagi, T. (2012) Structure and function of mammalian sialidases, in
SialoGlyco Chemistry and Biology I. Springer. 183-208.

Monti, E., Bassi, M., Papini, N., Riboni, M., Manzoni, M., Venerando, B., Croci, G., Preti,
A., Ballabio, A., Tettamanti, G., and Borsani, G. (2000) Identification and expression of
NEU3, a novel human sialidase associated to the plasma membrane. Biochemical Journal,
349, 343-351.

162



Monzo, H.J., Park, T.I., Dieriks, B.V., Jansson, D., Faull, R.L., Dragunow, M., and Curtis,
M.A. (2013) Insulin and IGF 1 modulate turnover of polysialylated neural cell adhesion
molecule (PSA-—NCAM) in a process involving specific extracellular matrix components.
Journal of Neurochemistry, 126, 6, 758-770.

Morley, T.J., Willis, L.M., Whitfield, C., Wakarchuk, W.W., and Withers, S.G. (2009) A
new sialidase mechanism bacteriophage K1F endo-sialidase is an inverting glycosidase.
Journal of Biological Chemistry, 284, 26, 17404-17410.

Mouquet, H., Scharf, L., Euler, Z., Liu, Y., Eden, C., Scheid, J.F., Halper-Stromberg, A.,
Gnanapragasam, P.N., Spencer, D.I., and Seaman, M.S. (2012) Complex-type N-glycan
recognition by potent broadly neutralizing HIV antibodies. Proceedings of the National
Academy of Sciences, 109, 47, 3268-3277.

Mozzi, A., Mazzacuva, P., Zampella, G., Forcella, M.E., Fusi, P.A., and Monti, E. (2012)
Molecular insight into substrate recognition by human cytosolic sialidase NEU2. Proteins:
Structure, Function, and Bioinformatics, 80, 4, 1123-1132.

Miihlenhoff, M., Eckhardt, M., and Gerardy-Schahn, R. (1998) Polysialic acid: three-
dimensional structure, biosynthesis and function. Current Opinion in Structural Biology, 8,
5, 558-564.

Miihlenhoff, M., Manegold, A., Windfuhr, M., Gotza, B., and Gerardy-Schahn, R. (2001)
The impact of N-glycosylation on the functions of polysialyltransferases. Journal of
Biological Chemistry, 276, 36, 34066-34073.

Mukherjee, K., Chava, A.K., Mandal, C., Dey, S.N., Kniep, B., Chandra, S., and Mandal,
C. (2008) O-acetylation of GD3 prevents its apoptotic effect and promotes survival of
lymphoblasts in childhood acute lymphoblastic leukaemia. Journal of Cellular
Biochemistry, 105, 3, 724-734.

Mukherjee, K., Chowdhury, S., Mondal, S., Mandal, C., Chandra, S., Bhadra, R.K., and
Mandal, C. (2007) 9-O-acetylated GD3 triggers programmed cell death in mature
erythrocytes. Biochemical and Biophysical Research Communications, 362, 3, 651-657.

Miitze, U., Biirger, F., Hoffmann, J., Tegetmeyer, H., Heichel, J., Nickel, P., Lemke, J.R.,
Syrbe, S., and Beblo, S. (2017) Multigene panel next generation sequencing in a patient
with cherry red macular spot: Identification of two novel mutations in NEU1 gene causing
sialidosis type I associated with mild to unspecific biochemical and enzymatic findings.
Molecular Genetics and Metabolism Reports, 10, 1-4.

163



Myers, R.W., Lee, R.T., Lee, Y.C., Thomas, G.H., Reynolds, L.W., and Uchida, Y. (1980)
The synthesis of 4-methylumbelliferyl a-ketoside of N-acetylneuraminic acid and its use in
a fluorometric assay for neuraminidase. Analytical Biochemistry, 101, 1, 166-174.

Nadano, D., Iwasaki, M., Endo, S., Kitajima, K., Inoue, S., and Inoue, Y. (1986) A naturally
occurring deaminated neuraminic acid, 3-deoxy-D-glycero-D-galacto-nonulosonic acid
(KDN). Its unique occurrence at the nonreducing ends of oligosialyl chains in
polysialoglycoprotein of rainbow trout eggs. Journal of Biological Chemistry, 261, 25,
11550-11557.

Nagai, T. and Yamada, H. (1988) Characterization of mouse liver sialidase and partial
purification of the lysosomal sialidase. Chemical and Pharmaceutical Bulletin, 36, 10,
4008-4018.

Nagasaki, M., Manabe, Y., Minamoto, N., Tanaka, K., Silipo, A., Molinaro, A., and Fukase,
K. (2016) Chemical synthesis of a complex-type N-glycan containing a core fucose. The
Journal of Organic Chemistry, 81, 22, 10600-10616.

Nakamura, M., Hara, S., Yamaguchi, M., Takemori, Y., and Ohkura, Y. (1987) 1, 2-
Diamino-4, 5-methylenedioxybenzene as a highly sensitive fluorogenic reagent for a-keto
acids. Chemical and Pharmaceutical Bulletin, 35, 2, 687-692.

Nakata, D. and Troy, F.A. (2005) Degree of Polymerization (DP) of Polysialic Acid
(PolySia) on Neural Cell Adhesion Molecules (N-CAMs) DEVELOPMENT AND
APPLICATION OF A NEW STRATEGY TO ACCURATELY DETERMINE THE DP
OF polySIA CHAINS ON N-CAMS. Journal of Biological Chemistry, 280, 46, 38305-
38316.

Nie, H., Li, Y., and Sun, X.-L. (2012) Recent Advances in Sialic Acid-Focused Glycomics.
Journal of Proteomics, 75, 11, 3098-3112.

Nitschke, L. (2014) CD22 and Siglec-G regulate inhibition of B-cell signaling by sialic acid
ligand binding and control B-cell tolerance. Glycobiology, 24, 9, 807-817.

Nycholat, C.M., Peng, W., Mcbride, R., Antonopoulos, A., De Vries, R.P., Polonskaya, Z.,
Finn, M., Dell, A., Haslam, S.M., and Paulson, J.C. (2013) Synthesis of biologically active
N-and O-linked glycans with multisialylated poly-N-acetyllactosamine extensions using P.
damsela a2-6 sialyltransferase. Journal of the American Chemical Society, 135, 49, 18280-
18283.

164



Oehler, C., Kopitz, J., and Cantz, M. (2002) Substrate Specificity and Inhibitor Studies of
a Membrane-Bound Ganglioside Sialidase Isolated from Human Brain Tissue. Biological
Chemistry, 383, 11, 1735-1742.

Ogura, H., Furuhata, K., Sato, S., Anazawa, K., Itoh, M., and Shitori, Y. (1987) Synthesis
of 9-O-acyl- and 4-O-acetyl-sialic acids. Carbohydrate Research, 167, 77-86.

Ono, S., Hane, M., Kitajima, K., and Sato, C. (2012) Novel regulation of fibroblast growth
factor 2 (FGF2)-mediated cell growth by polysialic acid. Journal of Biological Chemistry,
287, 6,3710-3722.

