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ABSTRACT: Sialidases hydrolytically remove sialic acids from
sialylated glycoproteins and glycolipids. Sialidases are widely
distributed in nature and sialidase-mediated desialylation is
implicated in normal and pathological processes. However,
mechanisms by which sialidases exert their biological effects remain
obscure, in part because sialidase substrate preferences are poorly
defined. Here we report the design and implementation of a
sialidase substrate specificity assay based on chemoselective labeling
of sialosides. We show that this assay identifies components of
glycosylated substrates that contribute to sialidase specificity. We
demonstrate that specificity of sialidases can depend on structure of
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the underlying glycan, a characteristic difficult to discern using typical sialidase assays. Moreover, we discovered that Streptococcus
pneumoniae sialidase NanC strongly prefers sialosides containing the NeuSAc form of sialic acid versus those that contain
NeuSGc. We propose using this approach to evaluate sialidase preferences for diverse potential substrates.

S ialic acid refers to a family of nine-carbon a-keto acids
typically located at the non-reducing termini of many
mammalian glycoprotelns and glycolipids. Various sialic acids
occur in nature," including N-acetylneuraminic acid (NeuSAc),
the most common sialic acid in humans; N-glycolylneuraminic
acid (NeuSGc), produced by many nonhuman mammals; and
deaminated sialic acid (2-keto-3-deoxy-p-glycero-p-galacto-
nononic acid; KDN), produced by lower vertebrates and
bacteria. In mammals, sialylated glycoconjugates, also called
sialosides, play roles in physiological processes including cell
differentiation, proliferation, apoptosis, and the immune
response. Additionally, sialosides facilitate non-host interactions
by serving as receptors for pathogens and secreted toxins.” The
extent of glycoconjugate sialylation is regulated by sialyltrans-
terases, which add sialic acid to glycoconjugates, and by
sialidases, also called neuraminidases, which remove sialic acid
from glycoconjugates. Sialidases hydrolytically cleave the
ketosidic bond between sialic acid and an underlying glycan.
These enzymes can regulate cell signaling through their ability
to rapidly and dramatically change glycosylation of cell surface
adhesion molecules, a transformation that can impact responses
to extracellular stimuli.

Genes encoding sialidases are found in viral, bacterial, and
eukaryotic genomes. Viral and bacterial sialidases play roles in
pathogen infection of human hosts. In mammals, sialidase
activities are critical to normal physiology, and changes in
sialidase expression levels are associated with cancer, both in
primary tumor samples and in cancer cell lines.> However,
mechanistic link(s) between sialidase activity and cellular
responses remain obscure. Improved knowledge of the
substrate specificity of sialidases could reveal clues as to the
regulatory processes that are normally controlled by sialidases
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and those that are disrupted by sialidase activity in infection and
in cancer.

Routine measurements of sialidase activity are conducted
using methylumbelliferyl-N-acetyl-a-p-neuraminic acid (4-MU-
NANA), an artificial substrate consisting of a proto-fluorophore
linked to NeuSAc. Hydrolysis of the ketosidic bond by a
sialidase liberates the fluorophore, enabling facile detection of
sialidase activity by continuous fluorescence measurement.
However, the 4-MU-NANA reagent cannot provide informa-
tion about the sialidase’s specificity for sialic acid linkage or the
underlying glycan to which the sialic acid is attached. Specificity
studies require examination of sialidase activity on a variety of
sialoside substrates. One approach is to quantify the amount of
sialic acid released, either by direct measurement® or by
coupled enzyme assays,” but the availability of defined
substrates and the quantity of material required limit the
scope of these approaches. Another strategy for studying
sialidase specificity involves the use of lectin binding to detect
changes in the sialylation state of immobilized glycans.%’
However, low specificity and variable affinity of lectins limits
their utility. As an alternative, two groups reported disaccharide
substrates that are tagged with p-nitrophenyl or methylumbelli-
ferone groups at the reducing terminus. Removal of sialic acid
by a sialidase frees a tagged monosaccharide that can be
hydrolyzed by excess glycosidase, and the liberated tag
produces a quantitative UV or fluorescent signal.g’9 This
approach yielded information about the substrate specificity of
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Figure 1. PAL method adapted to 96-well plate format. (a) The sialidase specificity assay accommodates a variety of sialosides. The form of sialic
acid, the nature of the linkage, and structure of the underlying glycan can be varied. (b) Glycans are incubated with sialidase and then immobilized.
Sialic acid containing glycoconjugates are fluorescently labeled by the periodate oxidation and aniline catalyzed ligation (PAL) method and detected.
(c) The PAL method quantitatively detects sialylation. Biotinylated sialylated and unsialylated glycans were mixed in ratios indicated and
immobilized. Sialylated glycans were labeled by periodate oxidation followed by aniline-catalyzed oxime ligation to Alexa Fluor 488. Error bars

