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Abstract

Site-specific analysis of protein glycosylation is important for biochemical and clinical research
efforts. Glycopeptide analysis using liquid chromatography - collision induced dissociation/
electron transfer dissociation - mass spectrometry (LC-CID/ETD-MS) allows simultaneous
characterization of glycan structure and attached peptide site. However, due to the low ionization
efficiency of glycopeptides during electrospray ionization (ESI), 200-500 fmol of sample per
injection is needed for a single LC-MS run, which makes it challenging for the analysis of limited
amounts of glycoprotein purified from biological matrices. To improve the sensitivity of LC-MS
analysis for glycopeptides, an ultra-narrow porous layer open tubular (PLOT) LC column (2.5 m x
10 um i.d.) was coupled to a linear ion trap mass spectrometer (LTQ-CID/ETD-MS) to provide
sensitive analysis of N-linked protein glycosylation heterogeneity. The potential of the developed
method is demonstrated by the characterization of site-specific glycosylation using haptoglobin
(Hpt) as a model protein. To limit the amount of haptoglobin to low pmole amounts of protein, we
affinity purified it from 1 uL of pooled lung cancer patients plasma. A total of 26 glycoforms/
glycan compositions on three Hpt tryptic glycopeptides were identified and quantified from 10
LC-MS runs with a consumption of 100 fmol Hpt digest (13 ng protein, 10 fmol per injection).
Included in this analysis was the determination of the glycan occupancy level. At this sample
consumption level, the high sensitivity of the PLOT LC-LTQ-CID/ETD-MS allowed glycopeptide
identification and structure determination, along with relative quantitation of glycans presented on
the same peptide backbone, even for low abundant glycopeptides at the ~100 attomole level. The
PLOT LC-MS is shown to have sufficient sensitivity to allow characterization of site-specific
protein glycosylation from trace levels of glycosylated proteins.

INTRODUCTION

Protein glycosylation, a biologically significant and complex co- and post-translational
modification, involves the attachment of glycans to the protein backbone through asparagine
(N-linked) and/or serine/threonine (O-linked)!. Glycosylation plays a key role in, among
others, protein folding, subcellular localization, turnover and activity, cell proliferation and
cell-cell interaction2—. Cancer has a profound effect on the glycosylation machinery of a
cell, leading to glycans that are markedly altered (either in abundance or structure) from that
produced by a normal cell2. Glycosylation changes have been reported for many cancers®8,
as well as other diseases®. One of the observed alterations in cancer is site specific
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glycosylation, and various studies have reported on this modification. For example, N2°1
monosialylated alpha-fetoprotein (AFP) for hepatocellular carcinoma®, N4° fucosylated
prostate specific antigen (PSA) for prostate cancer®, N134 sialylated kallikrein 6 for ovarian
cancer’, N211 difucosylated tetraantennary glycan of haptoglobin for pancreatic cancer8 and
N630 under-glycosylated transferrin for congenital disorder of glycosylations (CDGs)®.

Site-specific glycan characterization can be important not only for diagnostic purposes, but
also for fundamental structural biology. Site-specific glycosylation on epidermal growth
factor receptor (EGFR), for example, has been shown to modulate its function®. A point
mutation of EGFR (N°79 to Q579), while maintaining glycosylation at other extra-cellular
sites of the receptor, can produce a functionally distinct receptor 10. These previous studies
5-10 ¢learly indicate the necessity of characterization of protein glycosylation in a site-
specific manner. The LC-MS analysis of glycopeptides can be more difficult than analysis
of non-modified peptides or oligosaccharides, as the chemical properties can be quite
different between the glycan (hydrophilic) and peptide (hydrophobic) components!?. Since
the glycosidic linkage in the glycopeptide is weaker than the peptide backbone, collision
induced dissociation (CID)-MS will mainly produce glycosidic fragmentation, thus limiting
information on the peptide sequence and linkage sitel2. The addition of electron transfer
dissociation (ETD) has allowed the direct LC-MS analysis of glycopeptides to characterize,
in the same run, both glycan structure (CID-MS/MS) and peptide sequence/site attachment
(ETD-MS/MS)13,

