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Abstract

Polysialylation is the enzymatic addition of a highly negatively charged sialic acid polymer to the
non-reducing termini of glycans. Polysialylation plays an important role in development, and is
involved in neurological diseases, neural tissue regeneration, and cancer. Polysialic acid (PSA) is
also a biodegradable and non-immunogenic conjugate to therapeutic drugs to improve their
pharmacokinetics. PSA chains vary in length, composition, and linkages, while the specific sites
of polysialylation are important determinants of protein function. However, PSA is difficult to
analyse by mass spectrometry (MS) due to its high negative charge and size. Most analytical
approaches for analysis of PSA measure its degree of polymerization and monosaccharide
composition, but do not address the key questions of site specificity and occupancy. Here, we
developed a high-throughput LC-ESI-MS/MS glycoproteomics method to measure site-specific
polysialylation of glycoproteins. This method measures site-specific PSA modification by using
endosialidase and mild acid hydrolysis to eliminate PSA and sialic acids while leaving the glycan
backbone intact, together with protease digestion followed by LC-ESI-MS/MS glycopeptide
detection. PSA-modified glycopeptides are not detectable by LC-ESI-MS/MS, but become
detectable after desialylation, allowing measurement of site-specific PSA occupancy. This method
is an efficient analytical workflow for the study of glycoprotein polysialylation in biological and

therapeutic settings.
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Introduction

Protein glycosylation, the enzymatic addition of carbohydrates to a protein, is a common post-
translational modification that plays a variety of physiological roles.[1] Protein glycosylation is
critical in protein folding and transport through the secretory pathway, and is also important for
protein solubility and stability, cell-cell interactions, and ligand-receptor binding.[1-4] N-linked
glycosylation occurs at selected asparagine (N) residues within the consensus “sequon” N-X-S/T
(where X # proline).[5] N-linked glycans are pre-assembled on the membrane of the endoplasmic
reticulum (ER) as a dolichol-linked Glc(3)Man(9)GIcNAc(2) structure (Glc, glucose; Man,
mannose), and are transferred en bloc by the enzyme oligosaccharyltransferase to the polypeptide
in the lumen of the ER.[3] Glycans are modified as proteins traverse the secretory pathway, leading
to heterogeneity in the glycan structures in mature glycoproteins.[1, 6, 7] The presence and
structures of glycans at particular sites have a major influence on protein conformation, stability,

and function.[8]

Mammalian glycans are commonly terminated by sialic acids, 9-carbon carboxylated
monosaccharides.[9, 10] Although there are many sialic acid variants, N-acetylneuraminic acid
(NeuAc) is the most common in human glycans. Glycans are typically monosialylated, but sialic
acids can also be found as short oligosialyl chains (2-7 monosaccharides) and as polysialic acid
(PSA) (= 8 monosaccharides).[9, 11] PSA is structurally heterogenous due to variability in the
sialic acid type, modifications, glycosidic linkages, and degree of polymerization.[10] Only few
polysialylated proteins have been identified, including neural cell adhesion molecule

(NCAM),[12] synCAM-1,[13] neuropilin-2,[14] voltage-sensitive sodium channel,[15, 16] CCR7
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chemokine,[17] E-selecting ligand-1,[18] CD36 in milk,[19] and the polysialyltransferases
themselves.[20, 21] NCAM is the best-studied polysialylated protein, and carries a2-8-linked
NeuAc PSA in two of its N-glycans.[11, 22-24] Bulky and negatively charged PSA-modified
NCAM inhibits cell-cell interactions, thereby  playing important roles in embryonic
development,[11] neurological diseases,[11, 25, 26] tumour metastasis,[27] and neural tissue
regeneration.[28] PSA also has important biotechnological applications.[11, 29] PSA is used as a
protein conjugate (chemically/enzymatically attached to proteins) or as a delivery system (PSA
micelles) to improve pharmacokinetics of therapeutic proteins.[29-34] Thus, polysialylation is a
post-translational modification with high physiological, pathological, and biotechnological

relevance.

Analysis of PSA-modified glycoproteins is challenging due to the large size, high negative charge,
and structural heterogeneity of PSA. Immuno-detection can detect protein polysialylation,[10, 35,
36] and detection with and without endosialidase treatment allows inference of the presence of
PSA-modified proteins.[37-39] However, anti-PSA immunodetection provides no information
about the sites of polysialylation, PSA structure and composition, the degree of polymerization, or
the underlying glycan structures. Several approaches overcome some of these limitations.[40, 41]
PSA degree of polymerization, sialic acid composition, and glycosidic linkages can be measured
using: mild acid hydrolysis, derivatization, and HPLC;[42-45] fluorometric C7/C9 analysis;[40,
45-47] high performance (high pH) anion-exchange chromatography pulsed electrochemical
detection (HPAEC-PED);[48, 49] nuclear magnetic resonance (NMR);[50-53] or mass
spectrometry (MS) glycomics [54-57], including matrix-assisted laser desorption/ionization time-

of-flight MS (MALDI-TOF MS),[56, 58, 59] gas chromatography-MS (GC-MS),[60] and
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electrospray ionization MS (ESI-MS).[57, 61] Therefore, a wide range of chemical and analytical
tools are available to characterize released PSA chains. Three additional features of polysialylated
glycoproteins are critical: site-specific PSA localisation, PSA occupancy, and the underlying
structure of the polysialylated glycan. Sites of PSA modification can be identified by site-directed
mutagenesis of glycosylation sites with anti-PSA Western blotting,[22, 62] or immunoenrichment
of tryptic PSA-glycopeptides, followed by deglycosylation and MS analysis.[13, 51, 63, 64]

However, these methods do not measure site-specific PSA occupancy.

