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ABSTRACT: Glycosylation plays a critical role in the biosynthetic-secretory pathway
in the endoplasmic reticulum (ER) and Golgi apparatus. Over 50% of mammalian
cellular proteins are typically glycosylated; this modification is involved in a wide
range of biological functions such as barrier formation against intestinal microbes and
serves as signaling molecules for selectins and galectins in the innate immune system.
N-linked glycosylation analysis has been greatly facilitated owing to a range of specific .’

enzymes available for their release. However, system-wide analysis on O-linked @ puemsl
glycosylation remains a challenge due to the lack of equivalent enzymes and the

inherent structural heterogeneity of O-glycans. Although O-glycosidase can catalyze
the removal of core 1 and core 3 O-linked disaccharides from glycoproteins, analysis

& @

OpeRATOR
of other types of O-glycans remains difficult, particularly when residing on é Q,ﬁd‘ -_— 8 /
glycopeptides. Here, we describe a novel chemoenzymatic approach driven by a O-glycopeptides DRt

newly available O-protease and solid phase platform. This method enables the

assignment of O-glycosylated peptides, N-glycan profile, sialyl O-glycopeptides linkage, and mapping of heterogeneous O-
glycosylation. For the first time, we can analyze intact O-glycopeptides generated by O-protease and enriched using a solid-phase
platform. We establish the method on standard glycoproteins, confirming known O-glycosites with high accuracy and confidence,
and reveal up to 8-fold more glycosites than previously reported with concomitant increased heterogeneity. This technique is
further applied for analysis of Zika virus recombinant glycoproteins, revealing their dominant O-glycosites and setting a basis set
of O-glycosylation tracts in these important viral antigens. Our approach can serve as a benchmark for the investigation of protein
O-glycosylation in diseases and other biomedical contexts. This method should become an indispensable tool for investigations
where O-glycosylation is central.

Protein glycosylation is an enzymatic process in which a N-glycosylation occurs at specific asparagine (Asn or N)
glycan is attached to specific amino acid residue side chains residues in the tripeptide motif NXS/T, where X is any amino
of proteins. These post-translationally attached glycans serve acid except for proline (S = serine; T = threonine). O-glycans
many roles such as cellular adhesion,' protein folding and typically link to S or T residues through an enzymatic reaction.
quality control,” antigenic masking in viral infection,’® In general, glycosylation analysis can be carried out in three
recognition events,’ and metabolic roles as well as structural phases: (a) structural analysis of glycans released from
roles.” N-linked glycosylation begins in the endoplasmic glycoproteins, (b) fingerprinting of glycosylation sites on the
reticulum (ER) with glycan maturation in the Golgi compart- peptide backbone after release of resident glycans, and (c)
ment,’ while O-linked glycosylation occurs throughout the comprehensive profiling of intact glycopeptides. To facilitate
Golgi. The availability of O-glycosyltransferases determines the the first two analyses, glycans must be released. N-glycan
ranges and amounts of specific O-glycans produced.” Notably, it release can be achieved by enzymatic digestion such as with
has been recognized that the pattern of glycosylation is highly PNGase F (peptide-N-glycosidase F) or -A, Endo (endoglyco-
similar in a given physiological state. Thus, altered glycosylation sidase) H, and others. The digestion can be performed using a
profiles in disease-associated states can provide diagnostic

features.® However, analysis of protein glycosylation is Received: April 24, 2018

challenging in the extreme due to its complexity and Accepted: June 3, 2018
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traditional approach in-solution” or in solid-phase with cleavage
of the immobilized %lycoproteins with the enzyme in column
format or beads."” The solid-phase approach enables
derivatization of N-glycans for improved stabilization, better
ionization,"""** and sialic acid linkage determination.”

While a range of enzymatic tools exists for cleavage of N-
glycans, release of O-glycans is problematic and is limited to
short disaccharide versions of core 1/core 3 mucin-type O-
glycans.">'* Extended versions of these core disaccharide can
only be released subsequent to digestion with glycosidases prior
to O-glycanase treatment.'” Instead of using glycosidase, O-
glycans are commonly released using chemical methods such as
f-elimination or hydrazine hydrolysis.'®'” In terms of
glycosylation site identification, N-glycosites can be identified
after enzymatic glycan release, while O-glycosite determination
is extremely limited since enzymatic releasing options are few
and chemical release of O-glycans is likely detrimental to their
O-glycosites. N-glycopeptides can be immobilized on the solid
support via chemical oxidation of their N-glycans followed by
hydrazide coupling to a solid support.'® The oxidized glycans
are then cleaved from the peptide backbone enzymatically to
yield the deglycosylated peptides. Alternatively, N-glycopep-
tides can be enriched by lectin-affinity capture and enzymati-
cally isotope-coded and tagged after release.'” Again, these N-
glycopeptide procedures are facilitated because of the
availability of versatile enzymes used to release N-glycans.
However, a similarly robust enzyme driven method for analysis
of O-linked glycopeptides is not currently available.

Intact N-glycopeptide analysis is essentially straightforward.
Standard proteases used in proteomics applications can
typically be used alone or in combination to generate N-
glycopeptides that are readily analyzable usin§ standard
proteomics applications with some modifications.”””" Although
some glycopeptide enrichment is often used,”” there has been
wide success in the analysis of N-glycopeptides, and this is in
part due to the low density of N-glycosites in the majority of N-
glycoproteins as compared to that of O-glycopeptides. Many O-
glycosylation rich proteins are heavily substituted in S/T rich
regions, which prevent efficient proteolysis resulting in
glycopeptides that are not easily ionizable. Clearly, new
approaches must be developed that can better access the O-
glycosylation rich regions while preferably incorporating N-
glycopeptide analysis as well.