Comprehensive characterization of specific glycoproteins from biological matrices
(enriched, for example, by immunoprecipitation) present significant challenges from both
the limited amount of material generally available and the overall complexity of the protein.
A single glycosylation site can contain a number of glycans (micro-heterogeneity) and a
specific glycopeptide can be a minor constituent in a peptide/glycopeptide digest mixturel.
Furthermore, glycopeptides will generally have poorer electrospray ionization efficiency
than peptides; thus, co-eluting peptides may suppress glycopeptide signal4. On top of these
factors, due to the complexity of glycosylation, multiple LC-MS runs are necessary
(fragmentation of different ions) to achieve comprehensive glycosylation characterization. A
standard 75 um i.d. capillary LC column routinely requires 200 to 500 fmol (or higher)
sample for single LC-MS run!®, and multiple runs could easily result in up to 10 pmol of
protein sample consumption. This level may simply not be available, e.g. from tissue or low
level plasma circulating glycoproteins. For characterization of protein glycosylation, where
only limited amounts of a glycosylated protein may be available, ultrasensitive LC-MS
methods are required.

It is well-known that the ionization efficiency and thus the MS response will increase if the
LC flow rate is decreased®~18, Up to 100 times increase in response factor has been
observed for glycan analysis, when the flow rate for ESI was decreased from 1 puL/min to ~
30 nL/min®. Such a low flow rate is best utilized with ultra-narrow i.d. LC columns for
optimal separation, which is challenging. We have previously introduced 10 um i.d. porous
layer open tubular (PLOT) LC columns for highly sensitive LC-MS analysis featuring high
resolving power20=23, The low level sample consumption of PLOT LC column should be
especially important for multiple runs, necessary for comprehensive glycosylation analysis.

In this paper, the performance of combining the 10 um i.d. PLOT LC with LTQ-CID/ETD-
MS is demonstrated in the comprehensive site specific glycan characterization of
immunoprecipitated Hpt from grade 4 non-small cell lung cancer patient plasma at the
sample consumption level of 100 fmol or lower. Haptoglobin is a well-known acute phase
plasma glycoprotein having an (af), tetramer structure with 4 N-linked glycosylation sites
on its B chain®. The concentration of the glycoprotein in plasma increases during
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inflammation-associated conditions, including cancer. Recently, several studies have
reported on cancer-induced N-linked glycosylation changes on Hpt8: 24: 25, including
prostate?®, pancreatic® and lung cancer?4. Thus, Hpt is a relevant glycoprotein to select in
order to demonstrate the power of the approach. Using affinity purified Hpt from pooled
lung cancer patient plasma, the site-specific glycan identification, structure determination
including core/antenna fucosylation isomers, relative quantitation and site occupancy, was
accomplished from a total of 10 LC-MS runs, each with 10 fmol injection (total
consumption of 100 fmol), allowing identification and quantitation down to 100 attomole of
specific glycopeptide isoforms. Multiple injections were necessary for glycopeptide
characterization in the data dependent mode to obtain high quality MS/MS spectra
(especially for low abundant glycopeptides) and to determine the site-occupancy for
partially occupied glycosylation sites. The developed method is demonstrated to have
sufficient sensitivity to allow characterization of site-specific protein glycosylation from
trace amounts of glycosylated proteins.

EXPERIMENTAL

Samples and Reagents

Plasma from 20 patients diagnosed with advanced non-small cell lung cancer (NSCLC, all
grade 4 squamous cell carcinoma) was obtained from Proteogenex (Culver City, CA). The
individual plasma samples were pooled on an equal volume basis. Anti-haptoglobin (Hpt)
polyclonal antibody (pAb) and human Hpt ELISA kit were acquired from Genway (San
Diego, CA). Protein G coated magnetic beads were purchased from Invitrogen (Carlsbad,
CA). Bis(sulfosuccinimidyl) suberate (BS3) was from Thermo Fisher Scientific (Waltham,
MA). Sequencing grade trypsin was obtained from Promega (Madison, WI). Phosphate
buffered saline (PBS, 10 times concentrated) was from MP Biomedicals (Solon, OH). All
other reagents were from Sigma-Aldrich (St. Louis, MO).