Otsuka, H., Uchimura, E., Koshino, H., Okano, T., and Kataoka, K. (2003) Anomalous
binding profile of phenylboronic acid with N-acetylneuraminic acid (Neu5Ac) in aqueous
solution with varying pH. Journal of the American Chemical Society, 125, 12, 3493-3502.

Oyelaran, O. and Gildersleeve, J.C. (2009) Glycan arrays: recent advances and future
challenges. Current Opinion in Chemical Biology, 13, 4, 406-413.

Paerels, G. and Schut, J. (1965) The mechanism of the periodate—thiobarbituric acid
reaction of sialic acids. Biochemical Journal, 96, 3, 787.

Pal, S., Ghosh, S., Mandal, C., Kohla, G., Brossmer, R., Isecke, R., Merling, A., Schauer,
R., Schwartz-Albiez, R., and Bhattacharya, D.K. (2004) Purification and characterization
of 9-O-acetylated sialoglycoproteins from leukemic cells and their potential as

immunological tool for monitoring childhood acute lymphoblastic leukemia. Glycobiology,
14, 10, 859-870.

Paller, A.S., Amsmeier, S.L., Robinson, J.K., and Bremer, E.G. (1992) Alteration in
keratinocyte ganglioside content in basal cell carcinomas. Journal of Investigative
Dermatology, 98, 2, 226-232.

Palmisano, G., Larsen, M.R., Packer, N.H., and Thaysen-Andersen, M. (2013) Structural
analysis of glycoprotein sialylation—part II: LC-MS based detection. RSC Advances, 3, 45,
22706-22726.

Parameswaran, R., Lim, M., Arutyunyan, A., Abdel-Azim, H., Hurtz, C., Lau, K., Miischen,
M., Robert, K.Y., Von Itzstein, M., and Heisterkamp, N. (2013) O-acetylated N-
acetylneuraminic acid as a novel target for therapy in human pre-B acute lymphoblastic
leukemia. The Journal of Experimental Medicine, 210, 4, 805-819.

165



Park, S.S. and Gervay-Hague, J. (2014) Synthesis of partially O-acetylated N-
acetylneuraminic acid using regioselective silyl exchange technology. Organic Letters, 16,
19, 5044-5047.

Parker, R.B., Mccombs, J.E., and Kohler, J.J. (2012) Sialidase specificity determined by
chemoselective modification of complex sialylated glycans. ACS Chemical Biology, 7, 9,
1509-1514.

Pelkonen, S., Aalto, J., and Finne, J. (1992) Differential activities of bacteriophage
depolymerase on bacterial polysaccharide: binding is essential but degradation is inhibitory
in phage infection of K1-defective Escherichia coli. Journal of Bacteriology, 174,23, 7757-
7761.

Peng, W. and Paulson, J.C. (2017) CD22 ligands on a natural N-glycan scaffold efficiently
deliver toxins to B-lymphoma cells. Journal of the American Chemical Society, 139, 36,
12450-12458.

Pham, N.D., Pang, P.-C., Krishnamurthy, S., Wands, A.M., Grassi, P., Dell, A., Haslam,
S.M., and Kohler, J.J. (2017) Effects of altered sialic acid biosynthesis on N-linked glycan

branching and cell surface interactions. Journal of Biological Chemistry, 292, 23, 9637-
9651.

Potier, M., Mameli, L., Belisle, M., Dallaire, L., and Melancon, S. (1979) Fluorometric
assay of neuraminidase with a sodium (4-methylumbelliferyl-a-dN-acetylneuraminate)
substrate. Analytical Biochemistry, 94, 2, 287-296.

Powell, L.D., Sgroi, D., Sjoberg, E.R., Stamenkovic, 1., and Varki, A. (1993) Natural
ligands of the B cell adhesion molecule CD22 beta carry N-linked oligosaccharides with
alpha-2, 6-linked sialic acids that are required for recognition. Journal of Biological
Chemistry, 268, 10, 7019-7027.

Pshezhetsky, A.V., Richard, C., Michaud, L., Igdoura, S., Wang, S., Elsliger, M.-A., Qu,
J., Leclerc, D., Gravel, R., Dallaire, L., and Potier, M. (1997) Cloning, expression and
chromosomal mapping of human lysosomal sialidase and characterization of mutations in
sialidosis. Nature Genetics, 15, 3, 316-320.

Rauvolfova, J., Venot, A., and Boons, G.-J. (2008) Chemo-enzymatic synthesis of C-9
acetylated sialosides. Carbohydrate Research, 343, 10—11, 1605-1611.

Ravindranath, M., Higa, H., Cooper, E., and Paulson, J. (1985) Purification and
characterization of an O-acetylsialic acid-specific lectin from a marine crab Cancer
antennarius. Journal of Biological Chemistry, 260, 15, 8850-8856.

166



Ravindranath, M.H., Muthugounder, S., and Presser, N. (2008) Ganglioside signatures of
primary and nodal metastatic melanoma cell lines from the same patient. Melanoma
Research, 18, 1, 47-55.

Ravindranaths, M., Paulson, J., and Irie, R. (1988) Human melanoma antigen O-acetylated
ganglioside GD3 is recognized by Cancer antennarius lectin. Journal of Biological
Chemistry, 263, 4, 2079-2086.

Regueiro-Figueroa, M., Djanashvili, K., Esteban-Gomez, D., De Blas, A., Platas-Iglesias,
C., and Rodriguez-Blas, T. (2010) Towards Selective Recognition of Sialic Acid Through
Simultaneous Binding to Its cis-Diol and Carboxylate Functions. European Journal of
Organic Chemistry, 2010, 17, 3237-3248.

Reuter, G., Vliegenthart, J.F., Wember, M., Schauer, R., and Howard, R.J. (1980)
Identification of 9-O-acetyl-N-acetylneuraminic acid on the surface of BALB/c mouse
erythrocytes. Biochemical and Biophysical Research Communications, 94, 2, 567-572.

Rillahan, C.D., Antonopoulos, A., Lefort, C.T., Sonon, R., Azadi, P., Ley, K., Dell, A.,
Haslam, S.M., and Paulson, J.C. (2012) Global metabolic inhibitors of sialyl-and
fucosyltransferases remodel the glycome. Nature Chemical Biology, 8, 7, 661-668.

Robinson, L.S., Lewis, W.G., and Lewis, A.L. (2017) The sialate O-acetylesterase EstA
from gut Bacteroidetes species enables sialidase-mediated cross-species foraging of 9-O-
acetylated sialoglycans. Journal of Biological Chemistry, 292,28, 11861-11872.

Robinson, L.S., Schwebke, J., Lewis, W.G., and Lewis, A.L. (2019) Identification and
characterization of NanH2 and NanH3, enzymes responsible for sialidase activity in the
vaginal bacterium Gardnerella vaginalis. Journal of Biological Chemistry, 294, 14, 5230-
5245.

Rogers, G.N., Herrler, G., Paulson, J., and Klenk, H. (1986) Influenza C virus uses 9-O-
acetyl-N-acetylneuraminic acid as a high affinity receptor determinant for attachment to
cells. Journal of Biological Chemistry, 261, 13, 5947-5951.

Rorabacher, D.B. (1991) Statistical treatment for rejection of deviant values: critical values
of Dixon's" Q" parameter and related subrange ratios at the 95% confidence level.
Analytical Chemistry, 63, 2, 139-146.

