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Abstract Glycosylation is one of the most common yet
diverse post-translational modifications. Information on
glycan heterogeneity and glycosite occupancy is increasingly
recognized as crucial to understanding glycoprotein structure
and function. Yet, no approach currently exists with which to
holistically consider both the proteomic and glycomic
aspects of a system. Here, we developed a novel method of
comprehensive glycosite profiling using nanoflow liquid
chromatography/mass spectrometry (nano-LC/MS) that
shows glycan isomer-specific differentiation on specific sites.
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Glycoproteins were digested by controlled non-specific
proteolysis in order to produce informative glycopeptides.
High-resolution, isomer-sensitive chromatographic separa-
tion of the glycopeptides was achieved using microfluidic
chip-based capillaries packed with graphitized carbon.
Integrated LC/MS/MS not only confirmed glycopeptide
composition but also differentiated glycan and peptide
isomers and yielded structural information on both the
glycan and peptide moieties. Our analysis identified at least
13 distinct glycans (including isomers) corresponding to five
compositions at the single N-glycosylation site on bovine
ribonuclease B, 59 distinct glycans at five N-glycosylation
sites on bovine lactoferrin, 13 distinct glycans at one N-
glycosylation site on four subclasses of human immuno-
globulin G, and 20 distinct glycans at five O-glycosylation
sites on bovine k-casein. Porous graphitized carbon provided
effective separation of glycopeptide isomers. The integration
of nano-LC with MS and MS/MS of non-specifically
cleaved glycopeptides allows quantitative, isomer-sensitive,
and site-specific glycoprotein analysis.

Keywords Site-specific glycosylation - Glycopeptide -
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Abbreviations

bLF Bovine lactoferrin

CID Collision-induced dissociation

CNBr Cyanogen bromide

ECC Extracted compound
chromatogram

Fuc Fucose

Gal Galactose

Glc Glucose

Hex Hexose

HexNAc N-acetylhexosamine
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IgG Immunoglobulin G

Man Mannose

ManX (where X=5 to 9) High mannose glycan of
composition GleNAc,Many

NeuAc N-acetylneuraminic acid
PGC Porous graphitized carbon
Q-TOF Quadrupole time-of-flight
RNAse B Ribonuclease B

TIC Total ion chromatogram
Introduction

Glycoproteins are involved in a variety of important biological
processes ranging from structural functions to cellular
signaling and molecular transport [1, 2]. Information on
glycoprotein structure is crucial to our understanding of their
biological roles. However, glycan heterogeneity significantly
complicates glycoprotein analysis. The current paradigm in
glycoproteomics is characterized by proteocentric methods in
which glycoproteins are simply deglycosylated, and the
glycan moiety largely ignored [3—7]. Yet, protein glycosyl-
ation is one of the most common as well as most complex
post-translational modifications, with more than half of the
proteome exhibiting at least some degree of glycosylation,
and scores of glycan structures possible at each glycosylation
site [8].

The variety and complexity of glycosylation mean that any
comprehensive analysis of protein glycosylation must also
take into account glycan heterogeneity and glycosite occu-
pancy. Glycans are produced by a set of over 200 competing
glycosyltransferases that modify the nascent glycan by adding
a specific saccharide via a specific linkage [9]. For example, a
standard hexose has five different sites at which it may be
connected to other saccharide units. When anomeric charac-
ter is considered, the possibilities increase to ten unique
potential linkages. Furthermore, each glycosyltransferase has
a multitude of glycoprotein substrates, and glycosylation at
any given site is by no means homogenous or even
obligatory. Thus, a glycoprotein containing just four sites
of glycosylation, with five possible glycans at each site, can
result in more than a thousand different glycoforms.

Conventional methods for analyzing site-specific glyco-
sylation involve digestion of the glycoprotein with a single
enzyme, commonly trypsin [10—13]. However, extended
spans between protease active sites often result in exces-
sively large glycopeptides. In addition, steric effects from
glycans are known to significantly hinder nearby protease
activity, especially that of trypsin, resulting in missed
cleavages [14—16]. Consequently, the glycopeptides pro-
duced by single-enzyme digest often have long peptide
moieties that contain multiple sites of glycosylation and
thus severely complicate or obfuscate site-specific analysis.
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In contrast, protease cocktails enable the preparation of
glycopeptides with scalable peptide lengths. Our group has
previously developed methods using Pronase E, a mixture of
proteolytic enzymes isolated from Streptomyces griseus, to
prepare glycopeptides suitable for site-specific glycosylation
analysis [17-20]. Pronase nonspecifically hydrolyzes all
peptide bonds in a protein, with the exception of those in
the immediate vicinity of a glycan. By varying digestion
time, the length of the peptide moieties may be scaled up or
down as desired. This not only allows single glycosylation
sites to be isolated on a glycopeptide but also reduces signal
suppression from non-glycosylated peptides by breaking
them down into their component amino acids. We have
further refined the technique by immobilizing Pronase on a
solid substrate such as beaded agarose, minimizing contam-
ination due to enzyme autolysis and facilitating the prepara-
tion of glycopeptide-enriched digests [18—20]. Combined
with high-resolution, accurate-mass mass spectrometry (MS),
Pronase digestion allows us to consider site-specific glyco-
proteomic analysis as a relatively simple computational
exercise rather than a convoluted chemical/biochemical
puzzle as it has traditionally been portrayed.