Here, we developed a high-throughput glycoproteomic workflow to measure site-specific
polysialylation of glycoproteins (Figure 1). This workflow combines endosialidase and mild acid
hydrolysis to remove PSA from glycans, followed by LC-ESI-MS/MS for detection and site-
specific relative quantification of previously polysialylated asialoglycopeptides (Figure 1). By
comparing glycoform abundance in the desialylated sample with that from the untreated control,
site specific polysialylation can be inferred, its occupancy measured, and the underlying

polysialylated glycan structure can be elucidated.
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Figure 1. Schematic representation of our glycoproteomic method to detect and measure
glycoprotein polysialylation. Polysialylated glycoproteins are protease digested to peptides and
analysed by LC-ESI-MS/MS with and without desialylation with Endosialidase NF (EndoNF) and
mild acid hydrolysis. Comparison of apparent site-specific glycoform abundance after
desialylation and in untreated controls allows inference of site-specific glycan polysialylation and
occupancy.
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Experimental Section

Cloning, expression, and purification of polysialylated recombinant human NCAM

cDNAs encoding human Neural Cell Adhesion Molecule 1 (NCAM) (GenBank Accession number
NP _000054), human B1,4-galactosyltransferase 1 (B4GALT1) (NP _001497), human CMP-N-
acetylneuraminate-f-galactosamide-a-2,3-sialyltransferase 4 (ST3GAL4) (NP_001241686), and
human CMP-N-acetylneuraminate-poly-o-2,8-sialyltransferase (ST8SIA4) (NP_005659)were
codon-optimized for human expression and synthesized (Geneart, Thermo Fisher Scientific). A
cDNA encoding a soluble version of human NCAM, with a stop codon introduced after amino
acid 718, was generated using standard PCR-based techniques, with a C-terminal 8His tag and a
FLAG (DYKDDDDK) tag after the signal peptide cleavage site (rHuNCAM, Figure 2 and
Supplementary Figure 2). cDNAs had a Kozak consensus sequence (GCCACC) placed upstream
of the initiating methionine. PCR products were digested with Nhel and Xhol, and ligated into
pcDNA3.1 (Invitrogen, Thermo Fisher Scientific) to produce pcDNA-HUNCAM(1-19)-FLAG-
HuNCAM(20-718)-8His. Plasmid DNA was prepared using QIAGEN Plasmid Giga Kits

according to manufacturer's instructions.

Expi293F cells (Invitrogen, Thermo Fisher Scientific) were cultured in Expi293 Expression
Medium (Invitrogen, Thermo Fisher Scientific) supplemented with Antibiotic-Antimycotic
(GIBCO, Thermo Fisher Scientific) and cells were maintained in an incubator at 37 °C and 150
rpm with an atmosphere of 8 % CO,. Transient transfections of expression plasmids used the
Expi293 Expression system and were performed following manufacturer’s recommendations. To

produce polysialylated rHuNCAM, expression plasmids pcDNA-HuUNCAM(1-19)-FLAG-
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HuNCAM(20-718)-8His, pcDNA-Hu-ST8SIA4, pcDNA-Hu-B4GAL1, and pcDNA-Hu-
ST3GAL4 with DNA ratios of 0.85:0.05:0.05:0.05 were co-transfected into Expi293 cells, with
0.5 % (w/v) LucraTone Lupin (Celliance) added 18-20 h post-transfection.[65, 66] After 6 days of
incubation cells were harvested as described.[67] Expression of secreted polysialylated
rHuNCAM was verified by SDS-PAGE and Coomassie Blue staining, and Western blot analysis
using anti-His (A01620, Genscript) and anti-PSA-NCAM (MABS5324, Millipore) antibodies.
rHuNCAM was purified from the culture supernatant of transiently transfected Expi293F cells

using nickel sepharose resin and size-exclusion chromatography as previously described.[68, 69]

Expression, purification, and activity of recombinant Endosialidase NF

The pCW(-lacZ) vector containing the MalE-thrombin-Endosialidase NF construct was a kind gift
from Warren Wakarchuk.[37] Expression and purification of MalE-thrombin-Endosialidase NF
(EndoNF) used a published method with minor modifications.[70] EndoNF retained in the
amylose-agarose resin was eluted with working buffer supplemented with 10 mM maltose. The
purity and quality of EndoNF were determined by SDS-PAGE and Coomassie Blue staining

(Supplementary Figure 1).