Haptoglobin Immunoaffinity Purification

Anti-Hpt pAb was crosslinked to the magnetic protein G beads using BS3, according to the
protocol supplied by the manufacturer. Briefly, 10 ug anti-Hpt pAbs in 40 uL. PBS with
0.05% Tween-20 (PBST) was incubated with 0.3 mg protein G coated magnetic beads for
30 min at room temperature (RT). After a PBST wash, 250 pL of freshly-prepared 5 mM
BS3 (in PBST) was added to the pAb-beads, and the crosslinking reaction was carried out at
RT for 30 min. The reaction was quenched by addition of 12.5 uL. of 1 M
tris(hydroxymethyl)aminomethane buffer (Tris, pH 7.5). The beads were washed with PBST
3 times and were then ready for use.

For Hpt purification, 1 uL of the pooled lung cancer plasma was diluted to 50 uL with PBST
and then incubated with protein G beads to deplete human immunoglobulin. The resulting
1gG-depleted plasma was incubated with pAb-beads for 1 hr at RT. After extensive washing
(6 times with PBST, followed by 3 times with PBS), the beads were resuspended in 100 puL
PBS and transferred to a clean tube. The bound Hpt was eluted using 50 mM glycine (pH
2.8) and neutralized with 1M Tris. The Hpt concentration in the pooled plasma and in the
affinity purified sample was determined by the Hpt ELISA kit, according to the protocol
provided by the manufacturer.

Trypsin and PNGase-F Digestion

For trypsin digestion, immunoaffinity purified Hpt (1.4 pg, ~ 10 pmol) was buffer
exchanged with 6 M guanidine hydrochloride in 50 mM ammonium bicarbonate by
ultracentrifugation (10,000 x g, 10 min per cycle, 5 cycles) using a Microcon filter device
with a 10 kDa MWCO membrane. The exchanged protein solution was reduced with
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dithiothreitol (DTT, final concentration 2 mM) for 30 min at 37 °C and alkylated with
iodoacetamide (IAA, final concentration 10 mM) in the dark at RT for 30 min. The reduced
and alkylated Hpt solution was then transferred to a 10 kDa MWCO filter device to remove
guanidine hydrochloride and excess DTT and 1AA and buffer exchanged to digestion buffer
(50 mM ammonium bicarbonate, pH 7.5). Trypsin (enzyme: substrate = 1: 50) was added to
digest the protein for 4 hr at 37 °C. For trypsin plus PNGase F digestion, the tryptic digest
(0.3 pg, 2 pmol) was incubated with PNGase F(enzyme: substrate = 1: 50 ) at 37 °C for 4 hr.
The digestion was stopped by addition of 1% formic acid. The resulting Hpt digest was
aliquoted at 1 pL per vial (~ 100 fmol/vial) and stored at —80 °C. The Hpt digest was diluted
10 times with 0.1% formic acid to ~ 10 fmol/uL immediately before LC-MS analysis, and 1
pL sample (10 fmol Hpt, 1.4 ng Hpt) was injected.

PLOT LC-LTQ-CID/ETD-MS

The polystyrene-divinylbenzene (PS-DVB) PLOT LC column (2.5 m x 10 um i.d.) was
prepared according to procedures previously described [Yue, G. 2007]. Briefly, a degassed
solution containing 200 pL styrene, 200 uL divinylbenzene, 600 pL ethanol and 5 mg
azobisisobutyronitrile was filled into a 10 um i.d. capillary pretreated with 3-
(trimethoxysilyl)propyl methacrylate. Both ends of the capillary were sealed with septa, and
the capillary was heated at 74 °C for ~16 h in a water bath. The column was washed with
acetonitrile (> 50 column volumes) and evaluated using digested bovine serum albumin
standard peptides (Michrom Bioresources, Auburn, CA), according to published protocols?L:
22 A solid phase extraction (SPE) PS-DVB monolithic column (5 cm x 50 um) was used for
sample loading?2. A diagram of the overall PLOT LC system can be found in
Supplementary Material, Figure S1. The mobile phase flow was split immediately before the
SPE-PLOT assembly to minimize the gradient delay, and the flow rate was maintained at 20
nL/min after the split. Gradient elution was performed using an Ultimate 3000 pump system
(Dionex, Sunnyvale, CA) with mobile phase A as 0.1% (v/v) formic acid in water and
mobile phase B as 0.1% (v/v) formic acid in acetonitrile. The gradient consisted of the
following steps: (i) 10 min at 0% B for sample loading/washing; (ii) linear from 0 to 35% B
over 35 min; (iii) linear from 35 to 80% B over 10 min; and finally (iv) isocratic at 80% B
for 10 min.