Substantial progress has been made for profiling of the intact
glycopeptides. Metabolic labeling of the glycoproteome shows a
promising approach for studying of N-linked and O-linked
glycopeptides. This approach utilizes chemical enrichment and
isotopic labeling of glycopeptides to select peptides for targeted
glycoproteomics using mass spectrometry (MS),”> which is
useful for analysis of specific glycoprotein subtypes. In general,
intact N-glycopeptides are comprehensively analyzed by
hydrophilic interaction liquid chromatography (HILIC) and
MS after tryptic digestion, or enrichment for glycoproteins or
glycopeptides by lectin affinity prior to MS analysis.
Unfortunately, it is exceptionally challenging to analyze the
intact O-glycopeptides using this strategy because no enzymes
can release O-glycans or digest O-glycosites. Numerous efforts
have been devoted to elucidating the heterogeneity of mucin-
type O-glycosylated domains, such as release of O-glycans by
chemical reaction coupled with high-performance anion-
exchange chromatography with pulsed electrochemical detec-
tion (HPAEC-PAD)/LC-ESI-MS (electrospray). However,
such approaches often require the use of multiple proteases,

8262

leading to heterogeneity and dispersed signal intensities.”*

Recently, zinc finger nuclease gene-engineered SimpleCell lines
were used for identification of O-GalNAc glycosites.”
Interestingly, using this method, selective purification of O-
glycopeptides and N-glycopeptides is facilitated using ice-cold
acetone. The rationale is that O-glycopeptides have specific
behavior in ice-cold acetone compared to their counterparts
such as N-glycopeptides and peptides.”® HILIC enrichment of
PNGase F-treated O-glycopeptides in combination with lectin
affinity such as that of Jacalin and WGA (wheat germ
agglutinin) can specifically enrich O-glycopeptides. However,
the complexity of peptide sequence in mucin-type domains can
often result in highly complex data sets since no enzyme can
digest the mucin domain. Therefore, it is a challenge to analyze
O-glycopeptides absent of a strategy that can cleave and enrich
the O-glycosylated sites such as mucin domain. Application of
such a simplified strategy could advantage MS-based
methods.””**

Recent O-glycosite analytical approaches have achieved some
success. O-glycosite identification is determined using reductive
p-elimination with NaOH and NaBD,.””*° The reaction
converts the O-glycosylated threonine residue into dehydroa-
mino-2-butyric acid, which is further reduced to 2-aminobutyric
acid deuterated in the C, position. However, the peptide
backbone tends to degrade in the presence of reductant
NaBD,.”” To prevent this issue, reagents used for Michael
addition are introduced in addition to the f-elimination; yet,
nonspecific dehydration of unmodified or phosphorylated
serine and threonine can lead to ambiguity as to the status of
the serine/threonine residues as glycans modified, phosphate
modified, or unmodified are possible.30 Other reagents such as
methylamine have been incorporated into reductive p-
elimination, resulting in site specific amination and O-
glycosylation site identification. Unfortunately, the glycan
information is lost.>"** Identification of the relatively simple
O-GlcNAc modification site on O-glycopeptides can be
identified by mild f-elimination followed by Michael addition
using dithiothreitol (DTT), deuterated DTT, or biotin
pentylamine to tag O-GIcNAc sites.”” Overall, these methods
are highly nonspecific for O-glycopeptides. Moreover, glycan
heterogeneity information are lost.”* No robust method has
been reported for analysis of intact O-glycosylation.

Here, we report the development of a novel method, O-
Glycopeptide Immobilization for O-Glycosylated peptide
enrichment (O-GIG), for chemoenzymatic digestion of O-
glycosylated peptides, profiling N-glycans, identifying N-
glycosites, determining linkages of sialyl O-glycopeptides, and
mapping heterogeneous O-glycosylation on the peptide back-
bone. This method is facilitated via a solid support.
Glycopeptides after tryptic digestion (Figure 1a) are immobi-
lized on aldehyde-activated resin via reductive amination on N-
termini of peptides (Figure 1b). N-glycans are cleaved by
PNGase F digestion (Figure 1c), with an option for sequential
derivatization of sialic acids prior to digestion.'” The solid
support immobilizes peptides, deamidated peptides (from N-
glycan release), and O-glycopeptides, which are distinctly
digested by the recently discovered O-protease, OpeRATOR,
within a pH range of 6.0 to 8.8 (Figure 1d). The O-protease
cleaves the peptide bond N-terminal to serine or threonine that
is substituted with O-glycan, while non-O-glycosylated serine/
threonine remains on the solid support. The O-glycopeptides
are analyzed by LC-MS (Figure le) for identification. O-GIG is
an invaluable chemoenzymatic platform for deciphering
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Figure 1. The schematic diagram of O-glycosylation analysis using
solid-phase chemoenzymatic O-GIG. (a) Glycoproteins were digested
for C-18 cleanup or HILIC (hydrophilic interaction liquid
chromatography). (b) Glycopeptides were immobilized to the
aldehyde-functionalized resins via reductive amination. (c) N-linked
glycans were released by PNGase F or A. Optionally, sialic acids can be
sequentially modified for stabilization and differential linkages. (d) The
O-glycan specific enzyme (OpeRATOR) releases O-linked glycopep-
tides by hydrolyzing N-terminal of the glycosylated S (serine) or T
(threonine). Peptides containing S or T without O-linked glycan
attached remain on the resin. (e) The O-linked glycopeptides were
quantitatively analyzed by LC-MS.

complex O-glycosylation in addition to N-glycosylation with
high specificity and confidence. For the first time, we are
capable of elucidating O-glycosylation and N-glycosylation
using a chemoenzymatic solid-phase method.