To enzymatically de-polysialylate tHUNCAM, 5 pg of rHUNCAM was diluted in 50 mM sodium
phosphate buffer pH 7.5, treated or not with 0.25 pg EndoNF (20:1 sample:EndoNF ratio), and
incubated at 37 °C and 1500 rpm for 2 h in a MS100 thermoshaker incubator (LabGene Scientific).
Samples were precipitated with 4 volumes of 1:1 acetone:methanol, incubated at -20 °C for 16 h,
and centrifuged at 20,000 rcf for 20 min at 4 °C. Pellets were reconstituted in 1X SDS-PAGE

loading buffer, incubated at 65 °C for 15 min, and separated by SDS-PAGE using a 6%
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polyacrylamide gel. Separated proteins were either transferred onto nitrocellulose membrane (Bio-
Rad) using an XCell II Blot Module (Invitrogen, Thermo Fisher Scientific) or stained with
Coomassie Blue. Western blots using anti-PSA antibody (mAb735, Abcam) were developed using
SuperSignal West Dura Extended Duration Substrate (Thermo Fisher Scientific), and images were

captured using a GE Amersham Imager 600.

Mass Spectrometry sample preparation

Four treatments were tested: EndoNF alone, EndoNF followed by mild acid hydrolysis, EndoNF
followed by PNGase F (New England Biolabs), and untreated control. For each treatment, 5 pg of
purified rHUNCAM or serum purified human IgG (IgG) (14506, Sigma-Aldrich) was prepared in
triplicate. Samples were digested with 0.25 pg EndoNF (20:1 sample:EndoNF ratio) in 50 mM
sodium phosphate buffer pH 7.5 at 37 °C and 1500 rpm for 2 h. Proteins were then denatured,
reduced, alkylated, and precipitated as described.[71, 72] The precipitated protein pellets were
resuspended in 20 uLL of 50 mM ammonium bicarbonate and protease digested. For rtHuNCAM all
samples were sequentially digested with trypsin (30:1 sample:protease ratio), Asp-N (80:1
sample:protease ratio), and Glu-C (20:1 sample:protease ratio) by incubation in a thermoshaker at
37 °C and 1500 rpm for 16 h. Each protease was deactivated before the addition of the next enzyme
by heating at 95 °C for 10 min for trypsin [73, 74], and 5 min for Asp-N and Glu-C. For IgG, all
samples were digested with trypsin (30:1 sample:protease ratio) by incubation at 37 °C and 1500
rpm for 16 h. Trypsin activity was deactivated by heating at 95 °C for 10 min. Mild acid hydrolysis
was performed by acidifying samples with 2% formic acid and heating at 95 °C for 1 h. For
PNGase F treatment, samples were digested with 500 units of PNGase F at 37 °C and 1500 rpm

for 16 h in a thermoshaker. All samples for MS analysis were desalted with C18 ZipTips
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(Millipore, USA), dried in a Genevac miVac centrifugal vacuum concentrator, and reconstituted

in 0.1% formic acid at a concentration of 50 ng/uL.

Mass Spectrometry

Samples were analysed with an Orbitrap Elite mass spectrometer (Thermo Fisher Scientific)
coupled to an UltiMate 3000 UHPLC system (Thermo Fisher Scientific). 6 pL (300 ng) of sample
were injected onto a Vydac Everest C18 column (75 um x 75 mm, 2 pm, 300 A, Hichrom, UK)
with an Acclaim PepMap CI18 trap column (0.3 mm x 5 mm, 5 pm, 100 A, Thermo Fisher
Scientific). The mobile phases were A: 0.1% formic acid, 1% acetonitrile, and B: 0.1 % formic
acid, 80% acetonitrile. Loaded peptides were initially washed for 3 min, and then were eluted at a
flow rate of 0.3 pL/min in a mobile phase gradient of 3-8% solution B for 5 min, followed by 8-
50% solution B for 37 min. Two separate LC-ESI-MS/MS runs were completed with MS1 spectra
acquired at m/z 300-1800 and m/z 700-1800 for rtHUNCAM samples or m/z 300-1800 and m/z 600-
1800 for IgG samples. Full width at half-maximum (FWHM) resolution was 120K at m/z 400 with
an automatic gain control (AGC) target of 1,000,000 and a maximum injection time of 200 ms.
The 10 most intense precursors with signal >1000 and charge state >1 were selected for MS2
fragmentation using higher-energy collision-induced dissociation (HCD) with an isolation width
of 2 Da. MS2 scans were acquired in the Orbitrap mass analyzer with normalized collision energy
of 35%, resolution setting of 30K with an AGC target of 100,000, a maximum injection time of
200 ms, and fixed first mass of m/z 140. The MS1 m/z range for glycopeptides was optimized
based on in silico digestions and empirical data acquired using MS1 m/z 300-1800. The MS1 m/z
300-1800 setting was used to calculate occupancy, while the MS1 m/z 700-1800 and m/z 600-1800

setting was used to calculate the abundance of glycoforms of rHUNCAM and IgG, respectively.