An LTQ-CID/ETD-MS (Thermo Fisher Scientific, San Jose, CA) was used in all
experiments. The mass spectrometer was operated in the data-dependent mode to switch
automatically between full-scan MS, CID-MS? and ETD-MS?2. Briefly, after a survey full-
scan MS spectrum from m/z 400 to 2000 (at a target value of 30,000 ions), a subsequent
CID-MS? (at a target value of 20,000 ions and 35% normalized collision energy) and ETD-
MS? (at a target value of 20,000 ions) were performed on the same precursor ion. The
precursor ion was isolated with a £ 2 m/z width, starting from the most intense ion in the
survey scan. CID-MS? and ETD-MS? were repeated four additional times to fragment the
second to the fifth highest precursor ion. For ETD-MS?, the ion-ion reaction time between
the isolated precursor and reagent anion (fluoranthene) was 100 ms, with the reagent ion (at
a target value of 200,000) 10 fold higher than the precursor ion13: 26, The total cycle time
(11 scans) of 1.6 s was continuously repeated for the entire LC-MS run under data-
dependent conditions with dynamic exclusion (30 seconds for 2 repeated spectra).

Data Processing

For peptide identification, the mass spectrometric raw data was database searched against
the Hpt sequence (SwissProt P00738) using SEQUEST (Thermo Fisher Scientific). Peptide
identification was based on the following criteria: ACn > 0.1, peptide probability < 0.001,
Xcorr > 1.9, 2.5 and 3.8 for singly, doubly and triply charged ions, respectively. For
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glycopeptide characterization including glycan structure, peptide sequence and site of
attachment, CID-MS/MS and ETD-MS/MS were manually annotated, as described below.

RESULTS AND DISCUSSION

The general strategy for protein glycosylation analysis using 10 um i.d. PLOT LC-LTQ-
CID/ETD-MS is shown in Figure 1. The target glycoprotein is first affinity purified from a
biological mixture. A polyclonal antibody, rather than monoclonal antibody, is used to pull
down as many target molecule isoforms as possible. The purified glycoprotein (Hpt) is
digested with a suitable enzyme to generate a mixture of peptides and glycopeptides, which
are then analyzed by PLOT LC-LTQ-CID/ETD-MS. As noted, a total of 10 LC-MS runs
(Figure 1, Panels A-C, Table S1) were performed for comprehensive characterization of Hpt
glycosylation. For each individual LC-MS run, only 10 fmol of protein digest was injected.
For this sample amount, the PLOT LC-MS had sufficient sensitivity to characterize and
quantitate lower level glycans present down to the 100 attomole level (dynamic range of
100, see below). Compared to a C1g column, the PS-DVB based column has lower
hydrophobicity2, and its open tubular structure improves the recovery of large
glycopeptides??. Operating at the flow rate of 20 nL/min, the high-resolution PLOT LC
column results in improved analyte ionization and decreased ion suppression compared to
conventional size (75 um i.d.) columns23. All of these features together contribute to
improved sensitivity for glycopeptide analysis.

Haptoglobin Affinity Purification

Haptoglobin is a high abundant plasma glycoprotein having an (af3), tetramer structure
(M.W. ~ 130 kDa). Even though its concentration is relatively high, we chose Hpt as a
model glycoprotein to demonstrate the performance of our strategy, because aberrant
glycosylation changes have been reported for Hpt in many cancers® 25 including lung
cancer?4. A pool of 20 individual advanced non-small cell lung cancer patient plasmas
(stage 4) was selected. The concentration of haptoglobin was measured before and after
affinity purification using an anti-human haptoglobin ELISA. and determined to be 2.7 pg/
uL Hpt, (~ 20 pmol Hpt) and 1.4 ug Hpt (~ 10 pmol, respectively, indicating a 50 %
recovery. The purity of the affinity purified haptoglobin was determined from by SDS-
PAGE and estimated to be approximately 80 % (data not shown).