Ruffing, A. and Chen, R.R. (2006) Metabolic engineering of microbes for oligosaccharide
and polysaccharide synthesis. Microbial Cell Factories, 5, 25, DOI:10.1186/1475-2859-5-
25.

167



Rutishauser, U. (1998) Polysialic acid at the cell surface: biophysics in service of cell
interactions and tissue plasticity. Journal of Cellular Biochemistry, 70, 3, 304-312.

Rutishauser, U. (2008) Polysialic acid in the plasticity of the developing and adult
vertebrate nervous system. Nature Reviews Neuroscience, 9, 1, 26-35.

Sajo, M., Sugiyama, H., Yamamoto, H., Tanii, T., Matsuki, N., Ikegaya, Y., and Koyama,
R. (2016) Neuraminidase-dependent degradation of polysialic acid is required for the
lamination of newly generated neurons. PloS One, 11, 1, e0146398.

Samanta, S., Ghoshal, A., Bhattacharya, K., Saha, B., Walden, P., and Mandal, C. (2012)
Sialoglycosylation of RBC in visceral leishmaniasis leads to enhanced oxidative stress,
calpain-induced fragmentation of spectrin and hemolysis. PLoS One, 7, 7, €42361.

Samraj, A.N., Pearce, O.M., Léaubli, H., Crittenden, A.N., Bergfeld, A.K., Banda, K.,
Gregg, C.J., Bingman, A.E., Secrest, P., and Diaz, S.L. (2015) A red meat-derived glycan

promotes inflammation and cancer progression. Proceedings of the National Academy of
Sciences, 112, 2, 542-547.

Sandbhor, M.S., Soya, N., Albohy, A., Zheng, R.B., Cartmell, J., Bundle, D.R., Klassen,
J.S., and Cairo, C.W. (2011) Substrate recognition of the membrane-associated sialidase
NEU3 requires a hydrophobic aglycone. Biochemistry, 50, 32, 6753-6762.

Sanjoh, M., Miyahara, Y., Kataoka, K., and Matsumoto, A. (2014) Phenylboronic acids-
based diagnostic and therapeutic applications. Analytical Sciences, 30, 1, 111-117.

Sasaki, A., Hata, K., Suzuki, S., Sawada, M., Wada, T., Yamaguchi, K., Obinata, M.,
Tateno, H., Suzuki, H., and Miyagi, T. (2003) Overexpression of plasma membrane-
associated sialidase attenuates insulin signaling in transgenic mice. Journal of Biological
Chemistry, 278, 30, 27896-27902.

Sato, C. and Hane, M. (2018) Mental disorders and an acidic glycan-from the perspective
of polysialic acid (PSA/polySia) and the synthesizing enzyme, ST8SIA2. Glycoconjugate
Journal, 35, 4, 353-373.

Sato, C. and Kitajima, K. (2013) Disialic, oligosialic and polysialic acids: distribution,
functions and related disease. The Journal of Biochemistry, 154, 2, 115-136.

Schauer, R. (1978) Characterization of sialic acids. Methods in Enzymology, 50, 64-89.

Schauer, R. (2009) Sialic acids as regulators of molecular and cellular interactions. Current
Opinion in Structural Biology, 19, 5, 507-514.

168



Schauer, R. and Kamerling, J.P. (2018) Exploration of the Sialic Acid World. Advances in
Carbohydrate Chemistry and Biochemistry, 75, 1-213.

Schauer, R., Schmid, H., Pommerencke, J., Iwersen, M., and Kohla, G. (2001) Metabolism
and role of O-acetylated sialic acids, in The Molecular Immunology of Complex
Carbohydrates—2. Springer. 325-342.

Schnaar, R.L., Gerardy-Schahn, R., and Hildebrandt, H. (2014) Sialic acids in the brain:
gangliosides and polysialic acid in nervous system development, stability, disease, and
regeneration. Physiological Reviews, 94, 2, 461-518.

Schwarting, G.A. and Yamamoto, M. (1988) Expression of glycoconjugates during
development of the vertebrate nervous system. BioEssays, 9, 1, 19-23.

Schwarzkopf, M., Knobeloch, K.-P., Rohde, E., Hinderlich, S., Wiechens, N., Lucka, L.,
Horak, I., Reutter, W., and Horstkorte, R. (2002) Sialylation is essential for early
development in mice. Proceedings of the National Academy of Sciences, 99, 8, 5267-5270.

Schwarzmann, G., Arenz, C., and Sandhoff, K. (2014) Labeled chemical biology tools for
investigating sphingolipid metabolism, trafficking and interaction with lipids and proteins.
Biochimica et Biophysica Acta (BBA)-Molecular and Cell Biology of Lipids, 1841, 8, 1161-
1173.

Sen, G. and Mandal, C. (1995) The specificity of the binding site of AchatininH, a sialic
acid-binding lectin from Achatina fulica. Carbohydrate Research, 268, 1, 115-125.

Seyrantepe, V., Landry, K., Trudel, S., Hassan, J.A., Morales, C.R., and Pshezhetsky, A.V.
(2004) Neu4, a novel human lysosomal lumen sialidase, confers normal phenotype to
sialidosis and galactosialidosis cells. Journal of Biological Chemistry, 279, 35, 37021-
37029.

Sharma, V., Chatterjee, M., Mandal, C., Sen, S., and Basu, D. (1998) Rapid diagnosis of
Indian visceral leishmaniasis using achatininH, a 9-O-acetylated sialic acid binding lectin.
The American Journal of Tropical Medicine and Hygiene, 58, 5, 551-554.

Shen, Y., Kohla, G., Lrhorfi, A.L., Sipos, B., Kalthoff, H., Gerwig, G.J., Kamerling, J.P.,
Schauer, R., and Tiralongo, J. (2004) O-acetylation and de-O-acetylation of sialic acids in
human colorectal carcinoma. European Journal of Biochemistry, 271, 2, 281-290.

Shewell, L., Wang, J., Paton, J., Paton, A., Day, C., and Jennings, M. (2018) Detection of
N-glycolylneuraminic acid biomarkers in sera from patients with ovarian cancer using an

169



engineered N-glycolylneuraminic acid-specific lectin SubB2M. Biochemical and
Biophysical Research Communications, 507, 1-4, 173-177.

Shi, W.-X., Chammas, R., Varki, N.M., Powell, L., and Varki, A. (1996) Sialic Acid 9-O-
Acetylation on Murine Erythroleukemia Cells Affects Complement Activation, Binding to
I-type Lectins, and Tissue Homing. Journal of Biological Chemistry,271,49,31526-31532.

Shinde, S., El-Schich, Z., Malakpour, A., Wan, W., Dizeyi, N., Mohammadi, R., Rurack,
K., GjoRloff Wingren, A., and Sellergren, B.R. (2015) Sialic acid-imprinted fluorescent
core—shell particles for selective labeling of cell surface glycans. Journal of the American
Chemical Society, 137, 43, 13908-13912.

Shiozaki, K., Koseki, K., Yamaguchi, K., Shiozaki, M., Narimatsu, H., and Miyagi, T.
(2009) Developmental change of sialidase neu4 expression in murine brain and its
involvement in the regulation of neuronal cell differentiation. Journal of Biological
Chemistry, 284,32, 21157-21164.