10
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Data processing

Peptides and glycopeptides were identified using Proteome Discoverer (v2.0.0.802, Thermo Fisher
Scientific) with Byonic (v2.13.17, Protein Metrics) as a node to assign peptide-spectrum matches
(PSMs). The Byonic search parameters included a maximum of 2 missed cleavages, a precursor
mass tolerance of 10 ppm and fragment mass tolerance of 15 ppm. For rHUNCAM, cleavage was
set as semi-specific at arginine (R), lysine (K), aspartic acid (D), and glutamic acid (E). For IgG
samples cleavage was set as semi-specific at R and K. The peptide output option was set to show
all N-glycopeptides regardless of score or FDR cutoff as recommended by the manufacturer for
simple samples, and decoys were included. Two common modifications and one rare modification
were allowed per peptide. Deamidation at asparagine (N) and glutamine (Q), formation of N-
pyroglutamyl peptide at Q or E, and oxidation of methionine (M) were common modifications;
and N-glycosylation was a rare modification. Cysteinyl-S-fB-propionamide was set as a fixed
modification. The glycan database was from Byonic (N-glycan 309 mammalian no sodium) with
glycans containing NeuGce removed and HexNAc(3)Hex(5)Fuc(1)NeuAc(1) and 16 PSA glycan
structures added (Supplementary Table 1). For final calculations, only N-glycans with a minimum
structure of HexNAc(2)Hex(3) were included. N-glycopeptides containing HexNAc or
HexNAc(2) were observed, but were not included in further analysis, as assignment of HexNAc
or HexNAc(2) can be ambiguous because these structures can exist as O-glycans on serine (S) or
threonine (T) residues within peptides that contain an N-glycosylation sequon. To calculate area
under the curve information for precursors the Precursor Ions Area Detector node was run in

Proteome Discoverer.
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The protein databases contained the amino acid sequence of THUNCAM (Supplementary Figure 2)
or the human proteome database from UniProt (UP000005640 downloaded 20 April 2018; 20,303
reviewed proteins), and a custom contaminants database from Proteome Discoverer and UniProt
(304 proteins). PSMs for N-glycopeptides were included based on the quality of MS/MS
fragmentation with the following minimum requirements: presence of Y1 (peptide + HexNAc) or
YO (peptide) ions, and presence of relevant HexNAc (m/z 204.0866), Hex (m/z 163.0601), NeuAc
(m/z 292.1027) and NeuAc-H,0 (m/z 274.0921) glycan oxonium ions. The relative abundance of
each glycoform at each site was calculated as the summed intensity of all N-glycopeptides with a
particular glycan divided by the summed intensities of all N-glycopeptides containing that site.
The summed intensity of each glycoform at a site included different peptide proteolysis forms,
variable peptide modifications, and all charge states. N-glycan occupancy was calculated in
samples that had been treated with PNGase F as the summed intensities of deamidated previously
glycosylated peptides at a specific site (including all variations of peptide sequences) divided by

the summed intensities of all deamidated and unmodified peptides for that site.

Precursor area under the curve data was obtained through the Precursor Ions Area Detector node
of Proteome Discoverer. These values were used for PSMs identified through the Byonic search.
A python script was used to facilitate high-throughput parsing of unique PSMs and calculation of

relative abundances (Supplementary information, https://github.com/bschulzlab/glypnir). The

script allowed the user to select the protein of interest, a minimum area under the value, and the
number of N-glycosylation sites allowed per peptide. The script selected only PSMs with a search
engine rank of 1, indicating high confidence PSMs. The unique PSMs selected were sorted based

on peptide sequence, modifications, and charge state. Only the highest area under the curve for
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each unique PSM was chosen for quantification. Each sequon was sorted as either unmodified,
deamidated, or glycosylated, and annotated onto the original protein sequence. For glycosylated
sequons, the script had an option to group the sequons according to glycan composition. To
calculate either occupancy or glycan abundance, the summed area of each unique PSM (based on
peptide composition, modifications of the peptide, and peptide charge state) containing the target
sequon was divided by the summed area of all unique PSMs containing the target sequon. The
output displayed by the script was the occupancy at each sequon or the distribution of glycoforms
at each sequon for each sample. All unique glycopeptide PSMs containing sequons of interest used
in the computations were manually validated (Supplementary information). The relative
abundance of each glycoform at each site was compared between untreated samples and samples

treated with EndoNF followed by mild acid hydrolysis using two-tailed, unpaired t-test.