Haptoglobin contains 4 N-linked glycosylation sites on its f-chain (N84, N207 N211 gng
N241), Hpt, known to be readily digested?’ with trypsin, was proteolytically cleaved with
this enzyme. For other glycoproteins, a strategy of multiple enzymes may be necessary28.
Trypsin digestion generates 3 glycopeptides, namely T1, T2 and T3, with T2 having two
glycosylation sites (Table 1). The two glycans on T2 are very close and thus difficult to
digest into single site glycopeptides. Although it has been reported that these two sites can
be separated into single glycosylated peptides®, in this work, for simplicity, we treat the
glycopeptide T2 as a single entity since our goal is to demonstrate the ability of the strategy
to achieve low level glycosylation characterization. Further treatment for single site analysis
of T2 would require more material, but will likely not affect significantly the amount of
sample consumed.

Glycopeptides T1 and T3

Glycopeptides, sharing the same peptide sequence but differing in glycan structure, will
closely elute in reversed phase LC separationl4. When subjected to CID fragmentation,
glycopeptides will produce low molecular weight glycan oxonium ions such as m/z 366
(Hex-HexNAc™), 528 (Hex-HexNAc-Hex*) and 657 (NeuAc-Hex-HexNAc*), etc®: 29,
These oxonium ions can be used to identify the chromatographic peaks of glycopeptides in a
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complex LC-MS chromatogram. Three data-dependent PLOT LC-LTQ-CID/ETD-MS
analyses were initially performed consuming a total of 30 fmol of the Hpt tryptic digest.
Figure 2—A shows the base peak chromatogram for one of the LC-MS runs. A signal
intensity of 2E6 was obtained at this low sample level; this intensity is comparable to that
obtained for ~ 200 fmol Hpt, or 20 fold higher, using a 75 um packed Cqg column for LC/
MS (data not shown). To locate glycopeptides from the base peak chromatogram, the above
three glycan oxonium ions at m/z of 366, 528 and 657 were extracted from the MS/MS
spectra (Figure 2-B). Together with ETD-MS/MS (see below), the elution times for T1 and
T3 were identified to be approximately 39 and 34.5 min, respectively (Figure 2-B). In
addition, the retention time of T2 (to be discussed later) was estimated to be 23.5 min; the
shorter time is expected, given the two glycosylation sites on T2.

ETD-MS/MS was used to confirm on-line the peptide sequence of the moderate to high
intensity glycopeptides for T1 and T3. An example is shown in Figure 3-A, where a T1
glycopeptide (m/z 1222.3), eluting at 39.2 min, was fragmented by ETD. Nine c and 15 z°
ions could be identified, with the intact glycan structure attached to cg_g, ¢11-12 and C141s.
The complete z* ion series and 4 ¢ ions are annotated in Figure 3—A. This ETD-MS/MS
spectrum identified the peptide sequence to be MVSHHNI84LTTGATLINEQWLLTTAK
and confirmed the glycosylation site (N184).

Although LC-MS analysis on PNGase-F treated tryptic digests can also correlate the peptide
moiety to its corresponding glycopeptide, the ETD-MS/MS used here can be conducted
during the same run as CID-MS/MS, thus consuming less sample. Moreover, ETD-MS/MS
provides direct evidence of the site of glycan attachment to the peptides, which is not
available from the PNGase-F method3%. While low signal intensity glycopeptides did not
produce ETD fragmentation spectra (ETD is less sensitive than CID), since all glycopeptides
from the same peptide eluted within a 2 minute window (data not shown), it was reasonable
to associate the low intensity glycopeptides with T1, T2 or T3 based on retention time.
Returning to Figure 3, the glycan mass was determined to be 2206.1 Da, based on the mass
difference between the observed precursor glycopeptide (m/z 1222.3, z = 4) and the
theoretical peptide mass (2683.1 Da). A glycan composition of NeuAc, HexNAcsHexs
(theoretical mass 2205.9 Da) was assigned, and the glycan structure was constructed based
on the known Man3GIcNAc, core! and the CID-MS/MS spectra. CID fragmentation in
Figure 3—B generates glycan oxonium ions (366 and 657) and glycopeptide fragments, the
latter allowing identification of the glycan structure as a disialylated biantennary complex
(see inset in Figure 3-B).