Mass spectrometric analysis of fractionated glycopeptide
mixtures has been performed by our group in the past [17—
20]. However, glycoprotein heterogeneity necessitates a
method of analysis that can separate and differentiate a
number of isomeric glycoforms. Chromatographic separa-
tion of tryptic glycopeptides by CI18 has been reported
previously; however, such methods are optimized for the
long peptide/glycopeptide chains commonly produced by
tryptic digestion and have shown extremely limited ability
with respect to separation of isomeric glycoforms [10—13].
Meanwhile, porous graphitized carbon (PGC), amine/
amide-based, and anion-exchange stationary phases have
been used to successfully separate isomeric glycans [21,
22], but their application to glycopeptide separation has
thus far been limited [11, 23, 24].

In order to develop a method of rapid and thorough
glycoproteomic analysis with glycan isomeric and site-
specific information, we have combined nonspecific proteol-
ysis, chip-based nanoflow liquid chromatography (nano-LC)
separation, in silico screening by accurate mass, and tandem
MS analysis to differentiate and quantify the isomeric glyco-
forms of glycoproteins. PGC allows isomer-specific separa-
tion of N- and O-glycopeptides modulated by both peptide
and glycan structure. High mass accuracy data from single-
stage MS is used to assign glycopeptide compositions.
Tandem MS provides supplementary data that confirms
compositional assignments and determines glycopeptide
structure over a dynamic range of five orders of magnitude.
Bovine ribonuclease B (RNAse B), bovine lactoferrin (bLF),
human immunoglobulin G (IgG), and bovine k-casein were
analyzed as representative glycoproteins exhibiting N-linked
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high-mannose, N-linked complex, and O-linked glycosyla-
tion. Hundreds of glycopeptides were separated by nano-LC
and identified by accurate mass. Tandem MS confirmed
glycopeptide assignments and elucidated the structure of
chromatographically separated isomers. The combination of
LC/MS and LC/MS/MS glycopeptide data allowed us to
identify 13 site-specific glycans at one N-glycosylation site
on bovine RNAse B, 59 site-specific glycans at five N-
glycosylation sites on bLF (including one previously
unreported site), 13 site-specific glycans at one N-glycosyl-
ation site on four subclasses of human IgG, and 20 site-
specific glycans at five O-glycosylation sites on bovine k-
casein. Using this data, glycan heterogeneity at each site of
glycosylation was described and quantified. Site-specific,
isomer-specific glycoprotein profiling will dramatically
advance our understanding of glycosylation and glycosylated
systems, and may one day be applied to the discovery of new
disease biomarkers.

Methods
Materials and reagents

Pronase E, bovine RNAse B, bLF, bovine k-casein, human
IgG, and cyanogen bromide (CNBr)-activated Sepharose 4B
beads were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Graphitized carbon cartridges were obtained from Grace
Davison (Deerfield, IL, USA). Solvents were of LC-MS grade.
All other reagents were of analytical grade or higher.

Immobilization of pronase enzymes

Pronase E enzyme cocktail was covalently linked to CNBr-
activated Sepharose 4B (S4B) beads of 40—165-um
diameter using well-established coupling chemistry opti-
mized by our group [18—20]. S4B beads were reconstituted
and washed in 1-mM hydrochloric acid, then conditioned
with 100 mM phosphate buffer (pH 7.4). For enzyme
coupling, Pronase E was combined with the S4B beads in
100 mM phosphate buffer at a ratio of 6.7 mg Pronase per
gram of dry S4B. The coupling reaction proceeded under
gentle agitation for 16 h at room temperature. Excess
enzyme was removed by washing with 100 mM phosphate
buffer, after which 1 M aqueous ethanolamine (pH 9.0) was
added to block all remaining active CNBr sites on the
beads. To remove excess ethanolamine, the beads were
washed with 100 mM ammonium acetate (pH 7.2).