Shivatare, S.S., Chang, S.-H., Tsai, T.-1., Tseng, S.Y., Shivatare, V.S., Lin, Y.-S., Cheng,
Y.-Y., Ren, C.-T., Lee, C.-C.D., and Pawar, S. (2016) Modular synthesis of N-glycans and
arrays for the hetero-ligand binding analysis of HIV antibodies. Nature chemistry, 8, 4, 338-
346.

Sjoberg, E.R., Powell, L.D., Klein, A., and Varki, A. (1994) Natural ligands of the B cell
adhesion molecule CD22 beta can be masked by 9-O-acetylation of sialic acids. The Journal
of Cell Biology, 126, 2, 549-562.

Skoza, L. and Mohos, S. (1976) Stable thiobarbituric acid chromophore with dimethyl
sulphoxide. Application to sialic acid assay in analytical de-O-acetylation. Biochemical
Journal, 159, 3, 457-462.

Smith, D.F. and Ginsburg, V. (1980) Antibodies against sialyloligosaccharides coupled to
protein. Journal of Biological Chemistry, 255, 1, 55-59.

Smutova, V., Albohy, A., Pan, X., Korchagina, E., Miyagi, T., Bovin, N., Cairo, C.W., and
Pshezhetsky, A.V. (2014) Structural Basis for Substrate Specificity of Mammalian
Neuraminidases. PLoS One, 9, 9, €106320.

Spikner, J.E. and Towne, J.C. (1962) Fluorometric Microdetermination of Alpha-Keto
Acids. Analytical Chemistry, 34, 11, 1468-1471.

170



Spiller, F., Nycholat, C.M., Kikuchi, C., Paulson, J.C., and Macauley, M.S. (2018) Murine
red blood cells lack ligands for B cell siglecs, allowing strong activation by erythrocyte
surface antigens. The Journal of Immunology, 200, 3, 949-956.

Stehling, P., Gohlke, M., Fitzner, R., and Reutter, W. (1998) Rapid analysis of O-acetylated
neuraminic acids by matrix assisted laser desorption/ionization time-of-flight mass
spectrometry. Glycoconjugate Journal, 15, 4, 339-344.

Sumida, M., Hane, M., Yabe, U., Shimoda, Y., Pearce, O.M., Kiso, M., Miyagi, T., Sawada,
M., Varki, A., and Kitajima, K. (2015) Rapid trimming of cell surface polysialic acid
(PolySia) by exovesicular sialidase triggers release of preexisting surface neurotrophin.
Journal of Biological Chemistry, 290, 21, 13202-13214.

Sun, B., Srinivasan, B., and Huang, X. (2008) Pre-Activation-Based One-Pot Synthesis of
an o-(2,3)-Sialylated Core-Fucosylated Complex Type Bi-Antennary N-Glycan
Dodecasaccharide. Chemistry—A European Journal, 14,23, 7072-7081.

Surolia, 1., Pirnie, S.P., Chellappa, V., Taylor, K.N., Cariappa, A., Moya, J., Liu, H., Bell,
D.W., Driscoll, D.R., Diederichs, S., Haider, K., Netravali, 1., Le, S., Elia, R., Dow, E., Lee,
A., Freudenberg, J., De Jager, P.L., Chretien, Y., Varki, A., Macdonald, M.E., Gillis, T.,
Behrens, T.W., Bloch, D., Collier, D., Korzenik, J., Podolsky, D.K., Hafler, D., Murali, M.,
Sands, B., Stone, J.H., Gregersen, P.K., and Pillai, S. (2010) Functionally defective
germline variants of sialic acid acetylesterase in autoimmunity. Nature, 466, 7303, 243-
247.

Suzuki, M., Suzuki, M., Nakayama, J., Suzuki, A., Angata, K., Chen, S., Sakai, K.,
Hagihara, K., Yamaguchi, Y., and Fukuda, M. (2005) Polysialic acid facilitates tumor
invasion by glioma cells. Glycobiology, 15,9, 887-894.

Takahashi, K., Mitoma, J., Hosono, M., Shiozaki, K., Sato, C., Yamaguchi, K., Kitajima,
K., Higashi, H., Nitta, K., Shima, H., and Miyagi, T. (2012) Sialidase NEU4 hydrolyzes
polysialic acids of neural cell adhesion molecules and negatively regulates neurite
formation by hippocampal neurons. Journal of Biological Chemistry, 287, 18, 14816-
14826.

Tanaka, K., Fujii, Y., Tokimoto, H., Mori, Y., Tanaka, S.I., Bao, G.M., Siwu, E.R.,
Nakayabu, A., and Fukase, K. (2009) Synthesis of a Sialic Acid Containing Complex-Type
N-Glycan on a Solid Support. Chemistry—An Asian Journal, 4, 4, 574-580.

Tanner, M.E. (2005) The enzymes of sialic acid biosynthesis. Bioorganic Chemistry, 33, 3,
216-228.

171



Tasnima, N., Yu, H., Li, Y., Santra, A., and Chen, X. (2017) Chemoenzymatic synthesis of
para-nitrophenol (p NP)-tagged a2—8-sialosides and high-throughput substrate specificity
studies of a2—8-sialidases. Organic & Biomolecular Chemistry, 15, 1, 160-167.

Teo, C.-F., Hwang, T.-S., Chen, P.-H., Hung, C.-H., Gao, H.-S., Chang, L.-S., and Lin, C.-
H. (2005) Synthesis of sialyl TN glycopeptides — enzymatic sialylation by a2,6-
sialyltransferase from Photobacterium damsela. Advanced Synthesis and Catalysis, 347, 7-
8, 967-972.

Tomar, S. and Sun, X.-L. (2019) Investigation of substrate specificity of sialidases with
membrane mimetic glycoconjugates. Glycoconjugate Journal, 1,11, DOI:10.1007/s10719-
019-09895-x.

Tringali, C., Papini, N., Fusi, P., Croci, G., Borsani, G., Preti, A., Tortora, P., Tettamanti,
G., Venerando, B., and Monti, E. (2004) Properties of Recombinant Human Cytosolic
Sialidase HSNEU2: The enzyme hydrolyzes monomerically dispersed GM1 ganglioside
molecules. Journal of Biological Chemistry, 279, 5, 3169-3179.

Turnbull, W.B., Precious, B.L., and Homans, S.W. (2004) Dissecting the cholera toxin—
ganglioside GM1 interaction by isothermal titration calorimetry. Journal of the American
Chemical Society, 126, 4, 1047-1054.

Uchida, Y., Tsukada, Y., and Sugimori, T. (1977) Distribution of neuraminidase in
Arthrobacter and its purification by affinity chromatography. The Journal of Biochemistry,
82, 5, 1425-1433.

Uchida, Y., Tsukada, Y., and Sugimori, T. (1979) Enzymatic properties of neuraminidases
from Arthrobacter ureafaciens. The Journal of Biochemistry, 86, 5, 1573-1585.

Van Lenten, L. and Ashwell, G. (1971) Studies on the Chemical and Enzymatic
Modification of Glycoproteins: A GENERAL METHOD FOR THE TRITIATION OF
SIALIC ACID-CONTAINING GLYCOPROTEINS. Journal of Biological Chemistry, 246,
6, 1889-1894.