In order to determine the various glycoforms on glycopeptide T1, the MS spectra collected
during the elution time window of 39 + 1 min were averaged (Figure 3-C). GlycoMod31
was used to assign the possible glycoforms by adding the specific glycan masses to the
corresponding peptide. The theoretical m/z values were then calculated and compared with
the observed m/z values in the averaged spectra to identify the glycans. Table S2 lists all the
identified site-specific glycans with their corresponding molecule mass and m/z. The glycan
structures on glycopeptide T1, supported by CID-MS/MS in either the data-dependent or
targeted MS/MS mode (see below), are presented in Figure 3—-C. In a similar manner, 9
glycans were assigned on glycopeptide T3, ranging from biantennary to tetraantennary
structures, with or without fucosylation (Supplementary Material, Figure S2—C). It should be
noted that, for the initial 3 data-dependent PLOT LC-LTQ-CID/ETD-MS runs, high quality
CID-MS/MS spectra were obtained for 5 and 6 glycans on glycopeptides T1 and T3,
respectively. Four additional targeted LC-MS runs (either CID-MS/MS only or CID/ETD-
MS/MS, Figure 1, panel B) were necessary, focusing on missed low abundant glycopeptide
precursors (T1-02 and T1-04 on glycopeptide T1, Figure 1-C; T3-06, T3-07 and T3-09 on
glycopeptide T3, Supplementary Material, Figure S2-C).
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Core/Antenna Fucosylation Isomer Identification

Three glycoforms on glycopeptide T1 were found to be fucosylated (Figure 3—-C, glycoforms
2, 4 and 7). In humans, the major sites of fucosylation of N-glycans are either antenna or
core GIcNAc!. We attempted to differentiate the core from antenna fucosylated isomers. A
theoretical fragmentation pattern was first determined to obtain the position-specific
fragments. Five Y ions (for core-fucosylation) and 2 B ions (for antenna-fucosylation)
(Figure 4-A, nomenclature according to ref32) were calculated to be sufficient to
differentiate the position of the fucose attachment33. The CID-MS/MS spectra of glycoforms
2, 4 and 7 of T1 were manually surveyed for these theoretical fragments. The data suggested
that glycoforms 2 and 4 are core-fucosylated, while glycoform 7 is antenna fucosylated
(Figure 4-B). The fucosylated glycoforms on T3 were characterized in a similar manner,
with all the 3 fucosylated glycoforms (glycoforms 3, 5 and 7) being found to be antenna-
fucosylated (Supplementary Material Figure S2). These antenna fucosylated glycans are
likely to be Lewis x type structures34. Exoglycosidase digestion could potentially be
performed to determine the fucose linkage3#, but with more sample consumption; however,
this was not pursued in this study.

Glycopeptide T2

Glycopeptide T2 with two glycosylation sites eluted earlier than the other two
glycopeptides. The observed glycan masses on T2 were also higher than those on T1 and T3,
ranging from 4.1 to 5.8 kDa (Supplementary Material, Figure S3). We hypothesized that
both sites are fully occupied, because, for the commonly encountered N-linked Hpt
glycans8: 24 25 if a single glycosylation site were occupied, the attached glycan will only
contribute up to a maximum of 3.8 kDa additional mass to the peptide (assuming the largest
glycan is sialylated tetraantennary complex glycan with core fucosylation and bisecting
HexNAc). Ten major glycan compositions could be identified on T2, based on the observed
m/z and MS/MS fragments, and their potential structures are shown in Figure S3. It was not
possible to identify the exact glycan isoform structure, i.e. which site contained which
specific glycan when the two glycans differed from each other. Moreover, electron transfer
dissociation could not be used as it was unable to cleave the peptide backbone between the
closely spaced glycosylation sites at N207 and N211,

Glycopeptide Isoform Quantitation

During positive ESI-MS analysis of glycopeptides, protonation occurs mainly on the peptide
moiety; thus, the signal intensity of the glycopeptide is largely dependent on the peptide
structure of the molecule. It is therefore reasonable to assume that the response factors of all
glycoforms of a specific peptide are similarl4. However, the ESI process typically generates
multiply charged species from a single precursor3® which will complicate ESI-MS based
quantitation. This is schematically shown in Figure 5-A. Therefore, peak areas (PAS)
summed across all charge state ions were used to determine the relative abundance of a
specific glycoform (Figure 5-B). The peak area of each individual glycoform was
normalized to the total peak area of all glycoforms of the specific glycopeptide (relative
quantitation)36.