Glycoprotein digestion by immobilized Pronase

Glycoproteins were dissolved in 100 mM ammonium
acetate and mixed with bead-immobilized Pronase at a

glycoprotein—Pronase ratio of 1:1 (w/w). Digestions were
allowed to proceed under gentle agitation for 12—-24 h at
37 °C. Bead-immobilized Pronase was separated from the
resulting glycopeptide solution by centrifugation.

Glycopeptide enrichment with graphitized carbon SPE

Digested glycopeptides were purified by graphitized carbon
solid-phase extraction. Graphitized carbon cartridges were
washed with 0.10% (v/v) trifluoroacetic acid in 80%
acetonitrile/water (v/v) followed by conditioning with water.
The glycopeptide solution was loaded onto each cartridge
and washed with water at a flow rate of approximately 1 mL/
min to remove salts and buffer. Glycopeptides were eluted
with 0.05% (v/v) trifluoroacetic acid in 40% acetonitrile/
water (v/v) and dried in vacuo prior to MS analysis.

Chip-based nano-LC/MS analysis

Glycopeptides were reconstituted in water at concentrations
corresponding to between 40 and 200 ng of original
glycoprotein (depending on the extent and rate of glycosyl-
ation) per 2-uL injection. Nano-LC/MS and nano-LC/MS/MS
analyses were performed on an Agilent HPLC-Chip Quadru-
pole Time-of-Flight (Q-TOF) MS system equipped with a
microwell-plate autosampler (maintained at 6 °C), capillary
sample loading pump, nano pump, HPLC-Chip/MS interface,
and Agilent 6520 Q-TOF MS detector. The chip used
consisted of a 9x0.075-mm i.d. enrichment column and a
150%0.075-mm i.d. analytical column, both packed with 5-
pum PGC as the stationary phase. For sample loading, the
capillary pump delivered 0.1% formic acid in 3.0% acetoni-
trile/water (v/v) isocratically at 4.0 pL/min. Following sample
injection, a nano pump gradient was delivered at 0.4 uL/min
using (A) 0.1% formic acid in 3.0% acetonitrile/water (v/v)
and (B) 0.1% formic acid in 90.0% acetonitrile/water (v/v).
Samples were eluted with 0% B, 0.00—2.50 min; 0 to 16%
B, 2.50-10.00 min; 16 to 44% B, 10.00-30.00 min; 44 to
100% B, 30.00—35.00 min; and 100% B, 35.00—45.00 min.
This was followed by equilibration at 0% B, 45.01-
65.00 min. The drying gas temperature was set at 325 °C
with a flow rate of 5.0 L/min (2.5 L of filtered nitrogen gas
and 2.5 L of filtered dry compressed air).

Single-stage MS spectra were acquired in the positive
ionization mode over a mass range of m/z400—3,000 with an
acquisition time of 1 s per spectrum. Mass correction was
enabled using reference masses of m/z322.048, 622.029,
922.010, 1,221.991, and 1,521.971 (ESI-TOF Calibrant Mix
G1969-85000, Agilent Technologies, Santa Clara, CA, USA).

MS/MS spectra were acquired in the positive ionization
mode over a mass range of m/z100—3,000 with an acquisition
time of 250 ms per spectrum at a rate of four MS/MS spectra
per single MS spectrum. In general, collision energies were

@ Springer



1294

S. Hua et al.

calculated for each compound based on the following
formula:

m/z
Veolision = 3'6V(100Da) — 4.8V

Here, Vonision 1S the potential difference across the
collision cell. The slope and offset values of the energy-m/z
ramp could be changed as needed to produce more or less
fragmentation. Following detection during MS mode (using
the conditions described previously for single-stage MS
acquisition), compounds matching a specified mass-to-
charge ratio, charge state, and retention time range were
isolated in the quadrupole with a mass bandpass FWHM
(full width at half maximum) of 1.3m/z.

Results and discussion

In order to demonstrate the efficacy and wide applicability of
our methods, several representative N- and O-glycoproteins
were selected for site-specific analysis. These were bovine
RNAse B, bLF, and human IgG, which exhibit N-glycosyl-
ation, and bovine k-casein, which exhibits O-glycosylation.
RNase B and IgG are well-characterized glycoproteins
whose glycosylation profiles are known and thus provide a
means of validation. k-casein and bLF, on the other hand,
have multiple glycosylation sites that until now have been
only partially characterized.

Each glycoprotein was individually digested by immo-
bilized Pronase, chromatographically separated by PGC
nano-LC, and analyzed by single-stage MS as well as
tandem MS/MS. Theoretical sites of glycosylation were
examined, and glycan heterogeneity at each confirmed
glycosite was profiled and quantified.

