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Fig. 3. Real-time imaging of caspase activation in living HeLa
cells during cell death. HeLa cells expressing GR-sensor were
treated with TNF-a/CHX, and fluorescent images were obtained
every 2min. a: DIC images (upper panels) and fluorescent ratios
(Red/Green, lower panels) are shown in grayscale. The indicated
time represents the time after the addition of TNF-a/CHX. Scale bar,
10 gm. b: The fluorescent ratio of cells were plotted. Cell I, 2, or 3
corresponds to the cells shown in panel a. c: The mean pixel intensity
in arbitrary fluorescent units (a.u.) for each channel was plotted. The
fluorescence of cell No. 3 from panel a is shown. Open circle, GFP;
open triangle, DsRed; closed diamond, ratio of Red/Green. Asterisks
on the x-axis indicate the time points of the images in panel a.

point of the reduction of the fluorescent ratio as follows:
the start point was the point after which the value
decreased over four continuous points or more, the value
decreased more than 10% in total, and the reduction of
the value was not because of artificial noise such as
focus shift; the end point followed the start point and
was the point at which the value stopped decreasing. The
sensitivity of the probe was calculated as AR = |(Rens —
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Fig. 4. Comparison of the sensitivity of various caspase-sensors.
The amount of change of the fluorescent ratio during cell death (4R)
was determined in each cell as described in the text. Bars represent
means + 8.D. The number of cells used in each analysis is shown in
parentheses.

Rstart) / Rourt], Where Rgae and Rens were the fluorescent
ratio at the start point and the end point, respectively.
Figure 4 shows 4R for each probe. GR and YR, as well
as CY, showed the highest 4R. They each showed a
more than 50% change during cell death. CR showed a
slightly lower AR, but its change was still 44% on
average. CG and GY were less sensitive, probably
because the fluorescent spectra of the donor and the
acceptor were so similar that our system could not
effectively measure FRET between them. CY vs GR,
CY vs YR, or GR vs YR were not significantly different,
and any other comparisons were significantly different
by the Games-Howell test (P<0.05).

Simultaneous multi-event analysis using two FRET
probes

Finally, we tried to perform multi-FRET measure-
ment. We constructed a YR-initiator caspase sensor and
a CR-effector caspase sensor by changing the caspase
substrate sequence in the sensor and applied them to
real-time imaging analysis simultaneously in order to
reveal the temporal relationships between the initiator
caspase activation and the effector caspase activation in
the same cell. The caspase substrate sequences were
derived from procaspase-3 and PARP, respectively, and
their sequences are shown in Fig. 5a. These sensors were
cleaved mainly by caspase-8/9 and caspase-3, respec-
tively (11).

Simultaneous measurement of these sensors was
performed under the multi-track scanning mode, in
which two sets of excitation-detection conditions were
used alternatively. CFP fluorescence by excitation at
458 nm was measured in the first track, and YFP and
DsRed fluorescence by excitation at 488 nm was mea-
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Fig. 5. Simultaneous measurement of initiator- and effector-caspase activation with YR-sensor and CR-sensor. HeLa cells
expressing YR-initiator caspase sensor and/or CR-effector caspase sensor were treated with TNF-a/CHX and observed as
described in the text. a: Probes used in this study. Underline indicates peptide derived from procaspase-3 and PARP, and bold
indicates the consensus 4 amino acid sequence for caspase recognition. b—g: Cells expressing YR-initiator caspase sensor (b),
CR-effector caspase sensor (c), or both of them (d—g) were treated with TNF-a/CHX. The fluorescence of CFP, YFP, and
DsRed (colored plots) and the fluorescent ratio of DsRed/YFP (open triangles) were plotted against time after TNF-a/CHX

treatment.

sured in the second track. The time difference of scan-
ning between tracks is about 3 — 8 s. Figures 5b and 5c¢
show control studies with cells expressing only one of
the probes. These control studies were conducted in
the same conditions as Fig.5d. Figures 5b and 5¢
indicate that the YR- and CR-sensor could detect
initiator- and effector-caspase activation as an increase
of YFP and CFP signal, respectively, and the contamina-
tion of the signal between the YFP and CFP channels
was negligible. So, we used an increase of the YFP and
CFP signal as index of the initiator- and the effector-
caspase activation, respectively. The DsRed signal in

Fig. 5¢c was derived from direct excitation of DsRed in
the CR-sensor by the excitation light at 488 nm and
was increased when the cell shrank because fluorescent
proteins were concentrated in the cell.