represent standard deviation of three trials.
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both bacterial and mammalian sialidases'
limited to disaccharide substrates.

Here we describe a simple sialidase specificity assay that
circumvents limitations of existing assays. By employing a
chemoselective reaction that labels any sialoside, this assay
enables analysis of sialidase activity on a wide variety of
sialosides, including relatively complex glycans. Implementing
this assay, we demonstrate that the activities of a human
cytosolic sialidase and a previously uncharacterized pneumo-
coccal sialidase are influenced by multiple structural elements
contained within the sialic acid and the underlying glycan.

We sought a simple and reliable method to assess the
sialylation level of a variety of glycans. Because the primary
limitation of existing sialidase specificity assays is access to
suitable substrates, the ideal method should be readily
applicable to existing glycans that have been prepared to
study the specificity of glycan-binding proteins.'> Immobilized
glycan arrays are widely used to rapidly assess the specificity of
carbohydrate binding proteins.">~'* Potential hits are then
validated by solution-based binding measurements. We
envisioned an analogous approach to studying sialidase
specificity: immobilized arrays of sialylated glycans could be
subjected to sialidase treatment and the relative desialylation of
potential substrates measured. Interesting trends in substrate
specificity could be confirmed by further solution-based kinetics
measurements. To measure the extent of desialylation, we
turned to the periodate oxidation and aniline catalyzed ligation
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(PAL) method, which capitalizes on the unique reactivity of the
sialic acid polyhydroxyl side chain.'® Mild oxidation conditions
selectively oxidize the C7 position of sialic acid to an aldehyde.
Subsequent oxime formation by reaction with an aminooxy
reagent is catalyzed by aniline, yielding a labeled sialic acid. This
detection method is ideally suited to specificity studies because
it is independent of the glycan to which sialic acid is attached
and of most modifications to the sialic acid itself, although
modifications to the C7 and C8 positions of sialic acid preclude
its use. We reasoned that we could employ the PAL method to
detect the ability of sialidases to desialylate a variety of
biotinylated sialosides in which the sialic acid structure, sialic
acid linkage, and structure of the underlying glycan were varied
(Figure 1, panel a).

First, we adapted the PAL reaction'® for use in a 96-well
format (Figure 1, panel b). We used glycans conjugated to
biotin at the reducing end via a spacer unit (Sp). We
immobilized each glycan in a single well of a streptavidin-coated
plate and then oxidized the glycan by sodium periodate
treatment. Oxidized glycans were reacted with an aminooxy
detection reagent in the presence of aniline catalyst, using acidic
conditions (pH 4.5) to promote the reaction.'” Of the
fluorophores examined, Alexa Fluor 488 provided the best
sensitivity, yielding a 3- to 4-fold increase in fluorescence for
sialylated glycans relative to that of unsialylated glycans
(Supplementary Figure 1). In the absence of periodate
oxidation, there was no difference in fluorescence signal
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between sialylated and unsialylated glycans, and in the absence
of aniline, the difference was greatly reduced (Supplementary
Figure 2). Taken together, these results indicate that the
detection method reliably discriminates sialylated and unsialy-
lated glycans.

