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Polysialic acid (polySia) is a linear polymer of «2,8-linked sialic acid residues that is of fundamental biological interest due to its pivotal
roles in the regulation of the nervous, immune, and reproductive systems in healthy human adults. PolySia is also dysregulated in
several chronic diseases, including cancers and mental health disorders. However, the mechanisms underpinning polySia biology in
health and disease remain largely unknown. The polySia-specific hydrolase, endoneuraminidase NF (EndoN), and the catalytically
inactive polySia lectin EndoNpy;, have been extensively used for studying polySia. However, EndoN is heat stable and remains
associated with cells after washing. When studying polySia in systems with multiple polysialylated species, the residual EndoN that
cannot be removed confounds data interpretation. We developed a strategy for site-specific immobilization of EndoN on streptavidin-
coated magnetic beads. We showed that immobilizing EndoN allows for effective removal of the enzyme from samples, while
retaining hydrolase activity. We used the same strategy to immobilize the polySia lectin EndoNpy;, which enabled the enrichment of
polysialylated proteins from complex mixtures such as serum for their identification via mass spectrometry. We used this methodology
to identify a novel polysialylated protein, @S0X2, which is secreted from the breast cancer cell line MCF-7. This method of site-specific
immobilization can be utilized for other enzymes and lectins to yield insight into glycobiology.
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Introduction

Polysialic acid (polySia) is a linear polymer of «2,8-linked
sialic acid residues that is of fundamental biological interest
due to its pivotal roles in the regulation of the nervous,
immune, and reproductive systems in healthy human adults.
PolySia extends both N- and O-linked glycans on a small
number of proteins and imparts profound consequences on
the proteins and cells to which it is attached (Nakata and
Troy 2nd 2005; Colley et al. 2014; Schnaar et al. 2014).
Cells containing polysialylated proteins are typically more
migratory, and polySia is required for axonal migration (El
Maarouf and Rutishauser 2003), neurite outgrowth (Frances-
chini et al. 2001), and dendritic cell migration (Rey-Gallardo
et al. 2010). PolySia also acts as an immune checkpoint
by attenuating the immune response (Curreli et al. 2007;
Stamatos et al. 2014; Karlstetter et al. 2017), similar to what
has been observed for other sialosides (Adams et al. 2018;
Barenwaldt and Laubli 2019). In addition to its critical roles
in healthy humans, dysregulation of polySia contributes to the
pathology of several chronic diseases, including mental health
disorders, neurodegenerative and autoimmune diseases, and
cancer (Mikkonen et al. 1999; Tanaka et al. 2000; Daniel
et al. 2001; Suzuki et al. 2005; Yoshimi et al. 20035; Strekalova
et al. 2006; McAuley et al. 2009; Anney et al. 2010; Heim-
burg-Molinaro et al. 2011; Falconer et al. 2012; Varea et al.
2012; Maheu et al. 2013; Piras et al. 2015; Yang et al. 20135;
Gong et al. 2017; Fullerton et al. 2018; Khan et al. 2023).

However, while some progress has been made into the mecha-
nistic details supporting polySia biology, many have yet to be
elucidated.

While there are several tools with which to detect and
manipulate polySia, investigating its biology remains a chal-
lenge. The a-polySia antibody mAb7335 is both sensitive and
specific for polySia (Hayrinen et al. 2002). However, the
large, anionic nature of the polymer makes identification of
polysialylated proteins via pull down approaches challenging
(Werneburg et al. 2016). Many proteins, particularly basic
proteins, tend to interact non-specifically with polySia and
cannot be removed under the mild washing conditions of
immunoprecipitation. The resulting proteomics experiments
often contain hundreds of hits which require either a substan-
tial number of antibodies for validation or a biased selection
of hits to validate based on known function and subcellular
localization (Curreli et al. 2007; Simon et al. 2013; Kiermaier
et al. 2016; Werneburg et al. 2016).

Another tool that has been used extensively to study polySia
is the endoneuraminidase NF (EndoN). EndoN is a tail-
spike endohydrolase protein from a bacteriophage that infects
the polySia capsule-containing Escherichia coli K1 (Pelkonen
et al. 1992). EndoN is a trimer with both polySia-binding
and polySia-hydrolysis functions, which normally allows the
bacteriophage to penetrate the capsule layer to access the bac-
terial cell surface (Pelkonen et al. 1992). Heterologous expres-
sion of EndoN in E. coli yields a heat- and detergent-stable
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protein that can be used to specifically hydrolyze polySia
(Jokilammi et al. 2004). EndoN has been used to demonstrate
the role of polySia in phagocytosis (Stamatos et al. 2014)
and activation of T cells (Curreli et al. 2007), among many
others. Furthermore, endosialidases were some of the original
hydrolases converted to lectins through mutation of key active
site residues (Pelkonen et al. 1992). The EndoN double mutant
(EndoNpp) is a catalytically inactive version of EndoN that
binds polySia with a Kp of ~10~8 M (Jokilammi et al. 2004).
Fusion of the EndoNp)y lectin with green fluorescent protein
yielded a robust new tool complementary to mAb735 which
could be used to visualize polySia by microscopy and flow
cytometry (Jokilammi et al. 2004).

We hypothesized that site-specific immobilization of
EndoN and EndoNpy; could improve their usefulness in
studying polySia biology. Here, we report engineering EndoN
and EndoNpy; to contain a 15-amino acid Avi tag, which
can be efficiently biotinylated and then immobilized on
streptavidin-coated agarose or magnetic beads. Efficient
removal of EndoN post-hydrolysis has long been an issue
in the field and we show that immobilization of EndoN
on magnetic beads significantly improves the efficiency
with which the enzyme is removed from samples, while
retaining its ability to hydrolyze polySia. Efficient removal
of enzyme post-hydrolysis is necessary to properly investigate
interactions between multiple polysialylated species, as in
the case of dendritic cell — T cell interactions. We also
show that immobilized EndoNpy; can be used to enrich
polysialylated proteins from complex mixtures, even in the
presence of detergent. The enriched mixture can then be used
to identify polysialylated proteins by mass spectrometry. We
demonstrate that the NK-92 cell line and human serum both
contain polysialylated NCAM and ST8Sia4. We then used the
methodology to discover that QSOX2 is a novel polysialylated
protein secreted from the breast cancer cell line MCF-7.

