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Glycosylation is one of the most important posttranslational
modifications affecting the functions of proteins and cell activ-
ities. Mass spectrometry (MS) has proven to be an effective
tool for structural glycobiology and has helped gain an under-
standing of glycoprotein-mediated diseases. Although electro-
spray ionization-tandem MS remains widely recognized as an
effective means for oligosaccharide characterization, the
hydrophilic nature of glycans has often caused the poor ion-
ization efficiency requiring either derivatization or nanoelec-
trospray to improve detection sensitivity. In this report we
describe the use of a chip-based infusion nanoelectrospray
platform coupled with the hybrid triple quadrupole/linear ion
trap for identification and characterization of glycosylation in
complex mixtures. The high-mannose-type N-glycosylation in
ribonuclease B was used to map the glycosylation site and
obtain glycan structures. Using the chip-based nanoelectro-
spray with precursor ion scanning linear ion trap MS, we were
able to map the glycosylation site and obtain the glycan struc-
tures in ribonuclease B at 100 fmol/uL in a single analysis. In
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addition, a new, low-abundant glycoform with an additional
hexose (Hex;;GIcNACc,) attached to ribonuclease B was dis-
covered. The results reported here demonstrate that the chip-
based infusion nanoelectrospray ionization coupled to a
quadrupole/linear ion trap platform is a valuable system, as it
provides high sensitivity and stability for nanoelectrospray
analysis, and allows extended acquisition time for completing
precursor ion scanning and subsequent MS? and MS? informa-
tion in a single analysis.

Key Worps: Chip-based nanoelectrospray, ribonuclease B,
glycosylation, precursor ion scanning, quadrupole linear ion
trap, mass spectrometry.

lycosylation is one of the most common
Gcotranslational and posttranslational modifica-

tions. It is estimated that 50% of all proteins
are glycosylated.! Glycosylation of proteins plays a
vital role in biological processes such as molecular
recognition and intracell and intercell signaling. Gly-
cans can influence protein function by affecting its
folding, solubility, stability, and recognition of bind-
ing partners. Alterations in protein glycosylation have
often been associated with various diseases.>* Con-
sequently, understanding the detailed structure of
glycoproteins would provide insight to aid in
biomedical research and drug discovery. Typically,
oligosaccharides can be linked to proteins via oxygen
atoms of serine or threonine side chains (O-
glycosylation) or to the nitrogen atom of asparagine
side chain (N-glycosylation).

N-Linked glycosylation is well documented in the
literature and the structures of N-linked glycans have
been studied extensively.>® Glycosylation of the
asparagine residue appears in the consensus sequence
Asn-Xxx-Ser/Thr and occurs in the endoplasmic retic-
ulum and Golgi apparatus of the cell and involves a
complex series of reactions. The large core oligosac-
charides are added to proteins in the endoplasmic
reticulum and further trimmed by glycosidases and
mannosidases. The spectrum of glycoforms remains
rather uniform until the glycoproteins reach the medi-
al stacks of the Golgi apparatus, where structural
diversification is introduced by a series of nonuniform
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modifications. Generally, all N-linked oligosaccharides
can be divided into three classes; the high-mannose
type, the complex type, and the less common hybrid
type. The type of sugar attached to a protein will
depend on the cell in which the protein is expressed
and on the physiological status of the cell.”® O-linked
glycosylation is initiated in the Golgi by the addition
of a single sugar, typically N-acetylgalactosamine in
mammals, to serine or threonine. O-oligosaccharides
vary in size from a single N-acetylgalactosamine
residue to oligosaccharides comparable in size to N-
linked glycans. O-linked glycans are divided into
domains, namely the core and the antenna. Since the
antenna of O- and N-linked glycans is synthesized in
a similar manner, they often carry the same terminal
structures. There are at least seven O-oligosaccharide
core structures, four of which (core types 1, 2, 3, and
4) are particularly widespread in mammals.?