B EXPERIMENTAL PROCEDURES

Sample Preparation. Proteins were extracted from cells or
tissues using denaturing buffer, which contains 8 M urea in 1 M
NH,HCO; (all chemicals were purchased from Sigma-Aldrich
unless otherwise noted). Samples were sonicated for 30 s, then
cooled in an ice bath for 30 s, repeated four times (note:
standard glycoproteins are used as received). Proteins were
reduced in 12 mM of dithiothreitol (DDT) for 1 h at 37 °C,
followed by alkylation by adding 16 mM of iodoacetamide
(IAA) for 30 min at room temperature in the dark.”> Samples
were diluted 1:5 in HPLC water to reduce the concentration of
urea to <2 M. Trypsin (Promega) was added at a minimum
concentration of 12.5 ng/uL and 1:50—1:100 trypsin/protein,
incubating at 37 °C for overnight. After the digest was cooled
to room temperature, formic acid (FA) (100%, MS grade;
Fisher) was added to acidify the digest with pH < 2.5. Samples
were centrifuged at 13 000g for 10 min at room temperature,
and the pellet is discarded. Peptides are purified by solid-phase
extraction (SPE) cartridge.

Enzymatic Cleave of O-Glycosylated S or T. OpeR-
ATOR (Genovis AB; 2000 units) was dissolved in 2000 uL of
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HPLC water to have a concentration of 1 unit/uL. The enzyme
was aliquoted and stored in —20 °C prior to use. For samples
on the resin, enzymes (20—S0 uL) were added with reaction
buffer (20 mM Tris, pH 6.8; Fisher) to 300 uL; for peptides or
glycopeptides, samples were dried in Speed-Vac (Thermo)
before being resuspended in reaction buffer (the total volume
was up to 300 uL). The sample—enzyme mixtures were
incubated at 37 °C overnight. The digest was purified by SPE
cartridge for LC-MS/MS analysis.

O-Glycosylation Analysis Method. Different methods
were established to compare the performance of O-GIG versus
the in-solution approach. Figure 2 schematically shows three
different approaches for analysis of O-glycosylation. SPE
cleanup was performed on C18 to use global peptides for
these methods, while HILIC was also compared to use
glycopeptides. C18 cleanup was conducted using tryptic
digestion samples, while HILIC enrichment required the drying
of tryptic digestion samples first before resuspending in 80%
ACN (acetonitrile) in 0.1% TFA (trifluoroacetic acid). Both
global peptides and HILIC-enriched glycopeptides were tested
using three methods. O-GIG immobilizes peptides on the resin
via N-termini after peptides or glycopeptides were dissolved in
475 uL of pH 10 binding buffer (50 mM sodium carbonate and
100 mM sodium citrate, pH 10), with incubation for 3 h'!
After adding 25 pL of 1 M NaCNBH; in DI (distilled water),
peptide conjugation proceeded for another 3 h before washing
with 500 uL 1 X PBS twice. The reaction was continued in 50
mM NaCNBH; in 500 yL 1 X PBS buffer for 3 h. After
blocking aldehyde sites on the resin in 50 mM NaCNBH; in 1
M Tris-HCI, samples were washed by 1 M NaCl and HPLC
water three times sequentially. To remove N-glycans, 0.5 uL of
PNGase F (or 250 units; New England BioLabs Inc.) was
added to the resin in 300 uL of 25 mM NH,HCO;, incubated
at 37 °C for 3 h. The resin was washed by 500 yL of 20% ACN
and DI water three times sequentially before O-glycosites were
digested by OpeRATOR (30 uL; Figure 2a). To compare
performance with OpeRATOR digestion in solution, SPE
cleaned peptides or glycopeptides were resuspended in 300 uL
of 25 mM NH,HCO; and 0.5 uL of PNGase F, incubated at 37
°C for 3 h. After C18 cleanup, samples were resuspended in
300 uL of 20 mM Tris (pH 6.8) and 30 uL of OpeRATOR,
incubated at 37 °C overnight. Samples were purified by C18 or
HILIC, depending on whether they were C18 or HILIC
enriched before PNGase F digestion (Figure 2b). To determine
performance of OpeRATOR on O-glycopeptides, samples after
SPE cleanup were also only digested by PNGase F without the
use of OpeRATOR. These samples were also purified by C18
or a HILIC SPE cartridge for LC-MS/MS analysis (Figure 2c).