The quantitation results, based on the 3 initial LC-MS runs (Figure 1, panel A), are shown in
Figure 5-B. The X axis represents the specific glycoform, and the Y axis is the percentage
abundance of different isoforms for a given glycopeptide in the glycosylated protein. For
glycopeptide T1, the signal intensity ratio between the most abundant (T1-03, Figure 3-C)
and least abundant glycoform (T1-02, Figure 3—-C) was ~ 80 (Figure 5-B). This result
suggests ~ 2 orders of magnitude difference in abundance for these 2 glycoforms or only ~
100 attomoles of glycoform T1-02 with a 10 fmol sample injection. Importantly, the high
sensitivity of the PLOT LC-MS allowed reproducible quantitation at this low level of
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sample amount. Similar dynamic ranges were observed for glycans on glycopeptide T3
(Supplementary Material, Figure S2—C, T3-02 and T3-08). For glycopeptide T2, the
glycoforms appear to be more evenly distributed compared to T1 and T3. The PA results
provide a basis for future comparison of glycosylation patterns across different samples, e.g.
individual patient plasmas.

For non-small cell lung cancer, sialic acid and fucose expression on the Hpt- chain has
been reported to be elevated, albeit the glycosylation site and glycan structure contributing
to the elevation was not obtained?4. We have identified partially or fully sialylated glycans
with attached fucose, e.g. T1-07, T3-05 and T3-07. Highly branched glycans were also
observed in our study (tetra-antennary, T3-08 and T3-09, Table S3), and increased
branching is typical for cancer!. In addition, core-fucosylated glycan was also observed
(T1-02 and T1-04, Table S3). Core fucosylated glycoproteins have been reported to be
involved in the development of many cancers including lung cancer3’.

Glycosylation Site Occupancy

It is important to determine the degree of glycosylation occupancy at a specific site. Because
of the limited amount of sample, we used a simpler approach to determine the site
occupancy. Automatic database searching was employed to identify nonglycosylated
glycopeptides from the Hpt tryptic digest. The three initial data-dependent LC-MS runs,
performed for glycopeptide identification (Figure 1, panel A), were database searched
against the known Hpt sequence using SEQUEST. The nonglycosylated form of T3 could be
identified in the three runs, while the nonglycosylated forms of T1 and T2 were not found.
Extracted ion chromatograms (corresponding to nonglycosylated T1 and T2) were also
examined with no peak observed. This data suggests that T1 and T2 are 100% or close to
100% occupied while T3 is partially occupied. Next, we used PNGase F to remove the N-
linked glycans from the tryptic glycopeptides and convert Asn into Asp. In order to confirm
complete deglycosylation, the extracted ion chromatogram of the most intense glycoform on
glycopeptide T3 (glycoform T3-03, m/z 1334.5, Supplemental Material Figure S2) was
examined; the peak area of glycopeptide T3-03 after PNase F treatment was found to be ~
3% of that without PNase F treatment, indicating that glycan removal was close to complete.
Since the deglycosylated and nonglycosylated peptides have a small difference in
hydrophaobicity (Asp vs. Asn), we were able to separate the two peptide forms on the high
resolution PLOT LC column, as shown in Figure 6. This separation allowed the calculation
of the peak area and an estimate of the glycosylation occupancy. The occupancy was
calculated to be 88 £ 2% (n = 3), assuming similar ESI-MS responses for the
nonglycosylated and deglycosylated peptides. To our knowledge, this is the first report that
glycopeptide T3 was partially occupied. Since we used a pooled sample in this work, 88%
represents an average value, and it is thus possible that some patients will have even lower
occupancy, possibly dependent on the extent of their disease. In a separate study, the
occupancy of glycopeptide T3 of Hpt from pooled normal plasma sample was determined to
be 93 + 5 % (data not shown).

Conclusions

A 10 ymi.d. PLOT LC-LTQ-CID/ETD-MS strategy has been successfully implemented for
the sensitive site-specific characterization of N-linked protein glycosylation. The open
tubular structure of the PLOT LC column led to good glycopeptide recovery and, the long
column provided high resolving power. Furthermore and importantly, the ultralow flow rate
of 20 nL/min significantly enhanced glycopeptide ionization efficiency. As demonstrated in
this work, the coupling of the PLOT column to an LTQ-CID/ETD-MS (CID for glycan,
ETD for peptide) should have wide application for trace level glycoprotein characterization.
Twenty-six site-specific glycoforms/glycan compositions on 3 glycopeptides of Hpt were
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characterized and quantitated from 10 LC-MS runs using a sample consumption level of 100
fmol protein digest. Among the 10 LC-MS runs, 3 data-dependent runs were initially
employed for glycopeptide identification (ETD) and glycan structure evaluation and
quantitation (CID), followed by 4 additional targeted LC-MS/MS analyses (CID-MS/MS)
on additional glycoforms for further in-depth glycan structure determination. Finally, three
additional runs were conducted for glycosylation occupancy determination.