Results and Discussion

Generation of polysialylated recombinant HuNCAM

To develop a glycoproteomics workflow capable of measuring site-specific polysialylation, we
required a polysialylated glycoprotein substrate. One of the best-studied polysialylated
glycoproteins is NCAM,[11, 75] a single-pass type 1 transmembrane protein with an extracellular
domain composed of five Immunoglobulin-like (Ig-like) domains and two fibronectin type II1 (FN)
domains (Figure 2). Human NCAM has six N-linked glycosylation sites within the Ig-like
domains, and one N-linked site close to the transmembrane domain (Figure 2 and Supplementary

Figure 2) (https://www.uniprot.org/uniprot/P13591). The 5™ and 6™ N-glycans of native human
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NCAM are polysialylated (N459 and N488, numbering as per native human protein sequence)
(https://www.uniprot.org/uniprot/P13591).[11, 22-24] To obtain polysialylated human NCAM,
we expressed a recombinant soluble human NCAM variant (rHuNCAM) in mammalian cells
(Figure 2 and Supplementary Figure 2). Polysialylation of rTHuNCAM was achieved by co-
expression with human B4GALT1, human ST3GAL4, and human ST8SIA4. To verify that the
purified rHUNCAM was polysialylated we performed Western blot analysis using anti-PSA and
anti-NCAM antibodies with and without pretreatment with EndoNF endosialidase to remove PSA
(Figure 3). EndoNF is a tail-spike protein from bacteriophage K1F that cleaves PSA leaving an
oligosialic acid chain attached to the glycan.[37] tTHUNCAM showed anti-PSA reactivity (Figure
3, lane 4) that was lost after EndoNF treatment (Figure 3, lane 5), while there was anti-NCAM
antibody reactivity in both samples (Figure 3, lanes 6 and 7). We also observed a reduction in the
apparent molecular weight of rHUNCAM after EndoNF treatment by Coomassie Blue stained
SDS-PAGE (Figure 3, lanes 2 and 3). Together, these results indicated that rHUNCAM was
polysialylated. rtHuNCAM was subsequently used as our polysialylated glycoprotein substrate for

MS workflow development.
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Figure 2. N-linked glycosylation sites on rHuNCAM. The protein domain structure of
rHuNCAM is shown as per UniProtKB (P13591), with five Ig-like domains (light grey) and two
fibronectin type III (FN) domains (dark grey), joined by short linker regions of variable size. The
protein is truncated at amino acid 718 to generate a soluble version of HUNCAM; a FLAG tag
(violet) is located at the N-terminus after the signal sequence (light green); and an 8His tag is
attached to the C-terminal end of rHUNCAM (yellow). There are six N-linked glycosylation sites
in NCAM’s Ig-like domains and one N-linked site close to the transmembrane domain. The 5™ and
6™ N-linked sites at N467 and N496 of rHUNCAM are reported to be polysialylated in NCAM.[11,
22-24]
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Figure 3. rHuNCAM was partially polysialylated. Purified rHuNCAM was incubated with
EndoNF to remove PSA. After incubation, the samples were separated by SDS-PAGE, and either
stained with Coomassie Blue (lanes 2 and 3) or transferred to nitrocellulose and used in Western
blot analysis (lanes 4-7). PSA and NCAM were detected with anti-PSA (lanes 4-5) and anti-
NCAM antibodies (lanes 6-7) respectively.
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An LC-ESI-MS/MS method to measure site-specific polysialylation

Polysialylated glycopeptides are difficult to detect by standard LC-ESI-MS/MS glycoproteomic
workflows due to the high molecular weight and negative charge of PSA glycans.[76] To enable
site-specific measurement of polysialylated glycopeptides by LC-ESI MS/MS, PSA must be
removed (Figure 1). Indeed, using standard glycoproteomic workflows with only protease
digestion and analysis of intact glycopeptides we could not detect PSA-modified glycopeptides
from rHUNCAM (Figure 4A and B, Supplementary Tables 2 and 3). We incorporated EndoNF
digestion into a standard glycoproteomic workflow as EndoNF can digest PSA to oligosialic
acid,[37, 77, 78] and we had observed that it efficiently removed anti-PSA antibody reactivity
from rHuUNCAM (Figure 3). We then analysed the types and relative abundance of glycans
detected at N467 or N496 in rHuNCAM, which correspond to the 5™ and 6™ N-linked sites of
NCAM that are reported to be polysialylated on native NCAM.[11, 22-24] However, we observed
no difference in the relative abundances of glycoforms at these sites in rHUNCAM samples with
or without EndoNF digestion (Figure 4A and B, Supplementary Table 2 and 3). The predominant
glycoform observed at N467 and N496 in both the untreated and EndoNF treated samples was the
oligomannose HexNAc(2)Hex(5) glycan (Figure 4A and B, Supplementary Table 2 and 3). These
results suggested that oligosialylated glycopeptides were not detectable by LC-ESI-MS/MS. The
negatively charged oligosialic acid chain remaining after EndoNF treatment may reduce the
ionisation efficiency of the glycopeptides in positive ion mode, resulting in diminished MSI1
signals and limiting detection. To overcome this problem, we treated the samples with mild acid
hydrolysis, to completely remove sialic acids.[16, 73, 74] As expected, after mild acid hydrolysis
we could only detect asialylated glycoforms by MS (Figure 4A and B, Supplementary Table 2 and