Results
EndoN is heat stable and remains associated with
cells after washing

In experiments designed to investigate the role of polySia
in cell-cell interactions, there are three possible sources of
polySia: cell type 1, cell type 2, and media containing fetal
bovine serum. We found that it was not possible to remove
polySia from one of these components without compromising
the rest of the experiment. For example, to remove polySia
from media, we had proposed to treat media with EndoN
and then inactivate the enzyme by heating. However, EndoN
was sufficiently heat-stable that the length of time required
to inactivate it also decreased the amount of polySia in the
control (untreated) samples. As serum is challenging to blot
due to the high concentration of albumin, we demonstrated
this phenomenon in lysates from NK-92 cells (Fig. 1A and B).
These cells represent a natural killer cell line derived from
a 50 year old male with rapidly progressive non-Hodgkin’s
lymphoma and make polysialylated NCAM. Additionally, it
was not possible to entirely remove EndoN from intact cells.
NK-92 cells were treated with EndoN to remove cell surface
polySia and then cells were washed three times in PBS, the
standard method for washing cells. However, when these
washed cells were mixed 1:1 with polysialylated (untreated)
NK-92 cells, the majority of polySia in the mixture was
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hydrolyzed, indicating residual EndoN was not removed with
washing (Fig. 1C).

Immobilization of EndoN and EndoNpy; on
streptavidin beads

We hypothesized that immobilization of EndoN would over-
come the challenge of completely removing the protein after
hydrolysis of polySia in biological samples. To immobilized
EndoN, we chose to use a genetically encoded Avi tag, which
can be biotinylated using the BirA biotin ligase from E. coli
(Fig. 2A) (Li and Sousa 2012). The near-covalent interaction
between biotin and streptavidin would result in an immo-
bilized protein that was stable, even under strong washing
conditions. In parallel, we also prepared an immobilized
version of the EndoNpy protein for potential use in isolating
polysialylated proteins.

Hisg-Avi-tagged proteins were expressed in E. coli and
purified using immobilized metal affinity chromatography
(Fig. S1), followed by biotinylation using recombinant BirA
(Figs 2B and S2). Since BirA is an E. coli protein, we observed
some endogenous biotinylation, which is absent in the non-
Avi-tagged version of EndoN. However, in vitro addition
of BirA substantially increased the amount of biotinylated
EndoN/EndoNpy;.

After biotinylation, EndoN and EndoNpy; were immobi-
lized on streptavidin-coated magnetic or agarose beads respec-
tively (Fig. S3). Immobilized EndoN retained its ability to
hydrolyse polySia in NK-92 cell lysates (Fig. 2C). We reasoned
that washing the beads with 1% SDS after immobilizing
the proteins would remove all loosely associated material,
thereby ensuring that EndoN would not wash off the beads
in subsequent experiments. Washing the immobilized EndoN
with SDS did not substantially decrease polySia hydrolase
activity (Fig. S4). Additionally, we examined the stability of the
immobilized EndoN and found that the beads could be reused
on subsequent days without sacrificing activity (Fig. S5).

Immobilized EndoN is effectively removed from
cells

To demonstrate that immobilized EndoN was effectively
removed from cells, we performed mixing experiments
where two vials of cells were treated separately with or
without EndoN and then mixed together and analyzed by
immunoblotting (Figs 3A and S6). To facilitate removal of
immobilized EndoN, we immobilized the enzyme on magnetic
beads, which could be removed using a standard magnet. If
we effectively removed EndoN from cells after hydrolysis, any
polySia added subsequently should remain intact. Similar to
what we observed in Fig. 1, mixing NK-92 cells treated with
soluble EndoN and NK-92 cells treated with PBS results in
a complete loss of polySia due to residual EndoN sticking to
cells (Fig. 3A, Lane 5). In contrast, we observed a roughly
50% decrease in polySia signal after mixing NK-92 cells
treated with immobilized EndoN and NK-92 cells treated
with PBS (Fig. 3A, Lane 7) compared to controls treated with
PBS or heat-inactivated EndoN (Lanes 1 and 3 respectively).
This ~50% reduction is comparable to the signal observed
for half the amount of PBS-treated NK-92 lysate (Lane 2) as
well as NK-92 cells mixed 1:1 with the non-polysialylated
K562 cell line (Lane 9).