Figure 5d shows typical data of multi-probe analysis
with the YR-initiator caspase sensor and CR-effector
caspase sensor. In this cell, the fluorescence was
dramatically changed at 150 — 160 min after TNF-a
/CHX treatment. The YFP and CFP signal began to
increase almost simultaneousty, suggesting that initiator
caspase and effector caspase were initially activated
within a short time period. Figures 5e —5g show three
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other examples. We observed more than 30 cells in at
least 3 independent experiments and found that all dying
cells showed similar results.

Discussion

In this study, we developed various color versions of
caspase-sensors with CFP, GFP, YFP, and DsRed and
revealed that various combinations are applicable in
FRET analysis. CY, CR, GR, and YR pairs are prefer-
able FRET pairs that possess a high ability to detect the
caspase activation.

The sensitivity shown in Fig. 4 represents the appar-
ent FRET change that depends on the measuring system
and was determined by three factors. 1) Intrinsic FRET
efficiency: All 4 fluorescent proteins had different
fluorescent characteristics; therefore, the levels of FRET
efficiency in 6 probes differed from each other. 2) Exci-
tation crosstalk: The acceptors were excited directly by
the excitation light. 3) Emission crosstalk: The acceptor
channel was contaminated with the donor signal, and
vice versa, because the setting shown in Table 1 could
not perfectly separate the signals from the donor and the
acceptor. The differences in these factors cause the
difference of sensitivity among the sensors. Factors 2)
and 3) reduce the apparent FRET change in the measure-
ment. In the case of the CG-sensor, for example, fluores-
cent spectrum of donor and acceptor are so similar that
the intrinsic FRET efficiency may be high, but excitation
and emission crosstalk may also be high, much higher
than in other sensors (e.g., CY-sensor), resulting in the
relatively low sensitivity of this probe in our measure-
ment system. Crosstalk effects are undesirable for
detection, but it is impossible to completely eliminate
these effects in the current measurement system. Maybe
we could obtain different results by using spectral
imaging in which emission crosstalk is eliminated (12).

According to the characteristics of the fluorescence
spectrum, the CY probe seems to be one of the best for
FRET-detection. However, the probe is not suitable for
imaging with confocal laser microscopy, because the
normal argon ion laser, the most common one in
confocal microscopes, is not suitable for the excitation
of CFP. The blue laser is the most suitable for the
excitation, but it is not common in confocal laser
microscopes. In this paper, we had to use the argon ion
laser emitting 458 nm and the special emission filters
optimized for the confocal ratio-imagings of caspase
activation using the CY probe (11). On the contrary, the
GR probe and the YR probe can be efficiently excited at
488 nm emitted by the normal argon ion laser and
imaged with a set of emission filters for fluorescein and
a set for rhodamine, with which almost all of the

confocal microscopes are equipped. In addition, the GR
probe is useful for the detection of caspase activation in
flow cytometry, because almost all of the normal flow
cytometers are also usually equipped with the laser and
the emission filters.

DsRed-containing “red”-sensors have several charac-
teristics that are different from other “non red”-sensors.
As previously reported (13), it takes longer for DsRed to
mature and emit red fluorescence than it takes for GFPs,
and DsRed fluorescence tends to decrease during real-
time observation, which may cause a reduction of the
apparent sensitivity. These characteristics must be
considered when any analysis is performed with these
sensors, but as shown in Figs. 4 and 5, red-sensors have
a potential similar to that of the CY-sensor and are very
useful for multi-color imaging.

[t has been reported that DsRed is useful as a fusion
tag and a partner for FRET (13, 14). Erickson etal.
analyzed the potential of DsRed as a FRET partner with
CFP and GFP (14). Mizuno etal. developed a Ca™
sensing fusion protein using Sapphire and DsRed (13).
And recently, Karasawa et al. used two novel fluorescent
proteins, namely the cyan-emitted and orange-emitted
fluorescent proteins from Acropara sp. and Fungia
concinna, respectively, as a FRET pair, and measured
caspase-3 activity in cells (15). These results combined
with our results indicate that various fluorescent proteins
including GFP derivatives, DsRed, and others are useful
for FRET analysis. By choosing the appropriate two
fluorescent proteins as the FRET pair, we can customize
the fluorescent range of FRET-based imaging probes to
fit the analysis, which would expand the flexibility of
simultaneous multi-event analysis.