LC-MS/MS. Peptides (1 ug) were analyzed by LC/MS/MS
using a Thermo Fisher Ultimate LC and Fusion Orbitrap MS
(San Jose, CA). Briefly, peptides were first loaded onto a trap
cartridge (Thermo Fisher PepMap, C18, S ym, 0.3 X S mm),
then eluted onto a reversed phase Easy-Spray column (Thermo
Fisher PepMap, C18, 3 um, 100 A) using a linear 120 min
gradient of ACN (2—50%) containing 0.1% formic acid at 250
nL/min flow rate. The eluted peptides were sprayed into the
Fusion Orbitrap. The data-dependent acquisition (DDA) mode
was enabled, and each FTMS MS1 scan (120 000 resolution)
was followed by linear ion-trap MS2 scans using top speed
(acquire as many MS2 scans as possible within one second
cycle time). Precursor ion fragmentation took place in the
HCD cell with CE energies of 33 for glycopeptides. Automatic
gain control (AGC) targets were 2.0 X 10° and 1.0 x 10%,
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Figure 2. Different methods for analysis of O-glycosylation. (a) In
solution digestion with PNGase F + OpeRATOR: N-glycans were
released by PNGase F. After C18 SPE cleanup, peptides were digested
in solution using OpeRATOR, followed by C18 cleanup of O-
glycopeptides. (b) After SPE cleanup (HILIC and C18 respectively),
O-GIG immobilizes peptides to the resin, followed by PNGase F
release of N-glycans. The O-glycopeptides were digested and enriched
from the resin using OpeRATOR. (c) In solution digestion with
PNGase F only: N-glycans were removed by PNGase F, followed by
C18 cleanup of O-glycopeptides.

m/z

respectively, for MS1 and MS2. The spray voltage and ion
transfer tube temperature were set at 1.8 kV and 250 °C,
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respectively. MS spectra were analyzed by Byonic and Byologic
software (Protein Metrics, CA).

Protein O-Glycosylation 3D Molecular Structure. The
peptide sequence of glycoprotein was acquired from Uniprot
(www.uniprot.org). The known O-glycosites were based on the
references in Uniprot “amino acid modifications,” together with
references cited on the Web site. The sequence was uploaded
to Swiss-model (https://swissmodel.expasy.org) for searching
the glycoprotein template.*® This generates a protein model in
PDB format, which can be uploaded to Glycam (glycam.org)
for incorporating glycosylation in the model, including N-
glycans and O-glycans. The model with glycosylation added can
be output in PDB format, which was used in CCP4MG for
postprocessing.

B RESULTS

Anticipated Enzymatic Digestion of O-Glycosites. O-
glycoproteins or O-glycopeptides were usually digested in
solution. The enzyme activity was demonstrated in the
Supporting Information (Figures S2 and S3). Going forward,
the term “in solution” is used to distinguish from “solid-phase.”
To illustrate the digestion process, we use a hypothetical
peptide with O-glycans attached (hypothetical O-glycopeptide),
H,N—-ST[NeuAcHexHexNAc]JPIGQPS[HexHexNAc]
IPGGPVRLT-COOH. If OpeRATOR is the only enzyme used,
the digestion products will include H,N—S, T[NeuAcHexHex-
NACJPIGQP, and S[HexHexNAcJIPGGPVRLT-COOH (Fig-
ure 3a). This enzyme cleaves the N-terminal of S or T with O-
glycan attached. Conversely, when the peptide is immobilized
on the solid support (O-GIG), it generates the same peptide
and glycopeptides; however, H,N—S is immobilized on the
resin (Figure 3b). This reveals that O-GIG will reduce the
number of non-O-glycopeptides in the digest. Further, if in
solution the peptide is digested by trypsin first, there are two
peptides in the solution, including H,N—ST[NeuAcHexHex-
NAcJPIGQPS[HexHexNAcJIPGGPVR and LT-COOH; after
OpeRATOR digestion, four peptides are present in solution in
the final product, ie, H,N—S, T[NeuAcHexHexNAc]PIGQP,
S[HexHexNAcJIPGGPVR, and H,N-LT-COOH (Figure 3c).
Note that half of the peptides yielded are non-O-glycosylated.
However, if peptides are used for conjugation, each peptide is
immobilized to the resin; further digestion with OpeRATOR
generates two O-glycopeptides in the flow-through, including
T[NeuAcHexHexNAcJPIGQP and S[HexHexNAc[IPGGPVR
(Figure 3d). Therefore, solid-phase enzymatic digestion yields
simplified products due to retention of the N-terminal peptide.
This illustration demonstrates the anticipated O-GIG specific
enrichment for O-glycopeptides.

Quantity of OpeRATOR. To determine the amount of
enzyme that is required to digest O-glycosites from
glycopeptides, we used increasing amounts of OpeRATOR
for testing the tryptic fetuin (from bovine serum). Figure 4
shows the relative ion abundance of known O-glycosites of
bovine fetuin liberated using different amounts of enzyme. Six
reported O-glycosites from fetuin are S[271], T[280], S[282],
S[296], T[334], and S[341] (Supporting Information Table
S1). The other potential O-glycosites are estimated using
NetOGlyc 4.0, where a score of 0.5 higher is predicted as
“positive” for glycosylation.”” When no or minimal enzyme is
applied, fewer O-glycosites and lower abundance for each site
are observed (Figure 4ab). When 100 units of enzymes are
added to 300 uL of buffer (20 mM Tris, pH 6.8), all six O-
glycosites are detected with substantially increased relative
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abundance (Figure 4c,d; Supporting Information Table S2). O-GIG Specificity and Enrichment on O-Glycosylation
With the increased amount of enzyme, more O-glycopeptides Analysis. Performance of O-GIG analysis of O-glycosylation
are observed. For example, the relative abundance of O- was assessed. All samples are processed with PNGase F (PF).