Structural elucidation of glycans is historically dif-
ficult as they are typically highly heterogeneous, and
chemically complex with branching, different config-
uration, and isoforms. Unlike other biopolymers, gly-
cans are structurally branched in a nonlinear nature
and with a variety of types of intersaccharide linkages.
Generally, a comprehensive analysis of a glycoprotein
consists of identification of glycosylated peptides;
identification of the location of the glycosylation sites;
and elucidation of the glycan structure where the con-
stituent of monosaccharides and their sequence and
branching pattern have to be determined.!®

Mass spectrometry (MS) has been an important tool
for the characterization of glycosylation including fast
atom bombardment, matrix-assisted laser desorption
ionization, and electrospray ionization using a wide
variety of mass analyzers.? Generally, the intact glyco-
protein is isolated and the glycan structure character-
ized either after its release from the protein or while still
linked to the protein. Many strategies have been devel-
oped to analyze the structure of the glycans including
derivatization techniques of the reducing ends and pro-
tection of the functional groups.!1? The development
of separation techniques for glycan and glycopeptides
has also been an important part of structural glycobiol-
ogy. These include the use of porous graphitic carbon
columns for the separation of oligosaccharides,'3 capil-
lary electrophoresis, and reversed-phase high-perform-
ance liquid chromatography. 410

Electrospray ionization-tandem mass spectrome-
try remains widely recognized as an effective means
for oligosaccharide characterization, particularly with
the introduction of nanoelectrospray technology for
improving ionization efficiency to overcome the chal-
lenge from the hydrophilic nature of sugar com-
pounds.!”18 Nanoelectrospray ionization also offers
low sample consumption due to its low flow rate

which provides extended analysis time for complet-
ing multistage fragmentation analyses on oligosaccha-
rides.!® The ion trap mass analyzer, with its capabili-
ties of performing multiple stages of fragmentation, is
one of the most useful systems in carbohydrate struc-
ture elucidation.!-2! Recently, precursor ion scanning
for selectively detecting glycan-derived fragment ions
has been widely used for glycan analysis.?224 As fur-
ther MS/MS studies of the identified glycopeptides are
performed, the precursor ion scanning approach will
be particularly useful in the analysis of samples con-
taining unseparated peptides and glycopeptides, mini-
mizing sample handling and loss.

In this article, we describe the use of a chip-based
infusion nanoelectrospray ionization platform in com-
bination with precursor ion scanning quadrupole lin-
ear ion trap MS for identification and characterization
of glycosylation in complex mixtures without prior sep-
aration or modification of the samples. We employed
a fully automated nanoelectrospray system (NanoMate
100, Advion BioSciences, Inc.) developed and recent-
ly characterized.?>2¢ This robotic infusion system serves
as an automated liquid handling device and nanoelec-
trospray ionization ion source. The system removes the
manual, tedious alignment processes of conventional
nanoelectrospray ionization while offering a one-time
spray optimization as well as enhanced spray stability
and reproducibility.?”-?® We report the benefits realized
by using precursor ion scanning with MS? capability of
the hybrid triple quadrapole linear ion trap with
extended analysis times to enable the detailed exami-
nation and mapping of glycosylation sites and glycan
structures, and the discovery of an additional hexose
site for N-linked high-mannose-type structure of
ribonuclease B (RNase B).

MATERIALS AND METHODS

Bovine RNase B was purchased from Sigma (St. Louis,
MO). Modified trypsin was from Promega (Madison,
WD. All other chemical reagents, unless otherwise
noted, were obtained from Aldrich (Milwaukee, WI).