Site-specific determination of protein glycosylation
by accurate mass

Single-stage MS data was used for preliminary identification
of the glycopeptides resulting from each glycoprotein digest.
Raw LC/MS data was filtered with a signal-to-noise ratio of
5.0 and analyzed using the Molecular Feature Extractor
algorithm included in the MassHunter Qualitative Analysis
software (version B.03.01, Agilent Technologies). Taking into
account expected charge carriers, potential neutral mass
losses, and a predicted isotopic distribution, the total ion
chromatogram (TIC) was divided into a number of extracted
compound chromatograms (ECCs). Each ECC represents the
summed chromatograms of all ion species associated with a
single compound (e.g., the singly protonated, doubly proton-
ated, or singly dehydrated ions). Thus, each individual ECC
peak could be taken to represent the total ion count associated
with a single distinct compound.
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The deconvoluted mass, retention time, abundance (in
summed ion counts), and observed charge states associated
with each extracted compound were exported for further
analysis. Glycopeptides were identified using an in-house
software tool known as Glycopeptide Finder (version
1.0.9). Based on the mass of a potential glycopeptide, the
amino acid sequence(s) of the protein or proteins it may be
derived from [25], the type of glycosylation (N or O), and a
given mass tolerance (here, 20 ppm), the Glycopeptide
Finder program presented a list of potential amino acid and
glycan compositions associated with a given compound.
Results are further filtered based on known glycosylation
patterns and/or other biological rules [26].

The ECCs of abundant Pronase-digested glycopeptides
from RNase B are shown in Fig. 1. RNase B is a well-
characterized glycoprotein with a single N-glycosylation site
at ®®Asn and a heterogeneous population of high-mannose
glycoforms containing between five and nine mannose
residues. Glycopeptide compositional assignment by accurate
mass showed the exclusive presence of high-mannose type
glycan moieties linked at “®Asn to peptides of lengths ranging
between three and six amino acid residues. Though the search
algorithm used a mass error tolerance of 20 ppm, actual mass
errors stayed well within tolerance. The root mean square
deviation (RMSD) of the experimental mass was 4.31 ppm,
confirming the high mass accuracy of the MS analysis. Peak
assignments were subsequently confirmed by MS/MS.

Nonspecific digestion of glycoproteins is a key element
of effective site-specific glycosylation analysis. Whereas
specific proteases such as trypsin return fixed glycopeptide
products which may or may not elucidate glycan and
glycosite heterogeneity, Pronase activity may be modulated
by digestion time and enzyme concentration in order to
produce informative glycopeptides. In addition, due to the
nonspecific nature of Pronase activity, glycopeptides are
typically produced in sets of related families differing from
each other by only a few amino acids. The peptide moieties
of the RNAse B glycopeptides in Fig. 1, for example, may
easily be grouped, with ®*NLT, ®°*NLTK, °“°NLTKD, and
®*NLTKDR forming a clearly related family with identical
N-terminal cleavages but differing C-terminal cleavages.
Such glycopeptide families serve to confirm and reinforce
the accuracy of our compositional assignments.

Glycopeptide separation by porous graphitized carbon (PGC)

Glycopeptide digests are complex mixtures with large
structural diversity and dynamic range. Incorporation of
chromatographic separation into established mass spectral
methods of glycoproteomic analysis [17-20] allows us to
address these issues by minimizing peptide ion suppression
as well as distinguishing between isobaric and isomeric
compounds of the same mass and/or composition. In
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particular, microfluidic chip-based nano-LC allows picogram
sensitivity, while the TOF-MS detector provides greater than
five orders of magnitude of instrumental dynamic range [21,
27]. To take full advantage of these attributes, our separation
method used PGC as the stationary phase.

PGC chromatographically separates glycans and glyco-
conjugates based on size, polarity, and three-dimensional
structure [24]. PGC offers several important advantages
over stationary phases such as C18—for instance, effective
separation of hydrophilic compounds, as well as the ability
to resolve stereo- and regio-isomers. We have shown
previously the application of microfluidic chip-based
PGC nano-LC towards the separation of enzyme-released
glycans [21, 27]. However, the utility and performance of
PGC nano-LC in glycopeptide isomer separation has
heretofore gone unreported.

Pronase-digested glycopeptides are uniquely suited for
separation by PGC due to their stronger carbohydrate
character. Compared with tryptic glycopeptides, which typi-
cally contain long, hydrophobic peptide moieties, Pronase-
digested glycopeptides contain relatively short peptide moie-
ties conjugated to a hydrophilic glycan structure. Thus,
interactions with PGC are influenced more or less equally by
the peptide and glycan portions of the glycopeptide.