Varea, E., Guirado, R., Gilabert-Juan, J., Marti, U., Castillo-Gomez, E., Blasco-Ibanez,
J.M., Crespo, C., and Nacher, J. (2012) Expression of PSA-NCAM and synaptic proteins
in the amygdala of psychiatric disorder patients. Journal of Psychiatric Research, 46, 2,
189-197.

Varki, A. (1992) Diversity in the sialic acids. Glycobiology, 2, 1, 25-40.

172



Varki, A. (2008) Sialic acids in human health and disease. Trends in Molecular Medicine,
14, 8, 351-360.

Varki, A. (2010) Uniquely human evolution of sialic acid genetics and biology.
Proceedings of the National Academy of Sciences, 107, Supplement 2, 8939-8946.

Varki, A. and Diaz, S. (1984) The release and purification of sialic acids from
glycoconjugates: methods to minimize the loss and migration of O-acetyl groups. Analytical
Biochemistry, 137, 1, 236-247.

Varki, A. and Kornfeld, S. (1980) An autosomal dominant gene regulates the extent of 9-
O-acetylation of murine erythrocyte sialic acids. A probable explanation for the variation
in capacity to activate the human alternate complement pathway. Journal of Experimental
Medicine, 152, 3, 532-544.

Varki, A., Cummings, R., Esko, J., Freeze, H., Stanley, P., Bertozzi, C., Hart, G., and Etzler,
M. (2009) Structures Common to Different Glycans, in-Essentials of Glycobiology
[Internet]. 2nd edition. Cold Spring Harbor Laboratory Press.

Varki, A., Cummings, R.D., Aebi, M., Packer, N.H., Seeberger, P.H., Esko, J.D., Stanley,
P., Hart, G., Darvill, A., and Kinoshita, T. (2015) Symbol nomenclature for graphical
representations of glycans. Glycobiology, 25, 12, 1323-1324.

Varki, A., Muchmore, E., and Diaz, S. (1986) A sialic acid-specific O-acetylesterase in
human erythrocytes: possible identity with esterase D, the genetic marker of
retinoblastomas and Wilson disease. Proceedings of the National Academy of Sciences, 83,
4, 882-886.

Varki, A., Schnaar, R.L., and Schauer, R. (2017) Sialic acids and other nonulosonic acids,
in Essentials of Glycobiology [Internet]. 3rd edition. Cold Spring Harbor Laboratory Press.

Varki, N.M. and Varki, A. (2007) Diversity in cell surface sialic acid presentations:
implications for biology and disease. Laboratory Investigation, 87,9, 851-857.

Villanueva-Cabello, T.M., Gutiérrez-Valenzuela, L.D., Lépez-Guerrero, D.V., Cruz-
Muiioz, M.E., Mora-Montes, H.M., and Martinez-Duncker, 1. (2019) Polysialic acid is
expressed in human naive CD4+ T cells and is involved in modulating activation.
Glycobiology, 29, 7, 557-564.

Vimr, E.R., Kalivoda, K.A., Deszo, E.L., and Steenbergen, S.M. (2004) Diversity of
microbial sialic acid metabolism. Microbiology and Molecular Biology Reviews, 68, 1, 132-
153.

173



Vliegenthart, J., Corfield, A., Wagner, S., Safe, A., Mountford, R., Clamp, J., Kamerling,
J., and Schauer, R. (1993) Sialic acids in human gastric aspirates: Detection of 9-O-lactyl-
and 9-O-acetyl-N-acetyl-neuraminic acids and a decrease in total sialic acid concentration
with age. Clinical Science, 84, 573-579.

Wada, T., Hata, K., Yamaguchi, K., Shiozaki, K., Koseki, K., Moriya, S., and Miyagi, T.
(2007) A crucial role of plasma membrane-associated sialidase in the survival of human
cancer cells. Oncogene, 26, 17, 2483.

Wands, A.M., Fujita, A., Mccombs, J.E., Cervin, J., Dedic, B., Rodriguez, A.C., Nischan,
N., Bond, M.R., Mettlen, M., and Trudgian, D.C. (2015) Fucosylation and protein
glycosylation create functional receptors for cholera toxin. eLife, 4, €09545.

Wang, D., Zhou, X., Wang, L., Wang, S., and Sun, X.-L. (2014) Quantification of free sialic
acid in human plasma through a robust quinoxalinone derivatization and LC-MS/MS using
isotope-labeled standard calibration. Journal of Chromatography B, 944, 75-81.

Wang, J., Shewell, L.K., Paton, A.W., Paton, J.C., Day, C.J., and Jennings, M.P. (2018)
Specificity and utility of SubB2M, a new N-glycolylneuraminic acid lectin. Biochemical
and Biophysical Research Communications, 500, 3, 765-771.

Wang, L., Wang, D., Zhou, X., Wu, L., and Sun, X.-L. (2014) Systematic investigation of
quinoxaline derivatization of sialic acids and their quantitation applicability using high
performance liquid chromatography. RSC Advances, 4, 86, 45797-45803.

Wang, X., Li, X., Zeng, Y.-N., He, F., Yang, X.-M., and Guan, F. (2016) Enhanced
expression of polysialic acid correlates with malignant phenotype in breast cancer cell lines
and clinical tissue samples. International Journal of Molecular Medicine, 37, 1, 197-206.

Wang, Z., Chinoy, Z.S., Ambre, S.G., Peng, W., Mcbride, R., De Vries, R.P., Glushka, J.,
Paulson, J.C., and Boons, G.-J. (2013) A general strategy for the chemoenzymatic synthesis
of asymmetrically branched N-glycans. Science, 341, 6144, 379-383.

Warner, T.G. and O'brien, J.S. (1979) Synthesis of 2'-(4-methylumbelliferyl)-. alpha.-DN-
acetylneuraminic acid and detection of skin fibroblast neuraminidase in normal humans and
in sialidosis. Biochemistry, 18, 13, 2783-2787.

Warren, L. (1959) The thiobarbituric acid assay of sialic acids. Journal of Biological
Chemistry, 234, 8, 1971-1975.

Werneburg, S., Buettner, F.F., Erben, L., Mathews, M., Neumann, H., Miihlenhoff, M., and
Hildebrandt, H. (2016) Polysialylation and lipopolysaccharide-induced shedding of E-

174



selectin ligand-1 and neuropilin-2 by microglia and THP-1 macrophages. Glia, 64, 8, 1314-
1330.

Wipfler, D., Srinivasan, G.V., Sadick, H., Kniep, B., Arming, S., Willhauck-Fleckenstein,
M., Vlasak, R., Schauer, R., and Schwartz-Albiez, R. (2011) Differentially regulated
expression of 9-O-acetyl GD3 (CD60b) and 7-O-acetyl-GD3 (CD60c) during
differentiation and maturation of human T and B lymphocytes. Glycobiology, 21,9, 1161-
1172.

Wu, J., Zhan, X., Liu, L., and Xia, X. (2018) Bioproduction, purification, and application
of polysialic acid. Applied Microbiology and Biotechnology, 102, 22, 9403-9409.

Wylie, A.D. and Zandberg, W F. (2018) Quantitation of Sialic Acids in Infant Formulas by
Liquid Chromatography—Mass Spectrometry: An Assessment of Different Protein Sources

and Discovery of New Analogues. Journal of Agricultural and Food Chemistry, 66, 30,
8114-8123.