Reduction, Alkylation, and Tryptic Digestion

One milligram of RNase B was reconstituted in 100 UL
of solution containing 20 mM Tris-HCl pH 7.8, 6 M
guanidine-HCI, and 10 mM dithiothreitol. The mixture
was incubated for 30 min at 50°C. Fifty microliters of
0.2 M iodoacetamide and 50 puL of 0.2 M ammonium
bicarbonate, pH 7.8, were then added to this solution.
The mixture was incubated at room temperature in
the dark for 2 h.
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The alkylated solution was dialyzed against
20 mM ammonium bicarbonate, pH 7.8, overnight at
4°C using a Slide-A-Lyzer Mini Dialysis Unit from
Pierce (Rockford, IL).

The dialyzed protein was digested by adding
trypsin (0.52 mg/mL, Promega) at a 1:60 ratio (w/w)
in 50 mM ammonium bicarbonate, pH 7.8, and incu-
bated at 37°C overnight.

Infusion Nanoelectrospray and Mass
Spectrometric Analysis

RNase B digest samples were made at a concentration
of 1 pmol/ uL and 100 fmol/puL in 50% methanol with
0.1% formic acid prior to MS analysis. The NanoMate
100 (Advion BioSciences)??” was coupled to the front
of the ABI/MDS Sciex 4000 Q Trap via a mounting
bracket and 5 UL samples were analyzed via fully auto-
mated chip-based nanoelectrospray using spray volt-
ages and sample delivery pressures of 1.55-1.75 kV
and 0.2-0.4 psi, respectively, for positive ion mode.
The estimated flow rate is approximately 200 nL/min.

The sample was analyzed in the tune mode of
Analyst 1.4 software using an ABI/MDS Sciex 4000 Q
Trap mass spectrometer. Nitrogen was used as the cur-
tain (value of 10) and collision gas (set to high). Heat-
ed nanoelectrospray ionization source temperature
was set to 40°C. The declustering potential was set at
20-40 V to minimize in-source fragmentation. The
4000 Q Trap was operated in positive LIT-mode at
enhanced MS for survey scan (m/z 400-2000), for pre-
cursor ion scan (m/z 400-1700), for enhanced product
ion scan, and MS? scan modes (m/z 100-2000) for
each sample. The scan speed was set to 1000 Da/sec
for each scan mode and at least 2-5 min of data (over
100 scans) were summed for each spectrum. The col-
lision energy was 28 eV in product ion scan and 50 eV
for MS? scan with 100 msec excitation time. The trap
fill-time was 5 msec in the enhanced MS mode, 20
msec in both product ion and MS? scan modes or with
Dynamic Fill Time on. Precursor ion scans at m/z
163.06, 204.08, and 678.37 were acquired at a step size
of 0.2 Da across a mass range of m/z 400-1700.

RESULTS AND DISCUSSION

Identification of Glycopeptides in RNase B Digest
by Precursor lon Scanning

The tryptic digests of bovine pancreatic RNase B at 100
fmol/uL were analyzed by chip-based infusion nano-
electrospray mass spectrometry as described in Materi-
als and Methods. The survey enhanced MS scan mass

spectrum (Figure 1) shows the complex peptide mass
fingerprint of RNase B. The total ion current (TIC) of
100 fmol/uL RNase B digest acquired for 3 min by chip-
based nanoESI/4000 Q Trap indicates a sustained, con-
stant, and efficiency ionization as demonstrated by the
high intensity of ion current (data not shown). By sum-
ming across the entire recorded TIC, a spectrum of
high signal/noise ratio was obtained (Fig. 1). The spec-
trum includes a pattern (81 m/z difference for the dou-
bly charged species) of potential glyco-isoform ions
that previously were not identified by data-dependent
MS/MS analysis, although the fragmentation pattern of
those ions appeared to be of high quality.?! To verify
that those unidentified ions are glycopeptides, we used
the hybrid triple quadrupole/LIT feature of the 4000 Q
Trap for performing precursor ion scan to selectively
identify glycan-derived fragment ions in the RNase B
digest mixture. The characteristic fragment ions used
for this experiment are the marker oxonium ions of
hexose at m/z 163 and of N-acetylhexoamine
(HexNAc) at m/z 204, and the larger oxonium ion (Y*
at m/z 678.37) as reported recently.?2 The larger oxo-
nium ion used as a reporter fragment ion for precursor
ion scanning in glycosylation studies is based on sev-
eral observations:

1. glycans are extremely labile and the collision ener-
gy required to induce the cleavage of the glyco-
sidic bonds is usually far below the energy used for
fragmentation of the peptide backbone;

2. under optimum collision energy conditions, gly-
copeptides are fragmented predominately within
the carbohydrate moiety generating Y and B frag-
ment ions; and

3. fairly high collision energy is required for cleavage
of the linkage between the reducing terminal Glc-
NAc and peptide (YD).

Consequently at the normal condition for glycopep-
tide fragmentation, Y, ion is often becoming one of
the most abundant Y type product ions.?? As glycans
are heterogeneous and Y, ions share the same mass
and core peptide for all related glycopetide isoforms,
the precursor ion scan for glycopeptide ions that frag-
ment to yield Y, ion can be used not only for poten-
tially increasing the detection sensitivity but more
importantly for improving the detection selectivity for
glycopeptides from a common glycosylation site.
Combining the precursor ion scan on the sugar oxo-
nium ions (at m/z 163 and m/z 204), which is used to
identify all the glycopeptides and free glycans in the
sample, one can find multiple glycosylation sites in
the complex samples. Two precursor ion spectra of
m/z 163 and m/z 204 for 100 fmol/uL RNase B digest
are shown in Figures 2A and B. As expected, the two
precursor ion spectra show the same glycosylation
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FIGURE 1
Survey scan (enhanced MS) mass spectrum (m/z 400-1700) of bovine RNase B tryptic digest at a concen-
tration of 100 fmol/uL as described in Materials and Methods.
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FIGURE 2

Precursor ion scan mass spectra (m/z 400-1700) of bovine RNase B tryptic digest at a concentration of
100 fmol/uL (A) for oxonium ions of hexose at m/z 163, (B) for oxonium ions of N-acetylhexoamine
(HexNAc) at m/z 204, and (C) for the larger oxonium ion (Y,*, reducing terminal HexNAc plus core pep-
tide at m/z 678.4).
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pattern with five high-intensity ions having mass dif-
ference of 81 Da. This pattern found in precursor ion
scan is consistent with the finding in the enhanced MS
spectrum of the same sample (Fig. 1), indicating that

the RNase B digest contains a typical high-mannose-
type glycopeptides. A precursor ion spectrum of Y,
ion was also performed for the same digest at m/z
678.37 which was determined from the mass of the
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FIGURE 3

Enhanced production mass spectra (m/z 100-2000) derived by collision-induced dissociation of the (M +
2H)?* glycopeptide precursor ions of the RNase B tryptic digest at a concentration of 1 pmol/uL, (A)
m/z = 846.4, (B) m/z=1008.4, and (C) m/z=1170.4.
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FIGURE 3C (CONT.)

only possible N-linked glycosylation motif, a tetra-
peptide in RNase tryptic digest (474.3 Da) plus the
mass of the protonated reducing terminal GlcNAc
(204 Da). The spectrum (Fig. 2C) also shows the same
heterogeneous glycosylation pattern ions. Compared
with the two previous precursor ion spectra (Figs. 2A
and B), the Y, ion spectrum yields relatively higher
intensity ion signals for the most detected glycosyla-
tion ions. Given that the precursor ion spectrum of
the Y, ion compared with those from the two sugar
oxonium reporter ions were identical, this confirms
that there is only a single glycosylation site in the
RNase B protein.