To corroborate our immunoblotting results, we analyzed
the mixed cell populations by flow cytometry (Figs 3B and S7).
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Fig. 1. EndoN is heat stable and remains associated with the NK-92 cells after washing. A) Immunoblot of NK-92 cell lysate treated with soluble EndoN
that had been pre-heated at 95 °C for 0.5 or 5 min. After mixing the lysate with either control or heat-treated EndoN in SDS-PAGE sample buffer, all
samples were heated at 95 °C for 30 sec to denature proteins. B) Immunoblot of NK-92 cell lysate heated at 95 °C for 0.5 or 5 min in SDS-PAGE sample
buffer. In the sample containing EndoN, soluble EndoN was added to the lysis buffer before heating. C) Samples containing 108 NK-92 cells were
incubated with either PBS or soluble EndoN for 30 min at 37 °C. After washing the cells 3 times with PBS, cells were mixed as indicated and then
incubated at 37 °C for 1 h. After making lysates, equivalent amounts of protein was loaded in each well. As an additional control for polySia hydrolysis, a
portion of each sample was treated with soluble EndoN in the loading dye. The experiments were performed in biological triplicate.
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Fig. 2. Immobilization of EndoN and EndoNpy. A) Schematic figure of Avi-tagged proteins and workflow for biotinylation and immobilization. B)
Coomassie gel (top panel) and streptavidin-HRP blot (bottom panel) of the purified recombinant proteins after the biotinylation reaction. MBP-EndoN was
used as non-Avi-tagged control. 0.25 ug protein from each reaction was loaded onto the gel. C) The activity of the immobilized enzyme was assessed by
incubating intact NK-92 cells with magnet-conjugated EndoN at 37 °C. Cells were collected, washed, and lysed every 0.5 h for 3 h. As a control, intact
NK-92 cells were incubated with soluble EndoN (EndoN), unconjugated magnetic beads (magnet) or PBS for 0.5 h. 7 g protein of each sample was
loaded on the gel. The experiments were performed in biological triplicate.
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Fig. 3. Magnet-conjugated EndoN can be efficiently removed from cells. Cells were treated with soluble EndoN, immobilized EndoN, or PBS. After
washing, different permutations of cells were mixed in a 1:1 ratio, incubated at 37 °C for 1 h and then analyzed by immunoblotting (A) or flow cytometry
(B). For immunoblotting, N and K correspond to NK-92 and K562 cells respectively. 10 ng lysate was loaded in all wells except N1j2, which contained

5 ng. In lanes with two letters in the cell row, cells were treated separately with the indicated conditions before mixing together. In lanes with one letter
in the label, the cells that were mixed were from identical treatment conditions. HI corresponds to heat inactivated EndoN. All flow cytometry
experiments were performed with NK-92 cells. All experiments were performed in at least biological triplicate.

Again, we observed a complete loss of polySia after mixing
soluble EndoN-treated cells with PBS-treated cells, as
indicated by the single polySia population, supporting the
observation that EndoN is not removed by washing. However,
mixing immobilized EndoN-treated cells with PBS-treated
cells yielded both polySia~ and polySia* populations, as we
would expect if EndoN was properly removed. In all cases,
NCAM signal was unaffected, suggesting that the changes
in polySia are not due to changes in cell surface expression
of NCAM.

Immobilized EndoNpy, can be used to isolate
polysialylated proteins for identification by
proteomics

The current method for identifying novel polysialylated
proteins is immunoprecipitation, which suffers from low
sensitivity and specificity (Curreli et al. 2007; Simon et al.
2013; Kiermaier et al. 2016; Werneburg et al. 2016). We
hypothesized that immobilized EndoNpy could provide a
better strategy as it binds polySia almost as well as the a-
polySia mAb735 but is detergent resistant and may allow

for washing with harsh conditions to remove non-specifically
bound proteins. To validate that polySia binds to immobilized
EndoNpy;, we incubated beads with NK-92 cell lysates,
washed them with 1% SDS, and then followed polySia and
NCAM by immunoblotting (Fig. 4A). The majority of the
polySia remained associated with the beads, with very little
in the flow-through and none in the wash, indicating that
the association between polySia and EndoNpy, is stable to
harsh washing conditions. Similarly, only high molecular
weight NCAM (i.e. polysialylated) remained associated with
the beads, while the lower (non-polysialylated) band was
lost in the flow-through, indicating that the association of
protein with immobilized EndoNpy is polySia-dependent. As
a negative control, the NK-92 cell lysate was pretreated with
EndoN before isolation. We observed no signal corresponding
to NCAM in the EndoN-treated sample bound to the beads,
confirming the specificity of the interaction.

To determine whether immobilized EndoNpys could be
used to isolate polysialylated proteins for identification by
mass spectrometry, we incubated immobilized EndoNpy
with NK-92 lysates. For comparison, we also incubated
immobilized EndoNpy; with NK-92 lysates pretreated with
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Fig. 4. Proteomic analysis of polysialylated proteins from NK-92 cells. A)
Immunoblot analysis of NK-92 cell lysate samples treated with PBS or
with active EndoN before isolation on immobilized EndoNpp,. a-polySia
and a-NCAM blots show lysate (L), flowthrough (F), wash (W), and boiled
beads (B). B) Volcano plot of proteins identified in samples relative to
those pretreated with active EndoN. Proteins with a significant difference
are labelled. The known polysialylated proteins NCAM1 and ST8Sia4 are
highlighted (n = 4 per group, assessed with student’s T-test).

EndoN. Proteomic analysis of these samples yielded a 10-
fold enrichment of NCAM, confirming our ability to enrich
polysialylated proteins (Fig. 4B, Supplementary Table 1).
Additionally, we also saw enrichment of the polysialyltrans-
ferase ST8Sia4, which is known to autopolysialylate, though
it was only detected in three of the four replicates. The remain-
ing few enriched proteins consisted mainly of ribosomal
proteins, which frequently contaminate polySia isolations.

Identification of polysialylated NCAM and ST8Sia4
in serum

To probe whether our methodology could be useful in a more
complex sample, we investigated whether we could isolate
polysialylated proteins from human serum. Serum contains
very high concentrations of albumin (40 g/L) and antibod-
ies (up to 20 g/L) (Jazayeri et al. 2013), which complicate
immunoprecipitation and immunoblotting analysis. We com-
pared the abilities of protein G-bound mAb735 and immobi-
lized EndoNpy to isolate polysialylated proteins from human
serum. We observed a huge increase in total protein immuno-
precipitated from serum using mAb735, as measured by SDS-
PAGE (Fig. SA). However, the same proteins were also present
in samples pretreated with EndoN, suggesting that none is
polysialylated. Additionally, polySia could not be detected
in an «a-polySia immunoblot (Fig. 5B). In comparison, we

observed very few enriched proteins after incubating immobi-
lized EndoNpys with serum and were able to detect polySia in
an immunoblot (Fig. 5A and B). These results encouraged us
to use the immobilized EndoNp) to look for possible polysia-
lylated proteins in human serum. In this proteomic analysis,
we observed not only NCAM as expected (Tajik et al. 2020),
but also ST8Sia4 (Fig. SC, Supplementary Table 2). ST8Sia4
has previously been detected in mass spectrometry analysis of
serum (Dey et al. 2019) and given it autopolysialylates, it is
not surprising it was observed in our analysis.