Yabe, U., Sato, C., Matsuda, T., and Kitajima, K. (2003) Polysialic acid in human milk
CD36 is a new member of mammalian polysialic acid-containing glycoprotein. Journal of
Biological Chemistry, 278, 16, 13875-13880.

Yang, E.H., Rode, J., Howlader, M.A., Eckermann, M., Santos, J.T., Armada, D.H., Zheng,
R., Zou, C., and Cairo, C.W. (2017) Galectin-3 alters the lateral mobility and clustering of
B1-integrin receptors. PloS One, 12, 10, e0184378.

Yang, G.Y., Li, C., Fischer, M., Cairo, C.W., Feng, Y., and Withers, S.G. (2015) A FRET
Probe for Cell-Based Imaging of Ganglioside-Processing Enzyme Activity and High-
Throughput Screening. Angewandte Chemie International Edition, 54, 18, 5389-5393.

Yang, P., Major, D., and Rutishauser, U. (1994) Role of charge and hydration in effects of
polysialic acid on molecular interactions on and between cell membranes. Journal of
Biological Chemistry, 269, 37, 23039-23044.

Yang, P, Yin, X., and Rutishauser, U. (1992) Intercellular space is affected by the polysialic
acid content of NCAM. The Journal of Cell Biology, 116, 6, 1487-1496.

Yang, W., Ramadan, S., Orwenyo, J., Kakeshpour, T., Diaz, T., Eken, Y., Sanda, M.,
Jackson, J.E., Wilson, A.K., and Huang, X. (2018) Chemoenzymatic synthesis of
glycopeptides bearing rare N-glycan sequences with or without bisecting GlcNAc.
Chemical Science, 9, 43, 8194-8206.

Yanguas-Casas, N., Ojalvo-Sanz, A.C., Martinez-Vazquez, A., Goneau, M.-F., Gilbert,
M., Nieto-Sampedro, M., and Romero-Ramirez, L. (2019) Neurostatin and other O-

175



acetylated gangliosides show anti-neuroinflammatory activity involving the NFkB
pathway. Toxicology and Applied Pharmacology, 114627,
DOI:10.1016/j.taap.2019.114627.

Ye, J.N. and Cheung, N.K.V. (1992) A novel O-acetylated ganglioside detected by anti-
GD2 monoclonal antibodies. International Journal of Cancer, 50, 2, 197-201.

Yu, C., Gao, K., Zhu, L., Wang, W., Wang, L., Zhang, F., Liu, C., Li, M., Wormald, M.R.,
and Rudd, P.M. (2016) At least two Fc Neu5Gc residues of monoclonal antibodies are
required for binding to anti-NeuSGc antibody. Scientific Reports, 6, 20029,
DOI:10.1038/srep20029.

Yu, C.C. and Withers, S.G. (2015) Recent developments in enzymatic synthesis of modified
sialic acid derivatives. Advanced Synthesis & Catalysis, 357, 8, 1633-1654.

Yu, H. and Chen, X. (2016) One-pot multienzyme (OPME) systems for chemoenzymatic
synthesis of carbohydrates. Organic & Biomolecular Chemistry, 14, 10, 2809-2818.

Yu, H., Cheng, J., Ding, L., Khedri, Z., Chen, Y., Chin, S., Lau, K., Tiwari, V.K., and Chen,
X. (2009) Chemoenzymatic synthesis of GD3 oligosaccharides and other disialyl glycans

containing natural and non-natural sialic acids. Journal of the American Chemical Society,
131, 51, 18467-18477.

Yu, H., Chokhawala, H.A., Huang, S., and Chen, X. (2006) One-pot three-enzyme
chemoenzymatic approach to the synthesis of sialosides containing natural and non-natural
functionalities. Nature Protocols, 1, 5, 2485-2492.

Yu, H., Chokhawala, H.A., Varki, A., and Chen, X. (2007) Efficient chemoenzymatic
synthesis of biotinylated human serum albumin-sialoglycoside conjugates containing O-
acetylated sialic acids. Organic and Biomolecular Chemistry 5, 15, 2458-2463.

Yu, H., Huang, S., Chokhawala, H., Sun, M., Zheng, H., and Chen, X. (2006) Highly
efficient chemoenzymatic synthesis of naturally occurring and non-natural o2,6-linked
sialosides: A P. damsela a2,6-sialyltransferase with extremely flexible donor substrate
specificity. Angewandte Chemie International Edition, 118, 24, 4042-4048.

Yu, H., Yu, H., Karpel, R., and Chen, X. (2004) Chemoenzymatic synthesis of CMP—sialic
acid derivatives by a one-pot two-enzyme system: comparison of substrate flexibility of
three microbial CMP—sialic acid synthetases. Bioorganic and Medicinal Chemistry, 12, 24,
6427-6435.

176



Yu, RK. and Ledeen, R. (1969) Configuration of the Ketosidic Bond of Sialic Acid.
Journal of Biological Chemistry, 244, 5, 1306-1313.

Zamora, C.Y., D’alarcao, M., and Kumar, K. (2013) Fluorogenic sialic acid glycosides for
quantification of sialidase activity upon unnatural substrates. Bioorganic and Medicinal
Chemistry Letters, 23, 11, 3406-3410.

Zamora, C.Y., Ryan, M.J., D'alarcao, M., and Kumar, K. (2015) Sialidases as regulators of
bioengineered cellular surfaces. Glycobiology, 25, 7, 784-791.

Zeng, Y., Ramya, T., Dirksen, A., Dawson, P.E., and Paulson, J.C. (2009) High-efficiency
labeling of sialylated glycoproteins on living cells. Nature methods, 6, 3, 207.

Zhang, T., Zhou, S., Hu, L., Peng, B., Liu, Y., Luo, X., Song, Y., Liu, X., and Deng, Y.
(2016) Polysialic acid-modifying liposomes for efficient delivery of epirubicin, in-vitro
characterization and in-vivo evaluation. International journal of pharmaceutics, 515, 1-2,
449-459.

Zhang, X., Chen, B., He, M., Zhang, Y., Peng, L., and Hu, B. (2016) Boronic acid
recognition based-gold nanoparticle-labeling strategy for the assay of sialic acid expression

on cancer cell surface by inductively coupled plasma mass spectrometry. Analyst, 141, 4,
1286-1293.

Zhang, X.-T., Liu, G.-J., Ning, Z.-W., and Xing, G.-W. (2017) Boronic acid-based chemical
sensors for saccharides. Carbohydrate research, 452, 129-148.

Zhang, Y. and Lee, Y.C. (1999) Acid-catalyzed lactonization of a2, 8-linked
oligo/polysialic acids studied by high performance anion-exchange chromatography.
Journal of Biological Chemistry, 274, 10, 6183-6189.

Zhang, Y., Albohy, A., Zou, Y., Smutova, V., Pshezhetsky, A.V., and Cairo, C.W. (2013)
Identification of selective inhibitors for human neuraminidase isoenzymes using C4, C7-
modified 2-deoxy-2, 3-didehydro-N-acetylneuraminic acid (DANA) analogues. Journal of
Biological Chemistry, 56, 7, 2948-2958.