3). This treatment also allowed for the detection of several new glycoforms at both N467 and N496
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(Figure 4A and B, Supplementary Table 2 and 3). At N467, glycopeptides with
HexNAc(3)Hex(4)Fuc(1), HexNAc(3)Hex(5)Fuc(1), HexNAc(3)Hex(6),
HexNAc(3)Hex(6)Fuc(1), and HexNAc(4)Hex(5)Fuc(1) glycans were previously undetectable,
and increased in abundance after acid hydrolysis (Figure 4A, Supplementary Table 2). Similarly,
at the N496 site, glycopeptides with HexNAc(3)Hex(4), HexNAc(3)Hex(5), HexNAc(3)Hex(6),
and HexNAc(4)Hex(5) glycans were only detectable after mild acid hydrolysis (Figure 4B and 5,
Supplementary Table 3). The new glycoforms detected after hydrolysis (hybrid and complex N-
glycans) were also the glycan scaffolds that have been previously reported to be polysialylated in
bovine NCAM.[64] Therefore, complete removal of sialic acids by mild acid hydrolysis allowed

for the detection and relative quantification of polysialylated glycopeptides by LC-ESI-MS/MS.
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Figure 4. Desialylation allows inference of site specific polysialylation on rHuNCAM.
Relative abundance of glycoforms detected by LC-ESI-MS/MS at glycosylation sites (A) N467
and (B) N496 of rHUNCAM. Black, untreated; blue, EndoNF; orange, EndoNF and mild acid
hydrolysis. Values show mean = SD, n=3. *, p <0.05. Full data is shown in Supplementary Tables
2 and 3.
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Figure 5. Apparent glycoform abundance of selected DFGNYN**CTAVNR glycopeptides of
rHuNCAM with and without desialylation. Extracted ion chromatograms of
DFGNYNCTAVNR glycopeptide with oligomannose HexNAc(2)Hex(5) (non-polysialylated
glycan) or biantennary HexNAc(4)Hex(5) (de-polysialylated glycan) in (A) untreated or (B)
EndoNF and mild acid hydrolysis treated THUNCAM samples. MS/MS spectra identifying
DFGNYNCTAVNR glycopeptides with (C) HexNAc(2)Hex(5) or (D) HexNAc(4)Hex(5) glycan.
All cysteines (C) are alkylated.
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To allow focused analysis of glycopeptides containing N467 and N496, the sites known to be
polysialylated in native NCAM,[11, 22-24] we optimized protease digestion and LC-ESI-MS/MS
acquisition methods accordingly. However, this generated suboptimal conditions for detection of
other N-glycopeptides from rHuNCAM. Therefore, to verify that our workflow did not perturb
analysis of glycopeptides without PSA, we tested the workflow on serum-purified human
immunoglobulin G (IgG), a non-polysialylated glycoprotein (Figure 6, Supplementary Table 4).
This analysis focused on IgG2, for which glycopeptides were most robustly detected. IgG2 has
one N-linked glycosylation site at N176 (https://www.uniprot.org/uniprot/P01859), which is
predominantly occupied by bi-antennary glycans.[79] IgG2 glycoforms observed in the untreated
sample included HexNAc(4)Hex(3)Fuc(1), HexNAc(4)Hex(4)Fuc(1), HexNAc(4)Hex(5)Fuc(1),
HexNAc(4)Hex(4)Fuc(1)NeuAc(1), and HexNAc(4)Hex(5)Fuc(1)NeuAc(1) (Figure 6,
Supplementary Table 4). This glycoform distribution is similar to previous reports.[79] After
EndoNF treatment, we did not detect any new glycoforms on IgG2, and there was no significant
change in the relative abundance of the observed glycoforms compared to the untreated samples
(Figure 6, Supplementary Table 4). This result was expected, given that 1gG2 is not reported to
contain PSA-modified glycans. Importantly, the only changes observed in IgG2 glycoform
structure and abundance in samples treated with EndoNF and mild acid hydrolysis compared to
untreated samples were the disappearance of previously monosialylated structures, and the
increase in abundance of the corresponding unsialylated forms of these structures (Figure 6,
Supplementary Table 4). For example, we observed the disappearance of the
HexNAc(4)Hex(4)Fuc(1)NeuAc(1) and HexNAc(4)Hex(5)Fuc(1)NeuAc(1) glycoforms in
desialylated samples, and an increase in the abundance of the corresponding

HexNAc(4)Hex(4)Fuc(1) and HexNAc(4)Hex(5)Fuc(1) structures (Figure 6, Supplementary
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Table 4). We did not detect any new glycoform in the desialylated sample. Since the relative
abundance of nonsialylated glycoforms increases after desialylation, our workflow is more
effective when comparing potentially polysialylated glycoproteins with their non-polysialylated
counterparts. Together, these results show that our workflow is a useful method to detect site-

specific polysialylation in glycoproteins.
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Figure 6. Desialylation does not strongly affect the glycan structures on human serum IgG.
Relative abundance of glycoforms detected by LC-ESI-MS/MS at the glycosylation site N176 of
IgG2. Black, untreated; blue, EndoNF; orange, EndoNF and mild acid hydrolysis. Values show
mean = SD, n=3. *, p <0.05. Full data is shown in Supplementary Table 4.
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Conclusions