The PLOT LC-LTQ-CID/ETD-MS strategy is straightforward, robust, highly resolving and
sensitive, allowing the identification of minor glycans from trace amounts of biological
sample. For plasma biomarker discovery, the tissue leakage protein concentration ranges
from 1ng/mL (or below) to 1 pg/mL38. Assuming a M.W. of 50 KDa and a recovery of 50%,
from 1 mL plasma sample, 10 fmol to10 pmol protein will be available for LC-MS analysis.
Theoretically, our strategy should be applicable for characterization of middle to high level
tissue leakage glycoproteins in 1 mL of plasma. Also, the method should be useful for
elucidation of the structure-function relationship of biologically important molecules such as
receptors and the role of glycosylation in their biological function.

Finally, it should be noted that, in this study, the MS spectra were interpreted manually;
however, reliable bioinformatics software for glycopeptide identification/annotation will
undoubtedly become available in the future. Indeed, significant progress has already been
made in this direction3? 40, Thus, together with bioinformatics software, the 10 um i.d.
PLOT LC-LTQ-CID/ETD-MS will ultimately allow comprehensive characterization and
quantitation of site-specific protein glycosylation from trace amounts of sample in an
automatic manner. Candidate glycoforms such as those highly branched in disease can then
be selected for further validation using targeted MS analysis, such as selected reaction
monitoring.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
General strategy for site-specific characterization of protein glycosylation using the 10 pm

i.d. PLOT LC-LTQ-CID/ETD-MS system.
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(A) Base peak chromatogram of PLOT LC-MS analysis for 10 fmol Hpt tryptic digest. (B)
Oxonium ions were extracted to locate the glycopeptides in the complex LC-MS
chromatogram. NL: normalized level. Key to symbols: Empty circle = Hexose, filled square
= HexNAc, filled diamond = NeuAc.
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Figure 3.

Glycopeptide analysis using ETD and CID-MS/MS. (A) ETD-MS/MS cleaves the peptide
backbone, generating c and z* ions. (B) CID-MS/MS cleaves the glycan linkage, generating
oxonium ions and glycopeptide fragments. (C) Averaged mass spectra contain all the
detectable glycans on this glycopeptide. NL: normalized level. Key to symbols: empty circle
= galactose, filled circle = mannose, filled square = HexNAg, filled diamond = NeuAc, filled
triangle = fucose.
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Figure 4.

Fucosylation position (core/antenna) differentiation based on CID-MS/MS. (A) Theoretical
position-specific fragments which can differentiate core/antenna isomers. (B) CID-MS/MS
spectra for 3 fucosylated glycoforms. The glycan structures are shown in the inset. Key to

symbols can be found in Figure 3.
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Glycopeptide quantitation. (A) Charge states result in different peak areas (PAs) for the
same precursor; (B) Quantitation results using summed PA method. The glycan structures
on glycopeptide T1, T2 and T3 can be found in Table S2.
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Figure 6.

Glycosylation site occupancy determination. Deglycosylated and nonglycosylated peptides
T3 were baseline separated using the high-resolution PLOT column. The site occupancy was
calculated from the equation shown in the figure.

Anal Chem. Author manuscript; available in PMC 2012 March 15.



Page 18

Wang et al.

NIH-PA Author Manuscript

9T MITDIAADS ArpzNdHTAA el

€T AV 1LV 11zNISH,;0zNT47IN AR

174 ANVLLTIMOINITLYDLL TygrNHHSAN TL
Jaquinu vy 89uanbas (YY) pIoe oulwy apndadoaA|o

sapndadoaA|9 ondAi] uigojboideH
T9algel

NIH-PA Author Manuscript NIH-PA Author Manuscript

Anal Chem. Author manuscript; available in PMC 2012 March 15.