Zhu, H., Chan, H.C., Zhou, Z., Li, J., Zhu, H., and Yin, L. (2004) A gene encoding sialic-
acid-specific 9-O-acetylesterase found in human adult testis. BioMed Research
International, 2004, 3, 130-136.

Zou, Y., Albohy, A., Sandbhor, M., and Cairo, C.W. (2010) Inhibition of human
neuraminidase 3 (NEU3) by C9-triazole derivatives of 2, 3-didehydro-N-acetyl-neuraminic
acid. Bioorganic and Medicinal Chemistry Letters, 20, 24, 7529-7533.

177



Zuber, C., Lackie, P.M., Catterall, W., and Roth, J. (1992) Polysialic acid is associated with
sodium channels and the neural cell adhesion molecule N-CAM in adult rat brain. Journal
of Biological Chemistry, 267, 14, 9965-9971.

178



A.2 Supporting Information for Chapter 2

179



A2.1: Kinetics of hNEU cleaving 4AMU-NeuSAc 2-1 (solid line) and 4MU-Neu5,9Ac; 2-2 (dashed line) for
a) NEUI, b) NEU2, c) NEU3, d) NEUA4. Slopes were fit by linear regression forced through zero

with triplicate experiments. Error bars denote standard error.
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A2.2: One-pot-two-enzyme synthesis of octyl GM3 derivatives.

R0 OH

5 %\ /&/
CTP, 1 M MgCl,, R ,\IrHo prl @::\OH
1 M HEPES HO
o0 OH ialic aci R®=H,R?=H, 2-4
R0 HO OH OH CMP sialic acid synthetase s
a(2—3) sialyltransferase R%=OH, R’ =H, 2-6
RN oH * HO RS = H,R%= Ac, 2-8
OH
©° A24 CTP, 1 M MgCly, ROM oo
R®=H, R%= H, A2-1
E i i 1 M HEPES
R5=H, R%= Ac, A2-2 CMP sialic acid synthetase

trimethylorthoacetate, a(2—6) sialyltransferase HO OH
p-TsOH (cat.), DMSO /&/
R’ = OH, R%= H, A2-3 OH

R5 H,R°=H, z 5
R®=OH,R°=H, 2.7
R% = H,R% Ac, 2-9

Experimental procedures for the synthesis of A2-2 and A2-4.

o

)LOOH COOH
AcH N.%Qf% o
HO oH
5-Acetamido-9-0O-acetyl-3,5-dideoxy-D-glycero-p-D-galacto-2-nonulopyranosonic acid (A2-
2):
Starting from N-acetylneuraminic acid, (SI6) was prepared in one step, as previously reported.' 'H

and *C NMR data were consistent with previous reports.! >

e

Octyl B-pD-galactopyranosyl-(1—4)-B-D-glucopyranoside (A2-4):
Starting from B-lactose, octyl B-D-galactopyranosyl-(1—4)-B-D-glycopyranoside was prepared as

previously reported.’ 'H and '*C NMR data were consistent with previous reports.’
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A2.3: Control experiment showing that NEU1 does not cleave octyl sialyllactosides 4. 4MU-Neu5SAc is a
positive control. The result is consistent with previous reports that NEU1 does not cleave

glycolipid substrates,* and supports that the majority of the neuraminidase activity in the crude

HEK293E cell lysate is NEUI.
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- 241
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5 2000+
L
% 1000-
0 = B 5 |
10 20 30 40 50
-1000- Time (min)
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A2.4: Kinetics of NEU2 cleaving octyl sialyllactosides (2-5 — 2-9 — dashed line) in reference to a(2—3)

Neu5Ac octyl sialyllactoside (2-4 — solid line, matched control replotted on every panel). Slopes

were fit by linear regression forced through zero of triplicate experiments, error bars denote

standard error.
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A2.5: Kinetics of NEU3 cleaving octyl sialyllactosides (2-5 — 2-9 — dashed line) in reference to a(2—3)

Neu5Ac octyl sialyllactoside (2-4 — solid line, matched control replotted on every panel). Slopes

were obtained by linear regression forced through zero of triplicate experiments, error bars denote

standard error.
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A2.6: Kinetics of NEU4 cleaving octyl sialyllactosides (2-5 — 2-9 — dashed line) in reference to a(2—3)

Neu5Ac octyl sialyllactoside (2-4 — solid line, matched control replotted on every panel). Slopes

were obtained by linear regression forced through zero of triplicate experiments, error bars denote

standard error.
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A2.7. Summary of kinetics assays showing the effect of sialic acid modification on hydrolysis with hNEU.

Rates were obtained by taking points every 10 min for 40 min (or every 1 min for 4 min compounds

2-4 and 2-6 only); followed by a linear regression of triplicate experiments. Data is in the form of

relative rates, = standard error, normalized to a(2—3) Neu5SAc.

Assay 4MU Octyl sialyllactosides
Compound 2-1 2-2 2-4 2-5 2-6 2-7 2-8 2-9

NEU1 1.00 + 0.61 £
0.03 0.01

NEU2 1.0 + 0.02 + 1.0 + 0.017 £ 0.64 + 0.052 £ 0.007 £ 0.006 £
0.1 0.01 0.1 0.002 0.05 0.003 0.001 0.001

NEU3 1.00 + 0.17 + 1.00 + 1.1 + 0.8 + 034 =+ 0.8 =+ 0.11 £
0.03 0.02 0.05 0.2 0.1 0.07 0.1 0.09

NEU4 1.00 + 1.97 + 1.00 = 09 <+ 0.51+ 029 + 045 = 0.08 =+
0.03 0.06 0.2 0.1 0.04 0.05 0.07 0.02

A2.8 Results from extra sum of squares F-test comparing the linear regression of the rates of

hNEU-catalyzed hydrolysis of 4MU sialoside substrate 2-2 to 2-1 or octyl sialyllactoside

substrates 2-5 - 2-9 to 2-4. Results are reported as p values with p<0.05 indicating slopes are

significantly different.

Assay 4MU Octyl sialyllactosides

Compound 2-1 2-2 2-4 2-5 2-6 2-7 2-8 2-9
NEU1 <0.0001
NEU2 <0.0001 <0.0001  0.0056  <0.0001 <0.0001 <0.0001
NEU3 <0.0001 0.6 0.098  <0.0001 0.12 <0.0001
NEU4 <0.0001 0.5 0.022 0.0013 0.012 <0.0001
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A2.9: Ring conformations from 25-ns MD simulations for GM3 trisaccharides of 2-4, 2-6, and 2-8 bound
to a) NEU2 and b) NEU3 c¢) Histogram of ring conformations (along 0) from a 25-ns MD simulation for
the GM3-analogs 24, 2-6, and 2-8 bound to NEU2. Neu5SAc in 4 is shown as a solid line and has two
populations, one at 6 = 99° (OS3, 18%) and a second at 6 = 170° (2C5, 82%). Neu5Gc of 6 is
shown as a dotted line and has one population at 6 = 166° (2C5). Neu5,9Ac2 in 8 is shown as a

line with long dashes and has one population at 6 = 93° (B2,5).
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A2.10 NMR data
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Compound 2-5
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Compound 2-6