Next, we identified conditions where the fluorescence signal
accurately reflected the amount of sialylated glycan. We
prepared defined mixtures of NeuSAca2-3Lac-Sp-biotin and
Lac-Sp-biotin. We immobilized the mixtures in individual wells
of a 96-well streptavidin-coated plate and detected sialylated
molecules using the PAL method. In this format, achieving
signal that accurately reflected the degree of sialylation required
use of milder oxidation conditions (0.1 mM NalO,) than used
previously (1 mM NalO,) for live cell labeling (Supplementary
Figure 1). Additionally, while introducing a step where the
fluorescence signal was enzymatically amplified enhanced the
fluorescence change, it resulted in a non-linear response
(Supplementary Figure 1, panel d), so we chose to rely on
direct detection with an aminooxy-fluorophore conjugate. With
optimized conditions, observed fluorescence signal related
linearly to the fraction of sialylated glycan present (Figure 1,
panel c). Sialic acid linkage did not affect the fluorescence
signal, and the signal was proportional to the fraction of glycan
that was sialylated. Subsequent data are reported as “percent
sialylation,” calculated for each experimental observation based
on fluorescence signals of sialylated and unsialylated glycans
(Supplementary Figure 3).

We evaluated two approaches to sialidase treatment, either
preceding or following glycan immobilization (Supplementary
Figure 4). We observed robust and, in some cases, complete
desialylation of glycans when the glycans were sialidase-treated
before immobilization, while using the same amount of sialidase
after immobilization resulted in less desialylation. Furthermore,
sialidase treatment prior to immobilization yielded a more
proportional relationship between the amount of sialidase
added and the loss of fluorescence signal. We speculate that
some aspect of the immobilization process sterically occludes
enzyme access to glycan. Thus, all experiments were conducted
with sialidase treatment of glycans preceding immobilization.

We investigated whether we could accurately detect sialidase
specificity by examining two well-characterized bacterial
sialidases. Sialidase A from Arthrobacter ureafaciens hydrolyti-
cally cleaves both a2-3- and @2-6-linked sialic acids.'® Sialidase
T from Salmonella typhimurium exhibits a strong preference for
sialic acids in the @2-3-linkage.'® Using NeuSAca2-3Lac-Sp-
biotin and NeuSAca2-6Lac-Sp-biotin, we observed desialyla-
tion of both @2-3- and a2-6-linked sialosides by sialidase A,
while sialidase T displayed a strong preference for a2-3-linked
sialic acid (Figure 2).

Next, we examined the human sialidase NEU?2, also known as
the cytosolic sialidase or the soluble sialidase.”* Mammalian
NEU2 is highly expressed in skeletal muscle, where it is
implicated in myoblast differentiation,®" and also is present in
other tissues. In vitro assays have demonstrated that NEU2
accepts §1ycoprotein, glycolipid, and oligosaccharide sub-
strates,”*> but its physiological substrates remain unknown.
We measured the pH dependence of GST-NEU2 activity
toward NeuSAca2-3Lac-Sp-biotin (Figure 3, panel a). Con-
sistent with prior reports, we found that GST-NEU2 exhibits
optimal activity at pH 5.6."%** We also tested the effects of
varying the buffer composition (Figure 3, panel b). GST-
NEU2’s activity toward NeuSAca2-3Lac-Sp-biotin did not
depend on divalent ions. On the other hand, GST-NEU2 was

1511

1007} ]L " +
o
i=
£ 80
©
€
e
§ 60
®
>
s 40
[}
|
o 20
[
o
0 Neu5Ac  NeubAc _ﬁeuSAc Neu5Ac
a2-3 a2-6 a2-3 a2-6
Lac Lac Lac Lac
Sialidase A Sialidase T