QSOX2 is a novel polysialylated protein that is
secreted from MCF-7 cells

We next wanted to determine whether we could identify
novel polysialylated proteins. MCF-7 cells are epithelial cells
derived from a 69 year old woman with breast adenocar-
cinoma and have long been known to contain intracellular
polySia that is not expressed on the cell surface (Martersteck
et al. 1996). However, the identity of these polysialylated
proteins has not yet been reported, though it is known that
NCAM is not one (Fig. S8) (Martersteck et al. 1996). We
isolated polysialylated proteins from MCF-7 cell lysates using
immobilized EndoNpys, using EndoN-treated lysates as a
negative control. Proteomic analysis revealed 11 putative
polysialylated proteins (Fig. 6A, Supplementary Table 3). Of
the 11, only the polysialyltransferase ST8Sia4 has previously
been identified as being polysialylated. Most of the remaining
proteins are normally associated with the Golgi. However,
the most highly enriched protein was QSOX2, a member of
the sulfhydryl oxidase/quiescin-6 (Q6) family of proteins that
catalyze disulfide bond formation, which was recently found
to be associated with poor outcomes in lung and colorectal
cancers (Jiang et al. 2021; Li et al. 2021).

To validate the presence of polySia on QSOX2, we ana-
lyzed MCF-7 cell lysates by immunoblotting (Fig. 6B). We
observed a reproducible smear slightly above two tight bands
around 100 kDa. The predicted molecular weight of QSOX2
is 78 kDa so it is possible the bands at 100 kDa represent
the glycosylated (but possibly non-polysialylated) form of
QSOX2. Upon treatment of QSOX2 with EndoN, the higher
molecular weight smear disappears and the band at 100 kDa
becomes substantially brighter. To confirm that QSOX2 was
indeed polysialylated, we performed reciprocal immunopre-
cipitation with «-QSOX2 and «-polySia antibodies (Fig. 6C,
S9). After immunoprecipitating polySia, QSOX2 appeared as
a higher molecular weight smear at ~150 kDa, which reduced
to just over 100 kDa after treatment with EndoN. Pretreating
the lysates with EndoN before immunoprecipitation abro-
gated any QSOX2 signal, confirming the specificity of the pull
down. Similarly, immunoprecipitation of QSOX2 yielded an
~150 kDa band in polySia immunoblots, which disappeared
after treatment with EndoN, providing unequivocal evidence
that QSOX2 is polysialylated.

PolySia has been reported on both N-linked (NCAM) and
O-linked (neuropilin-2) glycans. QSOX2 has 2 N-linked and
at least 17 experimentally validated O-linked glycosylation
sites (Steentoft et al. 2013). To determine whether N- or
O-linked glycans are polysialylated on QSOX2 in MCF-7
cells, we analyzed cell lysates using a sandwich ELISA, where
polysialylated proteins were isolated using the polySia lectin
EndoNpy; adhered to 96 well plates and then the protein
component was detected using an «-QSOX2 antibody (Tajik
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significant difference are labelled. Samples were analyzed in biological quadruplicates.
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Fig. 6. QSOX2 is a novel polysialylated protein. A) Volcano plot showing results from proteomic analysis of MCF7 cell lysates (n = 4 per group, assessed
with student’s T-test). The control lysates (left side) were pretreated with EndoN to hydrolyze polySia. B) Immunoblot of QSOX2 before and after
treatment with EndoN. Bars represent areas with greater signal. C) Reciprocal immunoprecipitation of polysialylated QSOX2. Lysates were
immunoprecipitated and then treated with PBS or EndoN before blotting (untreated +/— EndoN). As a negative control, lysates were also pretreated
with EndoN before immunoprecipitation and then analyzed as before. D) PolySia-QSOX2 ELISA of MCF-7 cell lysates with PNGase F treatment to
remove N-linked glycans, benzyl-GalNAc treatment to remove O-linked glycans, or both.

et al. 2020). Analysis of MCF-7 lysates yielded a robust signal
for QSOX2 which was substantially reduced when pretreated
with EndoN (Fig. 6D), again confirming the polysialylation of
QSOX2. The linkage of glycans carrying polySia was deter-
mined using the N-glycosidase, PNGase F, and the O-linked
glycosylation inhibitor, benzyl-GalNAc (Prescher and Bertozzi
2006; Wang and Voglmeir 2014). Treatment of cells with
either benzyl-GalNAc or PNGase F both caused a decrease in
signal for polySia-QSOX2 (Fig. 6D). Additionally, the combi-
nation of both treatments was equivalent to treatment with
EndoN, indicating that both N- and O-linked glycans on
QSOX2 are polysialylated.

Given its similarity to QSOX1, we expected QSOX2 to
be secreted from cells (Ilani et al. 2013) and predicted that
the secreted form would be polysialylated. We immunopre-
cipitated polysialylated proteins from MCF-7 conditioned
media and observed the high molecular weight QSOX2, which
decreased in size after treatment with EndoN (Fig. 7A), con-
firming its secretion. To determine whether secreted QSOX2
was associated with extracellular vesicles (EVs), we analyzed
EVs isolated by ultracentrifugation as well as EV-depleted
media for the presence of QSOX2. The vast majority of
QSOX2 remained associated with the EV-depleted media, sug-
gesting that QSOX2 is secreted as a soluble protein (Fig. 7B).