glycosites, S[271] or S[296], is substantially increased in the Solid and solution phases, with HILIC or C18 enrichment, and
identified peptides (Figure 4ef), revealing that the enhanced with or without OpeRATOR (Op) were tested. As shown in

digestion on O-glycosites has been successfully achieved. Figure S, conditions were as follows. I = HILIC/Solution/PF/
Additionally, other potential O-glycosites are also identified Op: peptides are enriched by HILIC first, followed by PNGase
by O-GIG analysis (see Supporting Information Table S2). F (PF)/OpeRATOR digestion in solution. II = C18/Solution/
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Legend | = HILIC/Solution/PF/Op
11l = HILIC/Solid/PF/Op
V = HILIC/Solution/PF

11 = C18/Solution/PF/Op
IV = C18/Solid/PF/Op
VI = C18/Solution/PF
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Figure 5. Comparison of O-GIG performance of O-glycopeptide
identification with in-solution methods with and without OpeRATOR.
(a) Relative abundance of O-glycopeptides with single O-glycosite. I =
HILIC/Solution/PF/Op: PNGase F/OpeRATOR digests HILIC
enriched O-glycopeptides in solution. II = C18/Solution/PF/Op:
PNGase F/OpeRATOR digests C18 purified O-glycopeptides in
solution. III = HILIC/Solid/PF/Op: PNGase F/OpeRATOR digests
HILIC enriched O-glycopeptides on solid-phase (O-GIG). IV = C18/
Solid/PF/Op: PNGase F/OpeRATOR digests C18 purified O-
glycopeptides on solid-phase (O-GIG). V = HILIC/Solution/PF: O-
glycopeptides by HILIC after PNGase F and trypsin digestion. VI =
C18/Solution/PF: O-glycopeptides after PNGase F and trypsin
digestion. (b) Number of O-glycopeptides with single O-glycosite
identified by different methods. (c) Relative abundance of O-
glycopeptides with multiple O-glycosites. (d) Number of O-
glycopeptides with multiple O-glycosites. The error bar represents
the standard deviation.

PF/Op: peptides are purified by C18, followed by PNGase F/
OpeRATOR digestion in solution. III = HILIC/Solid/PF/Op:
peptides are enriched by HILIC, followed by PNGase F/
OpeRATOR digestion on the solid support. IV = C18/Solid/
PE/Op: peptides are purified by C18, followed by PNGase F/
OpeRATOR digestion on the solid support. V. = HILIC/
Solution/PF: peptides are enriched by HILIC only in solution.
VI = C18/Solution/PF: peptides are purified by C18 only in
solution. Figure Sa and b show the relative abundance and
number of glycopeptides containing one glycosite. We plotted
the relative abundance of O-glycosites from these methods, as
well as the number of O-glycosites identified. Overall, HILIC
enriched glycopeptides produced better identification of single
O-glycosite O-glycopeptides both in relative abundance (Figure
Sa III) and number (Figure Sb III) of O-glycosites. Although a
higher number of O-glycosites are identified in solution (I)
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compared to O-GIG (III), more missed-cleavage O-glycosite
products are detected in solution. The relative abundance of O-
glycopeptides is considerably lower for the in-solution approach
(I or I1). Without the use of OpeRATOR (V, HILIC; VI, C18),
there are an appreciable number of O-glycosites detected;
however, the relative abundance of O-glycopeptides are very
low in both approaches (V and VI). The OpeRATOR can
specifically cleave the N-terminal of O-glycosylated S or T, and
this feature of the enzyme resulted in fewer O-glycopeptides
with multiple O-glycosites. Figure 5S¢ and d show the abundance
and number, respectively, of glycopeptides with multiple
glycosites. This is evidenced by the low number and intensity
of such peptides where OpeRATOR is used (I, 11, II, and IV).
PNGase F only digested peptides show approximately a 5-fold
increase of the number of multiple O-glycosites in the same O-
glycopeptide (V). The minimal number of O-glycopeptides
with multiple O-glycosites is detected by the O-GIG method
(II1). The MS/MS fragmentation on O-glycopeptide, S-
[NeuAcHexHexNAC]IPGGPVR, is compared on these meth-
ods (Supporting Information Figure S4). These results confirm
that O-GIG is a robust method specifically for digestion of O-
glycosites and enrich the O-glycopeptides.

Mucin-Type O-Glycosylation. The O-GIG technique was
used to study bovine submaxillary gland mucin (MBS) O-
glycosites. The MBS, encoded by the Mucl gene, contains 580
amino acids (Uniprot ID: QSWML4). Using NetOGlyc 4.0 for
O-glycosite prediction, a maximum of 181 potential O-
glycosites are present with 149 sites scoring 0.500 or above,
indicating that these sites have a higher probability for O-
glycosylation. However, only seven O-glycosites have been
confirmed based on Uniprot. These known O-glycosites are
centered around S[77]PGH from S[73] to S[89]. Most O-
glycosites remain to be investigated. The predicted O-glycosites
are listed in Supporting Information Table S3. O-GIG detects
56 O-glycosites from 95 unique O-glycopeptides. Forty O-
glycosites identified are predicted with high probability by
NetOGlyc 4.0 (>0.50). Sixteen O-glycosites with a low
NetOGlyc probability score (<0.50) were clustered in the
MBS N-terminal domain. We compared the identification of O-
glycosites with and without sialic acids by treating with
neuraminidase (Supporting Information Table S3). Results
reveal that sialic acid removal improved the identification of O-
glycosites, probably due to the negative charge from sialic acids
that repel the enzyme binding to O-glycan, negatively impacting
O-glycosite digestion. After removal of sialic acids, a total of 56
O-glycosites were detected; conversely, only 37 O-glycosites
were found in MBS with intact sialic acids.