'HNMR, 700 MHz, D,O
Ho OH
CooH OH
NEZ7e7 o TN
HO HO o HO I VY
o OH o —oH OH
| U e
| T T T T | T T T T | T T T T I T T T T | T T | T T T T | T T T T | T T T T | T T T T | T T T T | T
10 9 8 7 6 5 4 3 2 1 0
ppm




Compound 2-7
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Compound 2-8
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Compound 2-9
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A.3. Supporting information for Chapter 3
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A3.1: Calibration curve of NeuSAc derivatized with 1,2-phenyldiamine c-amino aniline

Normalized peak area

300

400

[Neu5Ac] (uM)

500
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A3.2: Sialic acids released from bovine submaxillary mucin BSM. Peak areas were normalized

using p-nitrophenol as an internal standard.
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Normalized Peak Area

Condition NeuSAc Neu5Gce Neu5,9Ac2
Acid 1.1 +0.1 0.80 +0.08 1.3+£0.2

A. ureafaciens 0.70 £ 0.04 0.41+0.03 1.05+0.08

Nanl 0.38 £0.06 0.09 £ 0.02 0.45+0.07
NEU1 0.0062 + 0.0002 N/A N/A
NEU2 0.049 + 0.008 0.018 +0.004 N/A
NEU3 0.036 + 0.001 0.008 = 0.001 N/A
NEU4 0.04 £ 0.01 0.019 +0.009 N/A

at 220 nm

1.6 -
g 1.4 ) -
yd
w 12 —~—2
1.0 ——
€1 7z
8 0.8 >
e .
% 0.6 —
£ 0.4 L
z25 0.2 /
0.0' T T T T T T T T
0 100 200 300 400 500 600
Concentr ation (uM)

198

A3.3: Calibration curve of aryl glycolipids separated using reversed phase HPLC with detection

3-7 (GD3)
3-3 (GM3)
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A3.4: Michaelis-Menten kinetics for NEU2 cleaving GM3 mimic octyne a(2—3) sialyllactose

HO D" oo on oH

H@oﬁh\o&o _z

\H/Hé OH H oh OH

Octyne sialyllactose was made using a previously reported synthetic route. 'H NMR (700 MHz,
D;0) 0 4.54 (d, J=8.0 Hz, 1H, H-1""), 4.49 (d, /= 8.1 Hz, 1H, H-1"), 4.12 (dd, /= 9.8, 3.2 Hz,
1H, H-3""), 4.02-3.56 (m, 22H), 3.31 (appt, 1H, H-2’), 2.71 (dd, J = 12.4, 4.7 Hz, 1H, H-3¢;”),
2.35(t,J=2.7 Hz, 1H, O(CH2)¢CCH), 2.22 (td, J= 7.1, 2.7, 2H, O(CH2)sCH2CCH), 2.04 (s, 3H,
NHCOCH3;), 1.81 (t, J = 12.3 Hz, 1H, H-3¢4’”), 1.65 (appq, J = Hz, 2H, OCH2CH2(CH2)sCCH)
1.56-1.51 (appq, 2H, O(CH2)4CH,CH>CCH), 1.47-1.36 (m, 4H, O(CH2).CH2CH2(CH>)CCH).
BCNMR (175 MHz, D>0) § 175.8 (NHCOCH3), 174.7 (C-1"""), 103.5 (C-1°), 102.9 (C-1°), 100.7
(C-2"), 87.4,79.2, 76.4 (C-3""), 76.0, 75.6, 75.3, 73.7, 72.6, 71.5, 70.2, 69.8, 69.2, 69.0, 68.3,
63.4, 619, 61.0, 525, 405 (C-3"’), 294 (OCH:CH>(CH»)4CCH), 28.5, 284
(O(CH2)4CH2CH,CCH), 25.4, 22.9 (NHCOCH3), 18.3 ((CH2)sCH>CCH). ESI-MS caled for
C31Hs51NO19 [M-H], 740.2983; found, 740.2975.

Solution phase Ky and Vmax measurements of NEU2 cleaving the GM3 oligosaccharide were
determined with slight modifications to a previously reported assay.! In brief, octyne sialyllactose
in 45 pL water (75 — 800 uM) was mixed with 120 uL 0.3 M ammonium acetate (pH 6) and 15 uL
(1 mU) NEU2. The assay mixture was incubated at 30 °C. At timepoints of 0, 10, 20, 30, and 40
minutes, 30 pL aliquots were quenched in 50 puL sodium borate buffer (0.2 M, pH 9.5).
Malononitrile (15 pL, 0.8 % w/v in H,O) was added to each aliquot and heated for 20 minutes at
100 °C, after which 28 pLL was transferred to a 384 well plate. Fluorescence was measured on a

SpectraMax M?2° plate reader (Molecular Devices), excitation 357 nm emission 434 nm.
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Km and Vmax determination for NEU2 cleaving octyne GM3. Curve fitting was done using

GraphPad Prism to obtain a Ky of 325 £ 221 pM and Vimax of 0.29 = 0.09 umol L' min.
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A3.5 NMR of aryl glycolipids
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Compound 3-3
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Compound 3-4
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Compound 3-5

H NMR, 700 MHz, D,O

Hb OH

SLbeaass

206




BCNMR, 175 MHz, D,0
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Compound 3-6
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Compound 3-7

'HNMR, 700 MHz, D,0
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Compound 3-9
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A.4 Supporting information for Chapter 4
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A4.1 Average degree of polymerization (average DP) for oligosialic acid degradation assays. Data

presented is an average of triplicate experiments with error denoting one standard deviation

Average DP
Condition
pH 4.5 pH 5.5 pH 7
t=0 5.58£0.04
pH control 4.76 +0.03 5.52+£0.04 5.62+0.04
NEU1 48+0.2
NEU2 53+0.2 5.56 £0.02
NEU3 3.58+0.04 5.63 £0.05
NEU4 4.05+0.01 57+0.2
ureafaciens 4.64+0.01 5.69 +0.04
endo-N 1.22+0.03 1.22+£0.03
NEUI + inh. 5.1+0.1
NEU4 + inh. 4.74 £ 0.03
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A4.2 Average degree of polymerization (average DP) for polysialic acid degradation assays. Data

presented is an average of triplicate experiments with error denoting one standard deviation

Condition Average DP
t=0 13.15+0.01
pH 4.5 control 9.0£0.1
pH 5.5 control 12.7+0.2
pH 7 control 13.0£0.1
NEU1 + inh. 9.4+0.2
NEU1 9.6+04
NEU2 12.0+£0.3
NEU3 9.4+0.2
NEU4 9.2+0.1
ureafaciens 9.1+£0.1
endo-N 1.77 £ 0.07
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A4.3 Average degree of polymerization (average DP) for oligosialic acid degradation assays
examining the effect of changing salt concentration. Data presented is an average of triplicate

experiments with error denoting one standard deviation

Average DP
Condition
260 mM 160 mM 80 mM
pH 4.5 control 476 +£0.03 4.41 £0.05 4.39+£0.06
NEU4 4.05+0.01 4.24 +0.03 426 +0.08
endo-N 1.22 +£0.03 1.21 +£0.01 1.22+£0.02
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A4.4 Representative chromatograms for pH controls
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A4.5 Representative chromatograms from oligosialic acid degradation assays.
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A4.6 Representative chromatograms from polysialic acid degradation assays.
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