Site specific EndoN immobilization

A B EV-depleted

cell lysate media EV lysate

+

PBS EndoN EndoN

- + +
(kDa) (kDa) 250 —| M |
150 — 150 —| "
‘ i | polySia
100 — - Qsox2 e

75 =|

75 — 250 =|
150:| Qsox2

oo-| O -

i1
50— B-tubulin

37 -

Fig. 7. Polysialylated QSOX2 is secreted as a soluble protein from MCF7
cells. A) @-QSOX2 immunoblot of polysialylated proteins
immunoprecipitated from conditioned serum-free media after 3 days
incubation. B) Immunoblot of MCF-7 cell lysate, extracellular vesicles (EV
lysate), and conditioned media after removal of extracellular vesicles
(EV-depleted media). Extracellular vesicles were isolated/removed by
ultracentrifugation. Protein concentration of MCF-7 cell lysate,
EV-depleted media, and EV lysate were determined using the BCA assay
and an equivalent amount of protein was added in each well.

Discussion

EndoN and EndoNpys have been important tools for polySia
research since they were first characterized decades ago.
Expanding on this original technology, we have developed
new tools which will help investigate the mechanisms
supporting polySia biology. We chose to use site specific
immobilization of EndoN/EndoNpy based on the 15 amino
acid Avi-tag biotinylation sequence (Li and Sousa 2012).
Previous experiments immobilizing EndoNpy have relied on
chemical crosslinking, like tosyl-activated beads (Kiermaier
et al. 2016; Werneburg et al. 2016; Hsu et al. 2018).
More recently, aldehyde cross-linking was also used to
non-specifically immobilize a catalytically inactive point-
mutant of the mucin protease StcE (Malaker et al. 2019).
While chemical cross-linking is convenient, the heterogeneous
nature of the immobilization may actually block the binding
domains/active site in the immobilized protein. Additionally,
if the protein of interest isn’t of high purity, non-specific
proteins can also be immobilized, potentially complicating
the analysis. By genetically encoding the Avi-tag into our
protein of interest, we were able to efficiently biotinylate
EndoN/EndoNpy; with recombinant BirA. The detergent-
stability of EndoN/EndoNp)y; and the near covalent inter-
action between streptavidin and biotin (Cronan Jr 1990;
Stummeyer et al. 2005), allowed us to remove any non-
specifically bound proteins after immobilization by washing
with SDS, thereby providing an extra layer of specificity.

The immobilized EndoN will be useful when studying the
interactions between cells expressing polySia or between these
cells and their environment (e.g. serum and extracellular vesi-
cles). Temporal experiments looking at polySia dynamics are
also now possible with this methodology. While EndoN only
removes cell surface polySia, combination experiments with
the newly developed polySia biosynthesis inhibitor (Hunter
et al. 2023) would allow for a more in depth exploration of
polySia dynamics by targeting both cell surface and internal
polySia.

Immobilized EndoNpy; represents an additional tool for
isolating and identifying polysialylated proteins. Because the
EndoNpys-biotin-streptavidin complex is detergent-stable, it
is possible to perform the pull down in a high concentra-
tion of detergent to reduce non-specific interactions that
frequently plague polySia-based pull downs. Additionally, the

detergent can be removed through extensive washing, allow-
ing for detergent-sensitive downstream applications, such as
proteomics. Our proteomic analysis of NK-92 cells found that
immobilized EndoNpy significantly enriched NCAM and to a
lesser extent ST8Sia4. This is one of the few polySia-proteomic
experiments to identify a polysialyltransferase, despite the
fact that both ST8Sia2 and ST8Sia4 autopolysialylate. We
were also able to significantly enrich polysialylated proteins
from serum using the immobilized EndoNpy, in contrast
to mAb 735-based immunoprecipitation, which was plagued
with high levels of non-specifically bound proteins. Similar
to NK-92 cells, human serum contained both NCAM and
ST8Sia4. NCAM/CDS56 expressed on the surface of NK cells
is susceptible to numerous proteases, including matrix met-
alloproteases MMP2/9 (Shichi et al. 2011), tumor necrosis
factor-a-converting enzyme (TACE/ADAM17), and the -
site APP cleaving enzyme 1 (BACE1) secretase, so it may
be released into serum after proteolysis. The mechanism by
which ST8Sia4 gets into serum is less clear though it is
also subject to proteolysis by BACE1 (Kitazume et al. 2006;
Hemming et al. 2009). Alternatively, ST8Sia4 may be released
into serum by activated platelets (Lee-Sundlov et al. 2017),
and thus could have an impact on remodeling extracellular
environments.

Using our immobilized EndoNpy;, we also discovered
that QSOX2 is a novel polysialylated protein. QSOX2 is a
sulfhydryl oxidase which makes disulfides de novo (Reznik
and Fass 2022). It is localized to the Golgi and is also secreted,
consistent with our observations. QSOX2 is a relatively
unstudied protein but is gaining attention because of its
association with cancer. In a genetic study of colorectal cancer,
QSOX2 overexpression was a predictor of poor prognosis
(Nazempour et al. 2021). Knockdown of QSOX2 significantly
reduced proliferation of colorectal cancer (Jiang et al. 2021)
and non-small cell lung cancer cells (Li et al. 2021), and it
was also identified as a potential serum biomarker for lung
cancer (Li et al. 2021). Given the association of polySia
with metastatic cancer, it will be interesting to determine
how polysialylation affects QSOX2. While little is known
about QSOX2 biology, the protein also shares 50% similarity
with QSOX1, which is far better characterized (Reznik and
Fass 2022). Like QSOX2, QSOX1 is a marker of metastasis
in several cancers, including prostate (Ouyang et al. 2005;
Baek et al. 2018), pancreatic (Antwi et al. 2009; Katchman
et al. 2011), and breast (Katchman et al. 2013; Soloviev et al.
2013) cancers. Additionally, QSOX1/2 exclusively regulate
disulfide bond formation in the Golgi (Reznik and Fass
2022). QSOX1 in particular is required for proper mucin
production by goblet cells through regulation of ST3Gall
and ST6Gall activity (Ilani et al. 2023). Whether QSOX2 is
similarly important and whether polySia is required for this
regulation remains to be determined. Secreted QSOX1 also
remodels the extracellular matrix, one of the mechanisms by
which it is connected to cancer metastasis (Ilani et al. 2013).
It remains to be seen whether QSOX2 plays similar roles and
whether polySia contributes directly to sulfhydryl oxidase
activity or indirectly to QSOX2 biology by promoting ECM
binding or increasing half-life (Lindhout et al. 2011).