Figure 6 depicts the 3D structure of MBS without O-glycans
(a) and with O-glycans decorated (b). Mucl consists of
transmembrane, SEA (sperm protein, enterokinase and agrin),
and N-terminal (Mucl-N) domains.**** Mucl-N contains a
heavily O-glycosylated tandem repeat, whose O-glycosylation
has not been fully characterized (Figure 6). We identified many
O-glycosites in this region using O-GIG. To compare how O-
glycans decorated on the MBS Mucl-N domain, the 3D
structure of MBS was generated by Swiss-Model, GLYCAM,
and CCP4MG. Without O-glycans modeled to the protein
backbone, the Mucl-N domain is oriented as a random coil
(Figure 6a). Using detected O-glycosylation data, O-glycans
were added to their respective glycosites (note: we only added
those highly O-glycosylated sites for illustration; Figure 6b).
The N-terminal region from Serine 157 through Threonine 576
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Figure 6. Depiction of highly O-glycosylated N-terminal domain using
O-GIG. The short C-terminal is embedded in the membrane as a
transmembrane domain, whereas the SEA domain connects the C-
terminal to its N-terminal domain. (a) 3D structure of MBS without
O-glycan attached; (b) 3D structure of MBS with O-glycans attached.

was highly decorated by O-glycans, in agreement with previous
reports.39

Zika Virus O-Glycosylation and 3D Structure of Zika
Envelope and NS1 Glycoproteins. Next, we studied O-
glycosylation of the Zika virus (ZIKV) strain glycoprotein.
Glycoproteins, ZIKV-E/envelope protein (domain III; 40543-
VO8H; Sino Biological) and ZIKV-NS1 protein (40544-VO7H;
Sino Biological, China), are used as a model for mapping O-
glycosites. Both ZIKV-E and ZIKV-NS1 are recombinant
glycoproteins, with a DNA sequence encoding the Zika virus
(strain Zika SPH2015) E/Envelope (domain I1I; from Val[593]
to Lys [699]) and the Zika virus (strain Zika SPH2015) NSI
(from Val[796] to Leu[1157]) of the polyprotein (Zika virus;
Supporting Information Table S6). Several observations were
made for ZIKV-E O-glycosylation as revealed by O-GIG
analysis: (1) Glycosite T[643] is likely heavily O-glycosylated
and accounts for 52.3% of O-glycosite relative ion abundance
(Supporting Information Table SS); glycosite T[615] occupies
17.4% in all peptides identified by O-GIG-LC-MS. (2) The
relative abundance of T[643][HexNAc(3)Fuc(1)] is most
dominant in glycosite relative abundance with 38% intensity.
(3) O-glycans are asialyl type with only 0.71% present as sialyl
forms. ZIKV-NS1 glycoprotein is more complex than ZIKV-E
with more O-glycosites and O-glycans (Supporting Information
Tables SS and S$6). Eighty-one unique O-glycopeptides are
identified in ZIKV-NS1, consisting of 32 O-glycosites and 41 O-
glycans (10 sialyl O-glycans and 31 asialyl O-glycans). The
relative abundance of O-glycopeptides in Zika NS1 is 53% of
total detected intensity, in which S[1137][HexNAc(3)]NLVR
is up to 43.8%. The asialyl O-glycopeptides are approximately
52% of total intensity among all peptides identified. These
results demonstrate that ZIKV-NS1 is considerably glycosylated
by asialyl O-glycans, with a minimal number of O-sialylated
glycosites. Therefore, both ZIKV-NS1 and ZIKV-E are
minimally sialylated.

On the basis of the O-glycosylation on both ZIKV-E and
ZIKV-NS1, we built models to schematically illustrate the
distribution of O-glycosylation on E and NS1 (Figure 7). To
show the sites of O-glycans on ZIKV glycoprotein, we plot the
3D structure E or NS1 without O-glycans (Figure 7a and c) and
the most dominant O-glycans (Figure 7b and d). In general, O-

8267

(a) Zika-E (b) Zika-E-Oglycan

(¢) Zika-NS1

N
iéh
(4

e 27
1\ A

Figure 7. O-glycosylation on Zika virus strain SPH2015 glycoprotein.
The O-glycosylation of ZIKV (Zika virus) was characterized by the O-
GIG chemoenzymatic method. (a) ZIKV-E: strain Zika SPH201S
envelope protein without O-glycan attached to the protein. (b) ZIKV-
E with high abundance of O-glycans on surface. O-glycosite depicted:
T[643][HexNAc(3)Fuc(1)] (38.4%), T[615][HexNAc(2)Hex(2)]
(17.4%), T[641][HexNAc(1)Hex(1)] (13.7%), T[617][HexNAc(2)-
Hex(2)] (4.9%), and T[696][HexNAc(3)Hex(2)Fuc(2)] (1.4%). (c)
ZIKV-NSI: strain Zika SPH201S protein without O-glycans attached.
(d) ZIKV-NS1 with high abundance of O-glycans attached. O-
glycosites include S[1137][HexNAc(3)] (43.8%), S[1040]-
[HexNAc(2)Hex(1)] (1.4%), T[923][HexNAc(1)Hex(1)] (0.77%),
T[1003][HexNAc(3)Hex(1)Fuc(1)] (0.54%), and T[1087]-
[HexNAc(1)Hex(1)NeuAc(1)] (0.26%).

glycans are decorated on the outer surface of ZIKV
glycoproteins for both E and NSI1. The O-glycosylation of
ZIKV-E and ZIKV-NS1 is listed in the Supporting Information
Tables SS and S6.