Characterizing the Glycopeptide Isoforms,
Sequence, and Glycosylation Site

All ions of significant abundance in the precursor ion
experiment were sequentially selected for product ion
experiments to further gain the structure information of
the glycopeptide isoforms. Collision-induced fragmen-
tation of the five doubly charged ions, differing by 81
m/z, confirms the presence of a high-mannose-type
glycosylation. Three selected examples of product ion
spectra for the doubly charged precursors at m/z 846.4,
1008.4, and 1170.4 are shown in Figures 3A—C, respec-

tively. All spectra show predominately high m/z Y-type
fragment ions as well as few low m/z B ions indicative
of fragmentation within the carbohydrate. Those visi-
ble low m/z fragment ions, such as m/z 163, 204, 325,
and 3606, not only provide the evidence indicating two
different types of sugar moiety (hexose and HexNAc)
in the selected glycopeptide, but also demonstrate that
the 4000 Q Trap differs from conventional 3D and lin-
ear ion traps by completely eliminating the low mass
cut-off. Although there is a sugar-free peptide ion at
m/z 475 being detected in all MS/MS spectra, the inten-
sity of the ion is relatively low and does not appear to
be fragmented at all (Fig. 3). In contrast, the Y,* ion, at
m/z 678.4 is always the most abundant Y-type ion in
all product ion spectra, consistent with the finding that
precursor ion scans of Y, ion are the most sensitive
precursor ion scan and confirming the identity in the
core peptide of the glycopeptides. As shown in Figure
3, the singly and doubly charged Y-type fragment ions
also suggest that the sequence of the N-linked core
pentasaccharide exists in all glycopeptide isoforms.
As described above, product ion scans of detected
glycopeptides show high-quality spectra and result in
useful information for the characterization of the gly-
cosylation. However, since glycopeptides tend to frag-
ment only at their oligosaccharide structure in tandem
mass spectra at relatively low collision energy (28 eV in
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this work), it is often difficult to obtain amino acid
sequence information simultaneously. In order to elu-
cidate peptide sequence information for the glycopep-
tide isoforms, additional MS? analysis selecting core
peptide ions based on MS/MS product ion was per-
formed with higher collision energy introduced (50 eV
in this work). A selected MS? spectrum of m/z 475 ion
from MS/MS of m/z1170.4 ion is shown in Figure 4. The
MS3 spectrum file was searched using Mascot to deter-
mine the amino acid sequence. The search result shows
that the top hit sequence is NLTK, which matches the
amino acid sequence of the RNase B and fits the NXS/T
sequence motif for N-linked glycosylation. Therefore,
the asparagine 34 residue in RNase B is identified as the
glycosylation site. The molecular weight of the pattern
ions identified in the precursor ion scan and subsequent
fragmentation information together with the molecular
weight of the amino acid sequence confirms the pres-
ence of five different high- mannose-type glycopeptides
in RNase B as Mans (GlcNAc,-NLTK.

Identification of a Trace Amount of a New
Glycoform in RNase B Protein

Through methylation analysis, sequential exoglycosi-
dase digestion followed by nuclear magnetic resonance
and liquid chromatography—tandem mass spectrome-
try analyses, the structures of RNase B oligosaccharides
have previously been shown to be N-linked high-
mannose type. It contains two GlcNAc residues and
five to nine mannose (Mans_oGlcNAc,, whose branch