PSA has key physiological roles and therapeutic applications. To facilitate the study of
polysialylation and the development of new PSA technologies, we have developed an LC-ESI-
MS/MS method that allows for the detection and measurement of site-specific polysialylation. Our
method combines carefully selected proteases to generate peptides of appropriate length for LC-
ESI-MS/MS detection with enzymatic and chemical methods to eliminate sialic acids and newly
developed Python scripts for data processing and calculation of glycoform abundance. We have
demonstrated that this method distinguishes PSA- and non-PSA modified glycopeptides, can
identify the precise peptides modified by PSA, and allows measurement of the site-specific extent

of polysialylation.
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Supplementary Figure 1. Expression and purification of EndoNF. EndoNF expressed in an E.
coli Rosetta strain was purified using amylose-agarose resin. Aliquots from the crude, flow
through, wash, and eluate samples were separated by SDS-PAGE and the gel was stained with
Coomassie Blue. EndoNF appeared as two bands in the eluate. The most prominent band was ~
118 kDa (marked ‘m’), corresponding to the mature EndoNF enzyme; while the top band of ~ 136
kDa corresponded to the immature EndoNF (marked ‘i’) that still contains the C-terminal
chaperone domain (verified by in gel digestion and mass spectrometry analysis (data not shown))
which becomes self-cleaved during maturation [80, 81].
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MEOTKDLIWTLEFLCTAVSBYRDPPPR . 0VDIVPSQOGEISVGESKFFLCQVAGDA
KDKDISWFSPNGEKLTPNQQRISVVWNDDSSSTLTIYNANIDDAGIYKCVVTGED
GSESEATVNVKIFQKLMFKNAPTPQEFREGEDAVIVCDVVSSLPPTIIWKHKGRD
VILKKDVRFIVLSNNYLQIRGIKKTDEGTYRCEGRILARGEINFKDIQVIVNVPP
TIQARQONIVN?*°ATANLGQSVTLVCDAEGFPEPTMSWTKDGEQIEQEEDDEKYIF
SDDSSQLTIKKVDKNDEAEYICIAENKAGEQDATIHLKVFAKPKITYVEN3#QTA
MELEEQVTLTCEASGDPIPSITWRTSTRN>**ISSEEKASWTRPEKQETLDGHMVV
RSHARVSSLTLKSIQYTDAGEYICTASNTIGQODSQSMYLEVQYAPKLQGPVAVYT
WEGNQVN**'ITCEVFAYPSATISWFRDGQLLPSSN*®'YSNIKIYNTPSASYLEVT
PDSENDFGNYN*’® CTAVNRIGQESLEFILVQADTPSSPSIDQVEPYSSTAQVQFED
EPEATGGVPILKYKAEWRAVGEEVWHSKWYDAKEASMEGIVTIVGLKPETTYAVR
LAALNGKGLGEISAASEFKTQPVQGEPSAPKLEGOMGEDGNSIKVNLIKQDDGGS
PIRHYLVRYRALSSEWKPEIRLPSGSDHVMLKSLDWNAEYEVYVVAENQQGKSKA
AHFVFRTSAQPTAIPAN’?°GSPTSGHHHHHHHH

Supplementary Figure 2. Amino acid sequence of the HuNCAM(1-19)-FLAG-HuNCAM(20-
718)-8His used in this study. The amino acid sequence of rHuNCAM consists of an endogenous
signal peptide (green), followed by a FLAG tag (purple), then the NCAM open reading frame
truncated at amino acid 718 to remove the transmembrane domain, and finally an 8His tag attached
to the C-terminal end of THUNCAM (yellow). The asparagine residues within the N-linked
glycosylation sites are highlighted in blue (no polysialylation) or red (polysialylated) based on
previous reports [22, 23, 82]
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Supplementary Tables

Supplementary Table 1. Additional polysialylated N-glycan structures added to the
Byonic database
HexNAc(4)Hex(5)Fuc(1)NeuAc(3)
HexNAc(4)Hex(5)Fuc(1)NeuAc(4)
HexNAc(4)Hex(5)Fuc(1)NeuAc(5)
HexNAc(4)Hex(5)Fuc(1)NeuAc(6)
HexNAc(4)Hex(5)Fuc(1)NeuAc(7)
HexNAc(4)Hex(5)Fuc(1)NeuAc(8)
HexNAc(4)Hex(5)Fuc(1)NeuAc(9)
HexNAc(4)Hex(5)Fuc(1)NeuAc(10)
HexNAc(4)Hex(5)NeuAc(3)
HexNAc(4)Hex(5)NeuAc(4)
HexNAc(4)Hex(5)NeuAc(5)
HexNAc(4)Hex(5)NeuAc(6)
HexNAc(4)Hex(5)NeuAc(7)
HexNAc(4)Hex(5)NeuAc(8)
HexNAc(4)Hex(5)NeuAc(9)
HexNAc(4)Hex(5)NeuAc(10)

Supplementary Table 2. Glycoform abundance at N467 in rHuNCAM in untreated,
EndoNF only treated, and EndoNF and mild acid hydrolysis treated samples. *, p <0.05
between untreated versus EndoNF and mild acid hydrolysis treated.