B DISCUSSION

Although mass spectrometry has greatly facilitated the
advancement of glycoprotein analysis, the lack of robust
strategies for the analysis of O-glycosylation makes such
analyses challenging. This is largely due to the absence of O-
glycosylation specific glycosidases and proteinases/peptidases.
The heterogeneity of O-glycan compounds discovery needed
enzymes since many core configurations are possible for this
post translational modification. For example, mucin-type O-
glycans alone contains eight different core structures, which can
subsequently be extended to give mature linear or branched O-
glycans. Until now, no single enzyme was available to digest all
eight core types at the glycan or protein/peptide level.
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Moreover, mucin-type domains could have tens of closely
spaced S and T glycosylation sites, which may be heavily
decorated with an assortment of complex O-GalNAc glycans.
This situation can lead to steric issues regarding enzyme access.
Although sequential digestion using a range of glycosidases can
increase access to glycosites, a multienzyme degradation
approach can be complex. For instance, mucin-type O-glycans
could contain Gal, GIcNAc, Fug, and Sia in a range of linkage
configurations, and therefore, the choice of enzyme sets may
not be straightforward in many cases. Gal and GlcNAc also may
be modified by sulfation, whereas Sia could be modified by O-
acetylation.”” The use of proteases with unique O-protease
properties can be an effective approach to decipher the
complexity of protein O-glycosylation since the O-glycan can
remain intact with all its complexity, and peptide information
can allow mapping of the resident glycan(s) within the protein.

In this work, we have utilized a recently discovered O-
protease, OpeRATOR, an O-glycan specific endoprotease,
discovered in Akkermansia muciniphila and expressed in E.
coli. We have developed a novel approach to study protein O-
glycosylation using this enzyme in a chemoenzymatic strategy.
The enzyme binds specifically to O-glycans on native
glycoproteins or glycopeptides and digests the peptide
backbone at the N-terminal end of O-glycan substituted S
and T residues. It is critical that this enzyme has no activity on
nonglycosylated S or T, as well as N-glycosylated N
(asparagine). Therefore, after release of N-glycans, we can
specifically accumulate glycopeptides with O-glycosylated S and
T. This technique allows us to study complex O-glycosylation,
even in densely O-glycosylated regions such as that found in
mucin-type domains.

Several strategies can be executed for digestion of O-
glycopeptides by OpeRATOR. (1) Glycoproteins vs glycopep-
tides: the digestion of O-glycosylated sites can be carried out
using glycoproteins or glycopeptides. (a) OpeRATOR using
glycoproteins: OpeRATOR digestion of O-glycosylated S and
T on glycoproteins yields O-glycopeptides and non-O-
glycopeptides. The resulting glycopeptides may contain a
long length of amino acids since the two adjacent O-glycosites
can be far away from each other (Figure 3a). Where multiple
K/R may exist between them, a trypsin strategy may be
introduced (Figure 3b). The OpeRATOR digest can be further
cleaved by trypsin, producing shorter, charged glycopeptides
containing C-terminal K or R for better ionization. (b)
OpeRATOR using glycopeptides: Glycopeptides also can be
generated using trypsin first followed by OpeRATOR digestion.
This will generate nonglycosylated peptides, N-glycopeptides,
and peptides with O-glycans and/or N-glycans. The identi-
fication is improved through glycopeptide enrichment using
HILIC SPE. (2) In solution vs solid-phase: the enzymatic
digestion can be performed in solution or on a solid phase. (a)
In solution, when glycoprotein is digested by trypsin followed
by OpeRATOR cleavage. Products will include nonglycopep-
tides, N-glycopeptides, and O-glycopeptides. To remove N-
glycopeptides, PNGase F or A is required to cleave N-glycans.
To collect the O-glycopeptides, multiple chromatography
cleanup and enrichment steps are required, including C18
and HILIC. (b) On the solid phase, glycopeptides can be
immobilized for conducting sequential chemical or enzymatic
reactions (Figure 3d). The removal of chemicals or enzymes is
facilitated by extensive washing steps.'"”'” Products eluted are
simplified since some nonglycopeptides remain linked to the
solid phase. This approach can be useful for analyzing O-
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glycosylation since multiple chemical and enzymatic treatments
are required and washing steps are simplified on the solid phase
format.