By using the CR and YR developed in this study, we
were able to analyze two FRET probes simultaneously
in the same cells. In several reports, the initiator caspase
activity and the effector caspase activity were measured
in living cells (8, 9, 11). In these reports, however, each
activity was measured independently in different cells.
To our knowledge, the present study is the first report
that analyzes these activities in the same cell. The results
directly reveal the temporal relationships between these
caspase activities. It takes a long time for cells to start
the initiator caspase activation after drug treatment, but
it takes a relatively short time for cells to start the
effector caspase activation after the initiator caspase
activation. The caspase cascade is initiated at the last
stage of cell death signaling, and it proceeds within a
short time period.
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The Lewis x structure [Le*, Galp1-4(Fucal-3)GlcNAc] motif is one of the tumor antigens and plays
an important role in oncogenesis, development, cellular differentiation and adhesion. The detec-
tion of Le™-carbohydrates and their structural analysis are necessary to clarify the role of Le” in
several biological events. Mass spectrometry has been preferably used for the structural analysis
of carbohydrates. Especially, collision-induced dissociation (CID) tandem mass spectrometry
(MS/MS), which causes a glycosidic bond cleavage, is used for carbohydrate sequencing. However,
Le™ cannot be identified by MS/MS due to the existence of the positional isomers, such as Lewis a
[Galf1-3(«1-4Fuc)GlcNAc]. In the present study, we demonstrate the specific detection of Le*-car-
bohydrates in a biological sample by using multiple-stage MS/MS (MS"). Using pyridylaminated
oligosaccharides bearing Le*, we found that the Le*-motif yields a cross-ring fragment by the
cleavage of a bond between C-3 and C-4 of GleNAc in Gal(Fuc)GlcNAc. The Le*-specific cross-
ring fragment ion at m/z 259 was effectively detected by sequential scans, consisting of a full
MS! scan, data-dependent CID MS? scan, MS?® of [Gal(Fuc)GlcNAc+Na]* at m/z 534, and MS? of
[GalGlcNAc+Nal™* at m/z 388. The sequential scan was applied to N-linked oligosaccharide profil-
ing using a LC/ESI-MS® system equipped with a graphitized carbon column. We successfully
detected the Le*-motif and elucidated the structures of several Le* and Lewis y [(Fuca1-2)Galp1-
4(Fucal-3)GlcNAc] oligosaccharides in the murine kidney used as a model tissue. Our method is
expected to be a powerful tool for the specific detection of the Le*-motif, and structural elucidation

of Le*-carbohydrates in biological samples. Copyright © 2005 John Wiley & Sons, Ltd.

The Lewis x structure [Le*, Galf1-4(Fucx1-3)GIcNAc] is one
of the tumor antigens, and plays an important role in onco-
genesisl'2 (abbreviations used here are: Gal, galactose; Fuc,
fucose; GlcNAc, N-acetylglucosamine). Particularly, sialy-
lated Le™ is used as a marker of lung, pancreas and uterus
tumors.’ Le*and its derivatives are also known to be oligosac-
charide ligands of some endothelial receptors, such as the
selectins and the scavenger receptor, C-type lectin,*® and
affect embryonic development, cellular differentiation and
adhesion.®” However, the structural details of the oligosac-
charides attached to the Le™ structure (Le*-oligosaccharide)
are still unclear. Le* structure-specific detection and elucida-

*Correspondence to: N. Kawasaki, Division of Biological
Chemistry and Biologicals, National Institute of Health
Sciences, 1-18-1 Kamiyoga, Setagaya-ku, Tokyo 158-8501,
Japan.

E-mail: nana@nihs.go.jp

Contract/grant sponsor: Ministry of Health Labor and Welfare,
and Core Research for the Evolutional Science and Technology
Program, Japan Science and Technology Corp.

tion methods are necessary for the diagnosis of tumors and a
study on the role of Le* on various biological events.