In conclusion, the immobilized EndoN/EndoNpys tools
have the potential to improve the ability of researchers
to design and interpret experiments investigating polySia
biology, especially in areas of biology where polySia is
less understood. Additionally, this method of site-specific



immobilization can be used for immobilizing enzymes and
lectins for studying other areas of glycobiology.

Materials and methods
Cells, antibodies, reagents

NK-92, K562, and MCF-7 cell lines were obtained from
ATCC (CRL-2407, CCL-243, and HTB-22 respectively). NK-
92 and K562 cells were cultured in RPMI-1640 (Gibco™,
Cat# 11875093) supplemented with 10% horse serum
(Gibco™, Cat# 16050122), 10% fetal bovine serum (Sigma-
Aldrich), 25 mM HEPES pH 7, 100 U/mL penicillin-
streptomycin (Gibco™, 10, 000 U/mL Cat# 15140-122),
200 U/mL IL-2 (Miltenyi Biotec), and 1 mM hydrocortisone
(Stemcell). MCF-7 cells were cultured in Dulbecco’s Modified
Eagle Medium (Cytiva SH30022.01) supplemented with 10%
fetal bovine serum (Sigma-Aldrich) and 100 U/mL penicillin-
streptomycin. Cells were incubated at 37 °C with 5% CO,
and media was changed every 2-3 days.

The antibodies used in this manuscript consisted of a-
polySia mAb 735 (BioAspect BA-Ab00240-2.0), «-CD56
(R&D systems, mAB2408), a-beta-tubulin (Abcam, ab6046),
streptavidin-HRP (Biolegend, 405210), goat a-mouse IgG-
HRP (R&D systems, HAF007), goat a-rabbit IgG-HRP
(Abcam, ab6721), and «-QSOX2 (Abcam, ab191168 and
ab121376).

Cloning

The Hisg-Avi-EndoNpy was constructed from a 3-way liga-
tion. The plasmid expressing GFP-EndoNpy (Yu et al. 2013)
was digested with BamHI-HF and Nbel restriction enzymes
to produce the Nhel-BamHI vector fragment and the BamHI-
Bam-HI EndoNpy; insert. Primers corresponding to Nbel-
BamHI Avi tag were phosphorylated with the T4 polynu-
cleotide kinase (NEB) and annealed. Equimolar amounts of
the Avi tag and EndoNpy; fragments were ligated for 1 h
before adding the vector fragment and allowing the ligation to
proceed overnight. E. coli BL21 (DE3) competent cells were
transformed with the ligation reaction and positive transfor-
mants were verified by sequencing. To produce the Hisg-Avi-
EndoN construct, the gene encoding the active EndoN was
subcloned from pCWmalEendoN (Morley et al. 2009) into
the newly made Hisg-Avi-EndoNpys construct using Agel and
Sall/Xhol sites. This plasmid was also verified by sequencing.

Protein expression and purification

Verified transformants were cultured overnight in Luria Broth
(LB) media at 37 °C. The overnight cultures were diluted
1/100 in LB media supplemented with 100 pg/mL ampicillin.
Cultures were grown at 37 °C with shaking for 2 h. To induce
the recombinant protein expression, 0.5 mM isopropyl-thio-
B-galactoside (IPTG) was added to the cultures and cells
were incubated at 20 °C for 26 h with shaking. Cells were
harvested and lysed in buffer containing 20 mM Tris-HCI
(pH 8), 500 mM NaCl, 10 mM B-mercaptoethanol, 10%
glycerol, and 10 mM imidazole, protease inhibitor cocktail
(Roche), and benzonase (EMD Millipore). The supernatant
was cleared by 30 min centrifugation at 15,000 x g at 4 °C.
The supernatant was passed through the cOmplete His-Tag
purification resin (Roche) column and recombinant proteins
were eluted in 20 mM Tris-HCI (pH 8), 500 mM NaCl,
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10 mM B- mercaptoethanol, 10% glycerol, 300 mM imida-
zole. The purity of the fractions was assessed by SDS-PAGE.
The fractions were pooled, and final protein concentration
was measured by BCA assay.

MalE-EndoN was expressed and purified as previously
described (Morley et al. 2009).

BirA was expressed and purified as previously described (Li
and Sousa 2012).

Conjugation of EndoN to streptavidin-coated
agarose or magnetic beads

1 mg of purified Hisg-Avi-EndoN or Hisg-Avi-EndoNpy were
biotinylated as previously described (Li and Sousa 2012).
Briefly, Avi-tagged proteins and BirA were incubated together
with 1:0.01 ratio in the presence of 0.3 mM biotin and
5 mM ATP in 25 mM Tris-HCI pH 8 for 4 h at room
temperature with rotating. Excess biotin was removed from
the reaction and protein was concentrated by filtering though
3 K MWCO Amicon centrifugal units to a final concentration
of 0.5 mg/mL protein in PBS. Biotinylation was assessed by
analysis of 0.25 ug protein by SDS-PAGE and blotting with
HRP-conjugated streptavidin. The blot was developed using
an ECL chemiluminescence substrate kit (Thermo Scientific).

A streptavidin-agarose slurry (Sigma) was washed with PBS
prior to adding biotinylated Hisg-Avi-EndoN or Hisg-Avi-
EndoNpys. The protein was incubated with the beads at room
temperature for 1 h with rotation. Following incubation,
beads were transferred to mini columns (Thermo Scientific)
for washing. They were washed with 0.1% BSA in PBS-Tween
and then PBS, before storing in PBS at 4 °C.