Glycopeptide separation by PGC revealed a number of
consistent trends. In general, more polar molecules were more
strongly retained by PGC. While this effect has been
previously observed in the separation of native glycans [27],
this is the first time it has been observed with glycopeptides.
In particular, the presence of acidic amino acid residues as
well as glycan sialylation significantly increased glycopep-

10 1 12 13 14 15 16 17 18 19 20
Acquisition Time (min)

tide retention times. In digests of IgG (Fig. 2), for example,
glycopeptides NST+Hex HexNAc Fuc (12.0 min) and NST+
HexsHexNAc,Fuc (12.3 min) are also present with the
addition of a terminal NeuAc (13.9 and 14.1 min, respec-
tively). With all else held equal, the sole addition of a single
acidic NeuAc residue increased the retention time of the
compound by nearly 2 min. Similar observations may be
made between glycopeptides NST+Hex,HexNAc,Fuc
(12.0 min), EEQFNST+Hex4HexNAc,Fuc (18.7 min), and
EEQYNST+Hex HexNAcsFuc (19.1 min), all of which
have identical glycans but different peptide moieties.
Notably, the two later-eluting glycopeptides contain two
glutamic acid (E) residues, contributing to the overall
polarity of the molecule and thus the stronger retention
exhibited by the PGC. The slight difference in retention time
between these two nearly identical compounds may be
attributed to the substitution of phenylalanine (F) in the
earlier-eluting compound (originating from IgG subclasses 2
and 4) with tyrosine (Y) in the later-eluting compound
(originating from IgG subclasses 1 and 3). While these two
aromatic amino acid residues are structurally very similar,
tyrosine is slightly more polar than phenylalanine due to the
presence of a single additional hydroxyl group.

In addition to polarity, three-dimensional structure
also makes a major contribution to the overall retention
of a molecule by PGC [24, 28]; in fact, this is the basis
of PGC’s ability to separate isomeric glycopeptides.
Structural differences in either the peptide or glycan
moiety of a glycopeptide result in modified interactions
with PGC. This is acutely evident in digests of
O-glycoproteins such as k-casein (Fig. 3). For example,
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the isomeric glycopeptides of composition STVAT+
GalNAc;Gal;NeuAc, eluting at 12.7 and 13.6 min, differ
only by the glycan connectivity in the glycan moiety. In
the earlier-eluting isomer, the NeuAc is conjugated to the
core Gal, whereas in the later-eluting isomer, the NeuAc is
conjugated to the core GalNAc. Similar examples may be
seen with the isomeric glycopeptides of composition STVA+
GalNAc;Gal;NeuAc (12.3 and 13.3 min), as well as those of
composition GEPTSTPT+GalNAc;Gal;NeuAc (15.4 and
16.5 min; 19.0 and 19.9 min). In addition to glycan
connectivity, differences in glycan-peptide connectivity
are fully resolved by PGC. Isomeric glycopeptides of
composition GEPTSTPT+GalNAc,Gal;NeuAc, eluting at

Acquisition Time (min)

15.4 and 19.0 min, have identical glycan structures but
differ in their point of attachment to the peptide moiety.
The earlier-eluting isomer is glycosylated at '>*Thr,
whereas the later-eluting isomer is glycosylated at
154Thr. In each of these cases, differences in the structure
of the glycopeptide affected retention by PGC indepen-
dently of molecular composition.

A combination of these effects may be observed in
digests of RNAse B (Fig. 1). Glycopeptide interaction with
PGC was modulated by both the polarity and the steric
nature of the molecule. Comparison of glycopeptides with
identical glycosylation but different peptide moieties
revealed that each peptide moiety imparts a different

Fig. 3 Overlaid chromatograms
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retention time shift and/or scale factor. For example,
glycopeptides NLTKDR +GlcNAc,Mans (13.402 min) and
NLTKD+GIcNAc,Mans (14.644 min) differ only by the
presence of a basic arginine (R) in the earlier-eluting
compound. The basicity of the arginine may offset the
acidity of the adjacent aspartic acid (D), lowering the
retention exhibited by the PGC. Similarly, the additional
presence of a basic lysine in glycopeptide NLTK+
GlcNAc,Mang (10.997 min) may cause it to elute earlier
than its non-lysinated counterpart NLT+GlcNAc,Mang at
(11.914 min).