The solid-phase chemoenzymatic method (O-GIG) is
specific for enrichment of O-glycopeptides. Use of glycopep-
tides illustrates this unique feature in comparison to the use of
glycoproteins. All peptides are immobilized on resin via
reductive amination through their N-termini. Once conjugated
to resin, the glycopeptides can be treated by sequential
reactions including the derivatization of Sia linkage,12
stabilization of Sia,"""** release of N—glycans,41 or cleavage of
O-glycans.'"** The sequential derivatization of Sia linkage has
been demonstrated in our previous studies, which not only
differentiate 2,3 and 2,6 but also neutralize negatively
charged sialic acid.'” It is essential to digest O-glycosylated S
and/or T on the solid support, because only those O-
glycopeptides can be snipped from their O-glycosites, while
nonglycosylated S and/or T remains on the resin (Figure 3c,d).
Thus, the OpeRATOR digest produces highly abundant O-
glycopeptides with O-glycans on the N-terminal of S or T
(Supporting Information Table S2). Using this strategy, few
multiple-glycosite glycopeptides are yielded with more than one
O-glycan resident. Comparatively, assignment of O-glycopep-
tides produced by in-solution OpeRATOR or trypsin digestion
alone may be ambiguous. Some peptides may contain more
than one O-glycosite, and therefore, each glycan location and
precise composition may not be resolved by MS spectral
fragment ion patterns (Supporting Information Table S7).

Application of O-GIG on mucin-type glycoprotein and
complex biological samples show that the method is powerful
for annotating O-glycosylation. We identified many previously
unidentified O-glycosites, on the order of 8-fold more sites than
previously reported. NetOGlyc 4.0 was used to estimate O-
glycosite glycosylation potential. Overall, O-GIG confirms
those predicted sites with 0.5 probability or greater and
discovers others having lower probability scores. Modeling on
ZIKV glycoprotein demonstrates the feasibility to use O-GIG to
fully characterize O-glycosylation on the ZIKA virus and reveal
whether those glycosites are nearby Zika antigenic sites; it also
provides a novel means for tracing O-glycosylation changes as it
and other viruses propagate through the human population.
The latter work is ongoing. It should be noted that O-GIG
presented here may also be useful for studying protein N-
glycosylation. In the O-GIG protocol (Figure 1c), N-glycans are
released for quantitative analysis, while asparagine (N)
simultaneously changes to aspartic acid (D). In the data search,
we can use deamidation for targeting those N-glycosites for
identification. The N-glycosites have been identified here using
O-GIG (Supporting Information Table S8; Fetuin, MBS, Zika
E and NS1), showing that the O-GIG chemoenzymatic method
can be used for analysis of both N-linked and O-linked
glycosylation. It is remarkable that O-GIG can identify new O-
glycosites and N-glycosites that have not been reported. This
will expand the horizons for studying O-glycosylation for
different diseases, facilitating discovery of biomarkers and
vaccines for diagnostics and immunization.
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Abstract
Glycosylation plays a critical role in the biosynthetic-secretory pathway in the endoplasmic
reticulum (ER) and Golgi apparatus. Over 50% of mammalian cellular proteins are typically
glycosylated and this modification is involved in a wide range of biological functions such as
barrier formation against intestinal microbes and serving as signaling molecules for selectins
and galectins in the innate immune system. N-linked glycosylation analysis has been greatly
facilitated owing to a range of specific enzymes available for their release. However, system-
wide analysis on O-linked glycosylation remains a challenge due to the lack of equivalent
enzymes and the inherent structural heterogeneity of O-glycans. Although O-glycosidase can
catalyze the removal of Core 1 and Core 3 O-linked disaccharides from glycoproteins, analysis
of other types of O-glycans remains difficult, particularly when residing on glycopeptides. Here
we describe a novel chemoenzymatic approach driven by a newly available O-protease and

solid phase platform. This method renders the assignment of O-glycosylated peptides, N-glycan
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profile, sialyl O-glycopeptides linkage, and mapping of heterogenous O-glycosylation. For the
first time, we can analyze intact O-glycopeptides generated by O-protease and enriched using a
solid-phase platform. We establish the method on standard glycoproteins, confirming known O-
glycosites with high accuracy and confidence, and reveal up to eight-fold more glycosites than
previously reported with concomitant increased heterogeneity. This technique is further applied
for analysis of Zika virus recombinant glycoproteins, revealing their dominant O-glycosites and
setting a basis set of O-glycosylation tracts in these important viral antigens. Our approach can
serve as a benchmark for the investigation of protein O-glycosylation in diseases and other
biomedical contexts. This method should become an indispensable tool for investigations where

O-glycosylation is central.
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Supplementary Figure S1. Mucin-type O-glycoprotein with highly O-glycan decorated

domain.
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Supplementary Figure S2. Digest of O-glycopeptide H2N-
APPRLI...SPPDAA'?*S'[HexHexNAC]AAPLR...ACRTGD-COOH by OpeRATOR. After

operator digestion, the peptide was cleaved on the peptide bond N-terminal between

AA125 and AA126.
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0o
25 30 35 40 45 50 55 60
Time (min)
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Supplementary Figure S3. OpeRATOR digestion on glycosylated and non-glycosylated
proteins. Fetuin and IgA are both N- and O-linked glycoproteins, while IgG is N-linked
glycoprotein and Albumin has no glycosites. OpeRATOR only digests O-glycosylated

glycoproteins of Fetuin and IgA.
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Supplementary Figure S4. Tandem mass spectrometry of O-glycopeptides digested from

Bovine Fetuin. (a) HILIC/Solution/PF/Op, (b) HILIC/Solid/PF/Op, (c) C18/Solution/PF/Op, (d)

C18/Solid/PF/Op, (e) HILIC/Solution/PF, and (f) C18/Solution/PF.
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