Figure 2. Sialidase assay accurately characterizes specificity of bacterial
sialidases. Biotinylated NeuSAca2-3Lac and NeuSAca2-6Lac were
incubated with Arthrobacter ureafaciens sialidase A (0, 0.55, 1.66, or S
mU, bars left to right) or Salmonella typhimurium sialidase T (0, 6.4,
19.3, or 58 uU, bars left to right) for 2 h at 37 °C. The PAL method
was used to determine the fraction of sialylated glycan remaining after
sialidase treatment. Error bars represent standard deviation of three
trials.
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Figure 3. Activity of GST-NEU2 depends on buffer composition. (a)
GST-NEU2 (1.13 mU) was incubated with NeuSAca2-3Lac in buffer
containing 200 mM sodium phosphate, 100 mM sodium acetate, and
100 mM NaCl at the indicated pH, for 1 h at 37 °C. Error bars
represent standard deviation of three trials. (b) GST-NEU2 activity
(1.13 mU) was measured in 100 mM NaOAg, pH 5.6, and 100 mM
NaCl at 37 °C for 1 h. Buffer was varied by presence of 1 mM CaCl,,
MgCl,, EDTA, zanamivir, DANA, or oseltamivir, as indicated. Error
bars represent standard deviation of three trials.

inhibited by sialidase inhibitors 2-deoxy-2,3-didehydro-N-
acetylneuraminic acid (DANA) and zanamivir (Relenza) but
was not affected significantly by oseltamivir (Tamiflu),
consistent with previous findings.

We examined the sialoside specificity of NEU2 using a small
panel of potential substrates, with variable sialic acid linkage,
sialic acid form, and underlying glycan structure (Figure 4,
panel a). An early report describing the purification of cytosolic
sialidase activity indicated that it prefers the @2-3-linkage,* and
subsequent studies using recombinant NEU2 support that
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Figure 4. Human and bacterial sialidases exhibit sialoside specificity dependent on sialic acid linkage, sialic acid form, and underlying glycan
structure. (a) Sialylated glycans examined. (b) GST-NEU?2 activity detected by PAL method. GST-NEU2 (0, 0.76, 2.3, or 6.9 mU, bars left to right)
was incubated with 1 #M of glycan in 100 mM NaOAc, pH 5.6, and 100 mM NaCl for 2 h at 37 °C, followed by immobilization and PAL labeling.
(c) NanC (0, 0.8, 2.4, or 7.2 mU, bars left to right) was incubated with 1 M of glycan in 100 mM NaOAc, pH 5.6, and 100 mM NaCl for 2 h at 37
°C, followed by immobilization and PAL labeling. Error bars represent standard deviation of three trials.

finding."®** However, using lysates from cells overexpressing
mouse NEU2, Koda et al. observed activity toward both a2-3-
and a2-6-linked sialosides.”® Our data are consistent with the
prevailing view that NEU2 exhibits a strong preference for a2-
3-linked sialic acids; we observed only minor activity toward the
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a2-6-linked sialosides (Figure 4, panel b). We examined
NEU2’s tolerance of different forms of sialic acid. Consistent
with the findings of others,'® we observed that GST-NEU2
readily hydrolyzes both NeuSAc and NeuSGc, but not the
deaminated sialic acid, KDN. We examined how sialidase
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activity depends on the structure of the underlying
glycoconjugate and found that GST-NEU2 did not strongly
discriminate between Lac- or LacNAc-based glycans. Although
GST-NEU?2 readily accepted NeuSAca2-3LacNAc-Sp-biotin, it
showed diminished activity toward sialyl Lewis X, in which
fucose is attached to the N-acetylglucosamine (GlcNAc)
residue. Furthermore, sialyl Lewis a and the GMI oligosac-
charide, both of which contain Neu5SAca2-3Gal, were also poor
substrates, suggesting that the enzyme is sensitive to glycan
structure. The lack of NEU2 activity on the GMI
oligosaccharide is consistent with other studies,” but sialyl
Lewis X and sialyl Lewis a had not been examined previously.
We validated our finding by monitoring glycan desialylation by
thin layer chromatography (Supplementary Figure S). NEU2
hydrolyzes sialyl Lewis X more slowly than NeuSAca2-3Lac,
consistent with the specificity assay data.