The separative ability of PGC was crucial for differen-
tiating both N- and O-linked glycopeptide isomers. Numer-
ous high-mannose glycopeptide isomers were resolved
from RNAse B and bLF (Table 1). Notably, multiple
isomers of Man6 and Man9 were observed. Traditional
perceptions of Man6 and Man9 are of a single structure
rather than a heterogeneous mix of isomers. However,
Electronic Supplementary Material Figures S1 and S2 show
Man9 isomers at “°*Asn and 2*?Asn on bLF, while
Electronic Supplementary Material S3 shows Man6 isomers
at *>?Asn. These results support and expand on observa-
tions by Liang et al. [29] and Prien et al. [30] on isomers of
RNAse B glycoforms. Accurate mass MS/MS confirms the
composition of these compounds (Fig. 4) but does not
provide sufficient information for de novo structural
assignment.

PGC exhibited similar isomer separation abilities with
glycopeptides from O-linked k-casein. As seen in Fig. 3,
glycopeptides from k-casein were fully resolved based not
only on glycan structure (Gal- or GalNAc-conjugated
NeuAc) but also site of glycosylation (e.g., >*Thr vs.
4Thr). Isomeric pairs and quadruplets were routinely
separated and elucidated. Tandem MS was used to identify
and assign structures to these isomers (Figs. 5 and 6).

Our nano-LC/MS method separated and detected 91
glycopeptides across four orders of magnitude in the
RNAse B digest (Fig. 1 and Electronic Supplementary
Material Figure S1), 403 glycopeptides across five orders of
magnitude in the bLF digest (Fig. 7 and Electronic
Supplementary Material Figure S2), 48 glycopeptides
across four orders of magnitude in the IgG digest (Fig. 2
and Electronic Supplementary Material Figure S3), and 947
glycopeptides across five orders of magnitude in the k-
casein digest (Fig. 3 and Electronic Supplementary Material
Figure S4). The heterogeneity of the glycoprotein digests
varied based on the number of glycosites exhibited as well
as glycan heterogeneity and dynamic range at each
glycosite. These results, in conjunction with tandem data,
allowed us to identify 13 site-specific glycans at one N-
glycosylation site on RNAse B, 59 site-specific glycans at
five N-glycosylation sites on bLF, 13 site-specific glycans
at one N-glycosylation site on four subclasses of human

Table 1 Number of isomeric glycoforms at each site of glycosylation
for each high-mannose glycan composition on bovine ribonuclease B
and bovine lactoferrin

Glycan Isomers

Bovine ribonuclease B (RNAse B)
Asn 60 Man5
6

O o0
NSRS S B S

Bovine lactoferrin (bLF)
Asn 252

Asn 300

oo
D NN W W Lk W

~
|

Asn 387

Asn 495

Asn 564

[o)}
N W W A N = W W W —= W W = N

7
8
9

Results are a conservative estimate based on observed glycopeptide
isomers

IgG, and 20 site-specific glycans at five O-glycosylation
sites on bovine k-casein.

Confirmation of site-specific analysis by LC/MS/MS

To supplement information on glycoprotein digests gained
from single-stage accurate-mass MS, observation of chro-
matographic tendencies, and knowledge of Pronase activity,
tandem MS experiments were performed in order to
independently confirm glycopeptide identities. This
allowed rapid differentiation between isobaric glycopeptide
assignments with similar accurate masses but different
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Fig. 4 Deconvoluted tandem
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compositions. In addition, use of LC/MS/MS was invalu-
able when dealing with sets of stereo- and regio-isomeric
glycopeptides.

Glycopeptides were selected for LC/MS/MS analysis
based on single-stage LC/MS data analyzed by MassHunter
Qualitative Analysis and Glycopeptide Finder. Collision-
induced dissociation (CID) was performed at different
collision cell voltages so as to produce informative frag-
ments from both the glycan and peptide moieties. Lower
energy CID (collision cell voltages of 5—15 V for
glycopeptides of m/z500—1,500 Da) produced a variegated
selection of glycan fragments that helped to differentiate
structural isomers of the glycan moiety. In contrast, higher
energy CID (collision cell voltages of 15-50 V for
glycopeptides of m/z500—1,500 Da) resulted in peptide
fragmentation, which helped to differentiate glycosite
isomers as well as isobaric peptide moieties. Resulting
tandem spectra were filtered using 5.0 signal-to-noise ratio.

Fig. 5 Tandem MS spectrum of

Compositional assignment by tandem MS was based
largely upon identification of product ions corresponding
to the lone peptide moiety as well as the HexNAc-
conjugated peptide. Due to the relative lability of
glycosidic bonds in comparison with peptide bonds, these
two fragments were consistently found in high abundance
in tandem spectra of N-linked high mannose, N-linked
complex, and O-linked glycopeptides across all tested
glycoprotein digests. Based on the m/z of these fragments,
the accurate mass of the peptide moiety was determined,
providing an easy method of differentiating isobaric
glycopeptides.