To conjugate biotinylated Hisg Avi-Endo-N to magnetic
streptavidin beads (New England Biolabs), the beads were
washed with PBS and incubated with biotinylated EndoN
for 1 h at room temperature with rotation. For removing
unbound enzyme and other contaminants, the complex was
washed three times with 1% SDS in PBS and then seven times
with PBS.

Mixing experiments

Pre-treatment phase: A total of 10° NK-92 cells were collected
and washed three times with PBS. The cells were treated with
either 5 pug/mL soluble EndoN, roughly 5 ug/mL immobilized
EndoN (assuming 100% efficiency of adhering to streptavidin
beads), or PBS for 0.5 h at 37 °C. To remove the soluble
enzyme, EndoN treated cells were collected by centrifugation
at 180 x g and washed three times with 1 mL PBS. To
remove immobilized EndoN, cells were incubated in a magnet
(EasySep™ Magnet, STEMCELL Technologies) for 5 min,
allowing the magnetic beads to adhere to the sides of the tubes
and the cells to be collected in a fresh tube. For K562 cells, 10°
cells were incubated in PBS for 0.5 h at 37 °C, then washed
three times with PBS for consistency.

Mixing phase: Cells from two treatment conditions were
mixed together and incubated at 37 °C for 1 h. The mixed cells
were then either lysed for immunoblot analysis or prepared for
flow cytometry analysis.

Immunoblotting

Cells were lysed with RIPA buffer containing 50 mM Tris-HCl
pH 8,150 mM NaCl, 0.1% SDS, 0.5 % sodium deoxycholate,
1% NP-40, 1 mM phenylmethylsulfonyl fluoride (PMSF), and
benzonase (EMD Millipore) for 30 min on ice, followed by
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centrifugation for 10 min at 10,000 x g. Protein concentration
was determined using the BCA protein assay. 7-10 ug protein
from NK-92 cell lysates or 8-30 ug protein from MCF-7
cell lysates were resolved by SDS-PAGE and transferred to
a PVDF membrane that was then blocked with 5% bovine
serum albumin (BSA). The membrane was incubated with «-
polySia (1:1000), «-CD56 (1:500), or rabbit a-beta-tubulin
(1:2000) in PBS-Tween or «-QSOX-2 (1:500) in 5% BSA in
PBS-Tween overnight at room temperature. The membrane
was washed three times with PBS-Tween and incubated for
one hour with 1:1000 a-mouse or a-rabbit IgG conjugated to
HRP. The membrane was washed three times with PBS-Tween
followed by development using Pierce ECL Western Blotting
Substrate (Thermo Fisher).

For analysis of biotinylated proteins, the blot was incubated
with 1:5000 streptavidin-HRP in 5% BSA, 1X PBS-Tween for
1 h. The membrane was washed three times with PBS-Tween
followed by development using Pierce ECL Western Blotting
Substrate.

Flow cytometry

For flow cytometry analysis, cells were incubated with Zom-
bie NIR flexible viability kit (Biolegend) with 1:200 dilution
for 20 min to label dead cells. The FC receptors were blocked
with Human TruStain FCXTM (Biolegend) for 20 min, fol-
lowed by 30 min of incubation with anti-CD56 (1:100 dilu-
tion) and 4 pug/mL GFP-EndoNpys. Cells were washed and
fixed with 1% formaldehyde (Thermo Scientific), then flu-
orescence signal was acquired on the Cytek Aurora and
analyzed using FlowJo V10.8.1.

Sample preparation for proteomic analysis

Cells were harvested three days after seeding by centrifugation
at 360 x g and washed three times with PBS. Cells were
lysed in RIPA buffer as described above. Cell lysate was either
treated with EndoN or PBS and then added to 100 uL of
biotinylated EndoNpy bead slurry and 50 mM sodium phos-
phate (NayHxPOy4), 130 mM NaCl pH 8. This mixture was
incubated for 1 h at room temperature with rotation followed
by separation of beads from the flowthrough using mini
columns (Thermo Scientific). The beads were then washed
with 2.5 mL of 50 mM NayH4POy4, 1.5 M NaCl, pH 8,
followed by 2.5 mL 1% SDS in PBS, 5 mL PBS, and finally
1 mL 50 mM NH4HCOy. Beads were transferred to a new
tube with 50 mM NH4HCO4, and liquid was removed before
proteomic analysis. Serum (500 uL) was diluted with an
equivalent volume of PBS. SDS was added to 1% and 35 uL
of biotinylated EndoNpy bead slurry was added. The mixture
was incubated for 1.5 h at room temperature with rotation.
The beads were transferred to mini columns and washed as
described above. For immunoblotting samples at this stage
were mixed with loading dye and heated for 3 min at 95 °C
before being run on SDS-PAGE gels.

Beads containing the polySia enriched proteins or mock
enrichment controls were solubilized in 4% SDS, 100 mM Tris
pH 8.5 by boiling for 10 min at 95 °C. The resulting lysate
was prepared for digestion using Micro S-traps (Protifi, USA)
according to the manufacturer’s instructions. Briefly, samples
were reduced with 10 mM DTT for 10 min at 95 °C and then
alkylated with 40 mM ITAA in the dark for 1 h. Reduced and
alkylated samples, including the beads, were acidified to 1.2%
phosphoric acid then diluted with seven volumes of S-trap

wash buffer (90% methanol, 100 mM Tetraethylammonium
bromide pH 7.1) before being loaded onto the S-traps and
washed 3 times with S-trap wash buffer. Samples were then
digested with 2 ug of Trypsin overnight before being collected
by centrifugation with washes of 100 mM tetraethylammo-
nium bromide, followed by 0.2% formic acid followed by
0.2% formic acid / 50% acetonitrile. Samples were dried
down and further cleaned up using C18 Stage (Rappsilber
et al. 2003; Rappsilber et al. 2007) tips to ensure the removal
of any particulate matter.