Untreated EndoNF EndoNF and mild
acid hydrolysis

Glycoforms Mean = SD Mean = SD Mean = SD
HexNAc(2)Hex(4) 1.1+0.1 09+04 0.2+0.4*
HexNAc(2)Hex(5) 96.1+0.5 94.8+2.2 65.1 £1.0*
HexNAc(3)Hex(4)Fuc(1) 04+0.7 8.7+ 1.7*
HexNAc(3)Hex(4)Fuc(1)NeuAc(1) 02+04
HexNAc(3)Hex(4)Fuc(2) 21+£0.2 1.6+0.3 *
HexNAc(3)Hex(5)Fuc(1) 04+0.3 1.2+09 11.6+ 1.0*
HexNAc(3)Hex(6) 02+04 3.8+0.7*
HexNAc(3)Hex(6)Fuc(1) 04+0.3 0.6+0.5 4.2 +1.9*
HexNAc(4)Hex(5)Fuc(1) 6.4 £2.2%
HexNAc(5)Hex(5) 0.2+0.3
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Supplementary Table 3. Glycoform abundance at N496 in rHuNCAM in untreated,
EndoNF only treated, and EndoNF and mild acid hydrolysis treated samples. *, p < 0.05
between untreated versus EndoNF and mild acid hydrolysis treated.

Untreated EndoNF EndoNF and mild
acid hydrolysis

Glycoforms Mean = SD Mean = SD Mean = SD
HexNAc(2)Hex(3) 0.7+0.1 0.6 +0.1 *
HexNAc(2)Hex(4) 3.1+0.7 3.6+ 0.1 1.7+£0.2%
HexNAc(2)Hex(5) 86.5+2.2 833+23 49.3 + 6.4*
HexNAc(3)Hex(3) 1.0+ 0.1 1.0+0.1 *
HexNAc(3)Hex(4) 02+0.3 0.9+0.1 52+ 0.4%*
HexNAc(3)Hex(4)Fuc(1) 42+2.0 5.6 +0.1 1.5+0.2
HexNAc(3)Hex(5) 0.6+1.0 143 +6.8*
HexNAc(3)Hex(5)Fuc(1) 39+23 1.4+0.1 04+0.7
HexNAc(3)Hex(5)NeuAc(1) 04+0.6 20+0.2
HexNAc(3)Hex(6) 1.0+1.2 10.6 + 5.5*
HexNAc(3)Hex(6)Fuc(1) 02+04
HexNAc(4)Hex(5) 17.0+4.3*
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Supplementary Table 4. Glycoform abundance at N176 in IgG2 in untreated, EndoNF only
treated, and EndoNF and mild acid hydrolysis treated samples. *, p < 0.05 between
untreated versus EndoNF and mild acid hydrolysis treated.

Glycoforms
HexNAc(3)Hex(3)
HexNAc(3)Hex(3)Fuc(1)
HexNAc(3)Hex(4)Fuc(1)
HexNAc(3)Hex(4)Fuc(1)NeuAc(1)
HexNAc(4)Hex(3)
HexNAc(4)Hex(3)Fuc(1)
HexNAc(4)Hex(4)
HexNAc(4)Hex(4)Fuc(1)
HexNAc(4)Hex(4)Fuc(1)NeuAc(1)
HexNAc(4)Hex(5)
HexNAc(4)Hex(5)Fuc(1)
HexNAc(4)Hex(5)Fuc(1)NeuAc(1)
HexNAc(4)Hex(5)NeuAc(1)
HexNAc(5)Hex(3)Fuc(1)
HexNAc(5)Hex(4)Fuc(1)
HexNAc(5)Hex(4)Fuc(1)NeuAc(1)
HexNAc(5)Hex(5)Fuc(1)
HexNAc(5)Hex(5)Fuc(1)NeuAc(1)

Untreated

Mean = SD

32+0.4
03+0.4

0.2+0.04
18.6 9.5

31.0+£54
6.9+1.3
0.1+0.1

23.5+£2.5
79+1.5

44+£2.6
26+£23

1.2+0.2

33

EndoNF

Mean + SD
0.02 +£0.03
30+0.5
06+03
0.03+0.1
0.1 +£0.1
10.7+2.4

354+09
73+£0.9
02+0.2
23.8+2.0
9.1+£0.2
0.02 +£0.04
32+33
50+0.5
0.04 £ 0.1
1.4+0.04
0.1+£0.1

EndoNF and

mild acid
hydrolysis
Mean + SD

25+1.2
0.6+0.6

0.5 +0.02*
123+1.9
03+0.5
37.8+12

&
0.5 +0.03*
37.5 +1.3*

*

45+29
3.1+2.4

0.5+0.8
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