Tandem MS was also crucial when determining sites of
glycosylation in O-linked glycoproteins. O-glycosylation
tends to occur only in protein domains that are rich in
proline, serine, threonine, and alanine; thus, O-glycoproteins
often have multiple sites of O-glycosylation within close
proximity to each other [31]. Whereas Pronase digestion
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Fig. 6 Deconvoluted tandem 3
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could be relied upon to produce N-glycopeptides containing
only a single glycosite, Pronase-digested O-glycopeptides
often contained multiple glycosites on a single glycopeptide.
Pronase digests of O-glycoprotein k-casein, for example,
produced glycopeptides that were four to ten amino acids
long containing between one and three glycosites. This was
still vastly preferable to trypsin, which would have produced
a single 53-amino acid-long glycopeptide containing all six
potential sites of O-glycosylation; however, the possibility of
more than one glycosite on a glycopeptide necessitated MS/
MS in order to pinpoint the actual site(s) of glycosylation on
the glycopeptide in question.

Figure 5 shows extensive peptide fragmentation in
the MS/MS spectrum of the k-casein glycopeptide
GEP'*TS'**TPT+GalNAc,Gal;NeuAc at retention time
19.0 min. Peptide b and y fragment ions corresponding to
S4TPT, PT, PT-H,0, GEP'*’*TS'*T, and GEP'**TS'**T-
H,O were observed in the MS/MS data. In addition,
glycosite-informative glycopeptide fragments corresponding
to '°TS'*T+GalNAc (m/z511.2), S'**TP+GalNAc-H,O
(m/z489.2), and "**TPT+GalNAc (m/z521.2) were observed.
The only point of overlap in the fragmented peptide
moieties, '**T, was identified as the site of glycosylation
for the isomer of GEPI52TS154TPT+Ga1NAc1Ga11NeuAc

Fig. 7 Overlaid chromatograms x10°
and associated structural assign- 18
ments of glycopeptides from ’ ¢
bovine lactoferrin. Inset, a 16 W
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Fig. 8 Chromatograms of the glycopeptides from bovine ribonuclease
B associated with each of the three most abundant peptide moieties:
SONLTKDR (top), °*NLTKD (middle), and *°NLT (bottom). Glyco-
form elution order remains unchanged despite differences in peptide
moiety

eluting at 19.0 min. Note that, while biological information
about potential glycosites was available in this case, the

Fig. 9 Glycosite occupancy
and heterogeneity in bovine
lactoferrin. Font size of each
glycosite (in red) is directly
correlated with glycan abun-

dance at that site. Glycans l ‘

information provided by LC/MS/MS would have been
sufficient even for de novo glycosite determination.

Most intriguingly, isomeric glycopeptides of identical
mass and composition but slightly different connectivity in
the glycan moiety, once separated by nano-LC, could be
differentiated by MS/MS. Figure 6 shows the MS/MS
spectra of two O-glycopeptide isomers found in k-casein.
Both glycopeptides are monosialylated core 1 type O-
linked with composition S'*TVA+GalNAc,Gal;NeuAc,
but the isomers differ in the attachment site of the terminal
NeuAc (either Gal- or GalNAc-conjugated). Diagnostic
glycan B-ions corresponding to Gal;NeuAc (494.2 Da) and
GalNAc NeuAc (453.1 Da) were used to differentiate the
isomers. The high abundance in the isomer at 13.3 min of
Y-ion 870.4 Da, corresponding to loss of a terminal Gal,
combined with its absence in the isomer at 12.2 min,
confirmed the structural assignment.

Quantitative site-specific glycan profiling

The glycopeptide information gained from our LC/MS
and LC/MS/MS methods, when pooled together, allow us
to easily determine which glycan structures are present at
each site of glycosylation. In addition, ion counting adds
a quantitative aspect to our glycoproteomic analysis.
Nonspecific Pronase digestions create glycopeptides of
similar (and short) peptide moiety lengths, minimizing
potential differences in ionization efficiency. Since the
glycan moieties being compared are of similar size,
structure, and acidity, their ionization efficiencies are
also similar [32], enabling comparison of glycopeptide
ion abundances.

Validation of the quantitative profiling method was
performed on well-characterized protein RNAse B.
Glycopeptides with a common peptide moiety were
grouped together into glycopeptide series consisting of
several chromatographic peaks which differed in mass
by some multiple of 162 Da, i.e., a mannose residue.
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Cross-comparison of different glycopeptide series
revealed similar relative abundances for a given glycan
moiety (Fig. 8). Man5 was consistently the most abundant
glycan moiety in each series, accounting for an average of
51.3% of total ion abundance within each series, followed
by Man6, Man8, Man7, and finally Man9. Relative
glycoform ratios within a series were also fairly consis-
tent. The glycopeptide series associated with peptide
moiety “°NLTKD showed a Man5:Man6:Man8 ratio of
1:2.4:10.7, while the series associated with **NLT showed
a similar ratio of 1:2.0:10.8. Minor series-to-series
variations in relative abundances may be attributed to the
different steric effects of each glycan structure during
protease digestion.