Reverse phase liquid chromatography-mass
spectrometry

Prepared purified peptides from each sample were re-
suspended in Buffer Ax (2% acetonitrile, 0.01% trifluo-
roacetic acid) and separated using a two-column chromatog-
raphy setup composed of a PepMap100 Cyg 20-mm by 75-um
trap and a PepMap Cig 500-mm by 75-um analytical column
(Thermo Fisher Scientific). Samples were concentrated onto
the trap column at § uL/min for 5 min with Buffer A (0.1%
formic acid, 2% DMSQO) and then infused into an Orbitrap
Fusion Lumos or Orbitrap Q-exactive plus (Thermo Fisher
Scientific) at 300 nL/min via the analytical columns using
a Dionex Ultimate 3,000 UPLC (Thermo Fisher Scientific).
Samples were separated using a 95-min analytical gradient
undertaken by altering the buffer composition from 2%
Buffer B (0.1% formic acid, 77.9% acetonitrile, 2% DMSO)
to 22% B over 65 min, then from 22% B to 40% B over
10 min, then from 40% B to 80% B over 5 min. The
composition was held at 80% B for 5 min, and then dropped
to 2% B over 2 min before being held at 2% B for another
8 min. The Orbitrap Lumos mass spectrometer was operated
in a data-dependent mode automatically switching between
the acquisition of a single Orbitrap MS scan (300-1,500 m/z
and a resolution of 120 k) and 3 s of Orbitrap MS/MS
HCD scans of precursors (Stepped NCE of 35;30 and 35%,
a maximal injection time of 80 ms, an Automatic Gain
Control (AGC) value of 250% and a resolution of 30 k). The
Orbitrap Q-exactive plust mass spectrometer was operated in
a data-dependent mode automatically switching between the
acquisition of a single Orbitrap MS scan (375-1,800 m/z and
a resolution of 120 k) and 15 Orbitrap MS/MS HCD scans
of precursors (Stepped NCE of 28;30 and 25%, a maximal
injection time of 110 ms, an Automatic Gain Control (AGC)
value of 2e5 and a resolution of 35 k).

Proteomic data analysis

Identification and LFQ analysis were accomplished using
MaxQuant (v1.6.17.0) (Cox and Mann 2008). Data was
searched against the human proteome (Uniprot: UP000005640)
allowing for oxidation on Methionine. The LFQ and “Match
Between Run” options were enabled to allow comparison
between samples. The resulting data files were processed
using Perseus (v1.4.0.6) (Tyanova et al. 2016) to compare
the enrichment of proteins using student T-tests. The mass
spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE (Perez-Riverol
et al. 2022) partner repository with the dataset identifier
PXD040100 (Reviewer account details: Username: revie
wer_pxd040100@ebi.ac.uk Password: 4XiaWA7A) or or
PXD046194 (Reviewer account details: Username: reviewe
r_pxd046194@ebi.ac.uk Password: 02U1bq8Q).
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Determination of polySia glycan linkages

MCEF-7 cells at ~40% confluency were treated with the O-
linked glycosylation inhibitor, benzyl 2-acetamido-2-deoxy-
a-D-galactopyranoside (benzyl-GalNAc; Sigma), at 2 mM
for three days. Lysates from cells +/— benzyl-GalNAc were
prepared as for immunoblotting. 1,200 ug protein was mixed
with 15 uL Glycoprotein Denaturing Buffer (NEB) in 150 uL
total volume and incubated at room temperature for 10 min.
30 uL 10% NP-40, 30 1L Glyco Buffer 2, 90 uL dH,O and
+/— 2,500 U PNGase F (NEB) was added to each tube and
incubated at 37 °C for 1.5 h. Samples were analysed directly
by ELISA (Tajik et al. 2020). Error bars denote standard
deviations on biological replicates run at least three times in
technical duplicate.

Reciprocal immunoprecipitation

MCF-7 cells were lysed in 0.1% Triton in PBS containing
benzonase and 1 mM PMSE 80 ug of cell lysate in 100 uL
0.1% Triton in PBS was treated with 7 ug of EndoN or an
equivalent volume of PBS for 30 min at 37 °C. Cell lysate was
incubated with 2 ug a-polySia mAb 735 or 0.5 ug a-QSOX2
(abcam 121376) overnight at 4 °C with rotation. 5 uL of
protein G beads washed in 0.1% Triton in PBS were added
to each sample and the mixture was incubated for 4 h at 4 °C
with rotation. The beads were washed 3 times in 0.2% Triton
in PBS and samples were eluted with SDS-PAGE loading dye
through heating for 3 min at 95 °C.

Comparison of polySia pulldown with EndoNpy vs
immunoprecipitation with mAb735

250 uL of healthy human serum was used for each method.
EndoNpys pulldown and mAb735 immunoprecipitations
were performed as described, and beads were resuspended
in equivalent volumes for analysis. For no serum controls, an
equivalent volume of PBS was used in place of serum.

Analysis of secreted polysialylated QSOX2

MCF-7 cells at ~40% confluency were washed with PBS
then incubated with Opti-MEM (Gibco) supplemented with
30 mM glucose, 2 mM CaCl,, 40 mM non-essential amino
acids (Thermo Fisher), 10 ng/mL hydrocortisone, and 1X
penicillin-streptomycin at 37 °C for three days. Media was
collected and floating cells were removed by centrifugation at
300 x g for 10 min. The supernatant was spun at 2,000 x g
for 10 min to remove additional debris. EVs were pelleted by
ultracentrifugation at 100,000 x g for 70 min at 2 °C. The EV-
depleted media (supernatant) was retained and concentrated
for analysis. The pellet (EVs) were resuspended in PBS and
recentrifuged at 100,000 x g for 70 min at 2 °C, then
resuspended in 100 nL PBS.
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