We examined the substrate specificity of a Streptococcus
pneumoniae sialidase, NanC (Figure 4, panel c). NanC is
expressed by approximately 50% of S. pneumoniae isolates and is
enriched in cerebrospinal fluid.”” As suggested previously,”®
NanC prefers a2-3- over a2-6-linked sialic acids. NanC also
displayed a dramatic preference for NeuSAc over NeuSGe, a
result we confirmed using a p-nitrophenol activity assay
(Supplementary Figure 6). This result may help explain S.
pneumoniae’s preference for the human host and may also relate
to its ability to infect the brain. Humans are incapable of
NeuSGc synthesis. Although dietary NeuSGc can be incorpo-
rated into cellular glycoconjugates, it seems to be excluded from
the brain***® NanC also preferred LacNAc- over Lac-
containing substrates. S. pneumoniae encodes a f-galactosidase
and a N-acetylglucosaminidase that cleave LacNAc on N-
glycans, resulting in resistance to opsonophagocytic killing.*!
Removal of LacNAc-linked sialic acids may enable increased
bacterial colonization by exposing LacNAc substrate. NanC also
exhibited a preference for non-fucosylated glycans and was
essentially inactive toward the GMI oligosaccharide. These
results provide insight into NanC specificity and represent a
step toward defining NanC’s mechanistic roles in infection.

In summary, we report a method for evaluating sialidase
specificity. We adapted the PAL method to monitor
desialylation of immobilized glycoconjugates. Then, we
examined how the activities of mammalian and bacterial
sialidases depend on multiple substrate features, including
sialic acid linkage, sialic acid identity, and structure of the
underlying glycan. In the future, immobilized glycoproteins and
glycolipids could be examined, or the method could be adapted
to interrogate larger arrays of robotically printed glycans.**
Knowledge of sialidase specificity will provide insight into
sialidase roles in normal physiology and in disease.

B METHODS

PAL Method in 96-Well Format. Biotinylated glycans at a final
concentration of 1 uM were combined with sialidase in a volume of
100 pL and incubated at 37 °C. For Sialidase A, 0.5S, 1.66, or S mU (1
unit = 1 ymol of sialic acid released per minute) of enzyme in S0 mM
sodium phosphate, pH 6.0 was incubated with glycan for 1 h. For
Sialidase T, 6.4, 19.3, or 58 yU of enzyme in 50 mM sodium citrate,
pH 6.0, containing 100 mM sodium chloride and 100 pg mL™' BSA
was incubated with glycan for 1 h. GST-NEU2 (0.76, 2.3, or 6.9 mU)
or NanC (0.8, 2.4, or 7.2 mU) was incubated with 1 uM glycan in
standard buffer (100 mM NaOAc, pH 5.6, containing 100 mM NaCl)
for 2 h at 37 °C. For pH dependence analysis of GST-NEU2 activity,
1.13 mU of GST-NEU2 was incubated with glycan for 1 h in buffer of
the indicated pH. Buffers were composed of 200 mM sodium
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phosphate, 100 mM sodium acetate, 100 mM NaCl and titrated to the
appropriate pH with HCl or NaOH. To immobilize glycans, 96-well
streptavidin-coated plates (Fisher 15503) were incubated with 90 uL
of the sialidase/glycan mixture at 4 °C for 1 h and then washed three
times with PBS, pH 7.4, containing 0.05% (v/v) Tween (PBST).

For PAL detection, glycans were oxidized with 0.1 mM NalO, in
PBS for 30 min at 4 °C. Oxidation was quenched by 1 M glycerol in
PBS pH 7.4. Wells were washed three times with PBST and then
reacted with 10 uM Alexa Fluor 488-hydroxylamine (Invitrogen, A-
30629) and 10 mM aniline in 100 mM NaOAc, pH 4.5, for 2 h at 4
°C. Wells were washed three times with PBST. Fluorescence was
measured on a Spectramax MS plate reader with 488 nm excitation
and 515 nm emission.

B ASSOCIATED CONTENT
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Detailed descriptions of method optimization, protein
expression and purification, and specificity validation. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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