pattern has been determined.!53%3" The relative molar
proportions of five glycoform pools from Mans to Man,
were determined to be 57, 31, 4, 7, and 1%, respective-
ly.3° During our chip-based nanoelectrospray ionization
precursor ion scanning analysis on Y,+ion, at m/z 678.4
for RNase B digestion with increased concentration at
1 pmol/uL, we unexpectedly found an additional gly-
coform ion at m/z 1252.3. As shown in Figure 5, the
precursor ion scanning spectrum reveals six glycoform
ions with mass differences of 81 Da. Although the
intensity of the new potential glycoform ion at m/z
1252.3 is relatively low, it is still observable with a sig-
nal/noise ratio above 4. The survey scan spectrum on
the same sample showed the doubly charged ion at
my/z 1251.7 which is exactly 162 Da more than that of
the identified ManyGlcNAc, glycoform, suggesting that
a trace amount of a glycoform containing the tenth
hexose residue may exist. The subsequent product ion
scan on the doubly charged ion at m/z 1251.7 provides
additional convincing evidence for this finding. Figure
6 shows the product ion spectrum of m/z 1251.7 con-
taining many high m/z Y- type fragment ions and low
m/z B ions as found for other glycoform ions (Fig. 3).
The results confirm that there is a trace amount of an
additional Hex;,GlcNAc, glycoform in RNase B protein.
It should be noted that the fragmentation of the m/z
1251.7 ion is not nearly as good as the other glycoform
ions at collision energy of 28 eV (Figs. 3 and 6). The
reason for this is not known. Increasing the energy to
70 eV did slightly improve fragmentation (data not
shown). We also tried an MS? analysis of the core pep-
tide at m/z 475 from the MS/MS product ion scan of the
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new glycoform ion (m/z 1251.7). No meaningful MS3
spectrum was obtained, as apparently the intensity of
the selected m/z 475 ion is too low to be detected. Fur-
ther treatment with mannosidase for the RNase B digest
followed by MS/MS analysis will determine whether
the new hexose residue is mannose. Since RNase B
oligosaccharides are proven to be N-linked high-man-
nose type, it is highly likely that the RNase B has a trace
amount of Man,,GIcNAc, glycoform in addition to the
tive previously reported Mans_, GIcNAc, glycoforms.

The Benefits of Chip-Based Infusion
NanoESI/4000 Q Trap for Glycosylation Studies

In glycosylation studies, identification and determina-
tion of glycosylation site, peptide sequence, and car-
bohydrate structure are essential requiring multiple
approaches with different techniques. This includes
peptide separation, mass spectrometry analysis of indi-
vidual glycoform ions, and various steps of exoglycosi-
dase digestion or chemical modification followed by
repeat analyses of the treated samples. Therefore, the
analysis procedures can be both time and sample con-
suming. Chip-based infusion nanoelectrospray ioniza-
tion analysis has been reported for improved ioniza-
tion efficiency and low flow rates providing extended
analysis time for completing tandem MS (MS?) analy-
ses on oligosaccharides.?!:32 The system provides long-
lasting, stable nanoESI signal, allowing us to optimize
various MS scan conditions for highly sensitive detec-
tion and sequencing of minor glycopeptide compo-
nents in complex samples. In this work, we took
advantage of the system’s ability to extend analysis time
by acquiring data for more than 40 min. During this
time we sequentially acquired precursor ion scans on
three different ions, MS/MS product ion scans of five
precursor ions and MS3 scans of two ions in a single
analysis and consumed only 6 UL of samples. Using the
chip-based system coupled with 4000 Q Trap mass
spectrometer, we were able to characterize the gly-
copeptide isoforms of RNase B digest at 100 fmol/uL.
The high-sensitivity performance provided by the sys-
tem also allows us to identify a trace amount of a new
glycopeptide isoform of RNase B digest without LC
separation of the samples.

CONCLUSION

In this paper we report using chip-based nanoelectro-
spray ionization coupled to a quadrupole linear ion
trap mass spectrometer operated in precursor ion
scanning mode for rapid and sensitive glycopeptide
detection and characterization of bovine RNase B. The

automated chip-based nanoelectrospray ionization
platform coupled to the 4000 Q Trap offers a power-
ful analytical combination providing extended analy-
sis time with limited sample consumption for highly
sensitive precursor ion scanning and MS/MS and MS3
product ion scans in a single analysis. This approach
requires minimum sample handing for direct analysis
of unseparated glycopeptide mixtures. A precursor
ion scanning approach for the glycopeptide-based Y,
ion is evaluated and used to obtain the glycosylation
site profiles for a complex glycoprotein digest. The
combined triple quadrupole and linear ion trap scan
features offered by the 4000 Q Trap are demonstrat-
ed to be a valuable system for glycosylation studies.
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