Overall relative quantitation of the glycoforms of RNAse
B was performed by summing up the glycopeptide
abundances associated with each high-mannose glycan,
irrespective of peptide. For the five high-mannose glyco-
forms Man5-9 of RNAse B, it was determined that Man5
was most abundant, comprising 48% of glycosylated
RNAse B, followed by Man6 at 33%, Man8 at 9%, Man7
at 7%, and finally, Man9 at 2%. These results, summarized
in Fig. 1 (inset), mirror the relative abundances exhibited by
each individual peptide series and are supported by
previous works [17, 33].

The quantitative profiling method was applied to several
N- and O-glycoproteins. N-glycoproteins profiled included
bLF, which exhibits mainly high-mannose N-glycosylation
at five potential N-linked sites. O-glycoproteins profiled
included k-casein, which exhibits core 1 O-glycosylation at
up to six sites of glycosylation [25].

In N-glycosylated protein bLF, high-mannose glycosyl-
ation was found to be most abundant at >>*Asn, with 65%
of all high-mannose glycans originating from this glyco-
sylation site, followed by ***Asn (16%), ***Asn (15%),
7 Asn (3%), and *°°Asn (1%). Site-to-site differences in
the relative abundances of each high-mannose glycan were
also quantified. The most abundant glycan overall was
Mang (38%), due to the high frequency of Mang glycosyl-
ation at >*Asn. Other sites had different patterns of high-
mannose glycosylation, with Mans favored at **>Asn and
Man, favored at ***Asn. Results are summarized in Fig. 9.
System-wide levels of high-mannose glycosylation in bLF
spanned five orders of magnitude, with spans of up to three
orders of magnitude at any one site of glycosylation.

In O-glycosylated protein k-casein, quantitative profil-
ing showed that glycosylation was most abundant at
4Thr, with 41% of all glycosylation occurring at this
site. This was followed by '®*Thr (29%), '**Thr (14%),
"2Thr (7%), and '*"Thr (0.1%). An additional 9% of total
glycosylation occurred at '>*Thr, '>*Thr, or '*’Thr;
however, the specific site of glycosylation could not be
narrowed down further due to the extreme proximity of

these glycosites. The most abundant glycoform overall
was the monosialylated core 1 type glycan (49%),
followed by the disialylated core 1 type glycan (26%)
and the neutral, unsialylated core 1 type glycan (18%).
Due to ambiguities associated with having multiple
glycans conjugated to a single peptide, the final 6% were
assigned simply as sialylated core 1 type glycans, without
distinction between mono- or disialylation.

Conclusions

The results presented demonstrate for the first time site-
specific, isomer-specific profiling of N- and O-linked
glycosylation. Chromatographic separation of complex
glycopeptide mixtures and subsequent identification of
structure by both accurate mass and tandem MS allow us
to quantitatively describe glycan heterogeneity in a site-
specific manner. Glycoforms of N- and O-linked glyco-
proteins were comprehensively profiled. The quantitative
nature of nano-LC/MS analysis allowed us to obtain a
complete picture of glycan abundances and varieties at
each glycosite. In addition, the isomer separation proper-
ties of PGC allowed the separate quantification of each
isomer.

The present study underscores the value of nonspecific
proteolysis methods in glycoproteomic analysis. The
shorter peptide chains obtained by Pronase digestion
allowed greater retention of glycan character and thus
effective separation by PGC. Modulation of digestion time
enabled scalable peptide tag size and facilitated identifica-
tion of glycopeptide composition based on accurate mass.
Work is ongoing to develop computer algorithms and
automated data processing methods which will streamline
the data analysis and allow rapid interpretation of vast
quantities of mass spectral data.

Site-specific glycoproteomic analysis has a number of
important analytical and biological applications. Changes in
glycosylation have been linked to various pathologic states
including cancer [34, 35], atherosclerosis [36], and rheu-
matoid arthritis [37], as well as a number of infectious
diseases [1, 2, 38]. The extra information afforded by site-
specific analysis could prove invaluable to the discovery of
new disease biomarkers. Ultimately, the ability to track
changes in glycoprotein heterogeneity during a biological
process will help provide a new paradigm for understanding
the role of the glycoproteome.
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