Mass spectrometry (MS) has become very popular for the
structural analysis of oligosaccharides. Low-energy collision-
induced dissociation (CID) tandem mass spectrometry (MS/
MS), which generates B/Y-series ions by glycosidic bond
cleavage, is preferably used for oligosaccharide sequen-
cing.®'* However, the detection of Le* by MS/MS is still
challenging due to the presence of its positional isomer,
Lewis a [Le®, Galf1-3(Fucal-4)GIcNAc]. The structural
difference between Le* and Le® is the linkage at positions 3
or 4 of the non-reducing terminal fucose and galactose to
GlIcNAc (Fig. 1). For the linkage analysis, multiple-stage MS/
MS (MS™) pattern-matching, in which the oligosaccharide
structure can be deduced from intensity ratios of fragment
ions generated by MS", has recently been reported;'*~'¢
however, this method needs an identical analytical condition
and various oligosaccharide standards. As an alternative
method, the cross-ring fragmentation caused by MS" is

Copyright © 2005 John Wiley & Sons, Ltd.
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Figure 1. Structures of Lewis a, b, x and y.

sometimes used.'*'”"'® Meisen et al.'® demonstrated that «2-6-
linked N-acetylneuraminic acid (NeuNAc) can be distin-
guished from «2-3-linked NeuNAc based on structure-
specific cross-ring fragment ions generated by low-energy
CID MS? in the negative ion mode. Le* could be expected to
be distinguished from its positional isomers by cross-ring
fragmentation.

In this study, we demonstrate the specific detection of Le*-
carbohydrates in a biological sample by using MS". Using
pyridylaminated oligosaccharides bearing Le*, we found
that the Le™-motif yields a cross-ring fragment by the
cleavage of a bond between C-3 and C-4 of GlcNAc in
Gal(Fuc)GlcNAc. The Le*-specific cross-ring fragment ion at
mfz 259 was effectively detected by sequential scans,
consisting of a full MS! scan, data-dependent CID MS? scan,
MS? of [Gal(Fuc)GleNAc+Nalt at m/z 534, and MS* of
[GalGlcNAc+Na]™ at mfz 388 using nano-electrospray
ionization-ion trap mass spectrometry (nanoESI-ITMS) in
positive ion mode. Then, sequential MS'™* scanning for the
Le*-characteristic ions was applied for N-linked oligosac-
charide profiling using an LC/ESI-ITMS instrument equip-
ped with a graphitized carbon column (GCC), by which
diverse oligosaccharides, including isomers, can be
separated. We successfully detected the Le*motif and
subsequently elucidated the entire structure of Le*-oligosac-
charides in the model tissue, murine kidney, in which Le*-
oligosaccharides are abundantly present.*

EXPERIMENTAL

Materials

2-Aminopyridine (PA)-labeled pentasaccharides bearing Le™
(oligosaccharide I, Fig. 2(A)) or Le* (oligosaccharide II,
Fig. 2(B)), and the asialotriantennary oligosaccharide bearing
Le* (oligosaccharide I1I, Fig. 2(C)), were purchased from
Takara Biomedicals (Otsu, Japan). Murine kidneys (MRL/
Mp]J-+/+) were purchased from Japan SLC Inc. (Hamamatsu,
Japan).

Sample preparation
Proteins from murine kidneys were solubilized in lysis buffer
(7 M urea, 2 M thiourea, 2% CHAPS, 30 mM Tris-HC) by vor-

Copyright © 2005 John Wiley & Sons, Ltd.
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Figure 2. Structures of model oligosaccharides used in this
study: (A) PA-labeled Le*-pentasaccharide (oligosaccharide
1}; (B) PA-labeled Le®-pentasaccharide (oligosaccharide 1);
and (C) PA-labeled Le*-asialotriantennary complex type
oligosaccharide (oligosaccharide Ii1).

texing at room temperature. The proteins (100ug) were
recovered by precipitation in cold acetone, and then treated
with 10 units of PNGase Fin 500 pL of 0.2 M phosphate buffer
(pH 7.6) at 37°C for 48 h to release the N-linked oligosacchar-
ides. Proteins were removed by precipitation in cold ethanol,
and the supernatant containing oligosaccharides was evapo-
rated and lyophilized. The dried oligosaccharides were
labeled with PA according to a previous report.*! The PA-
labeled oligosaccharides were desalted with Envi-Carb C
(Supelco Bellefonte, USA) and lyophilized.

nanoESI-MS"

Experiments were performed using a Finnigan linear ion trap
Fourier transform ion cyclotron resonance mass spectro-
meter (LTQ-FT, ThermoElectron, San Jose, CA, USA)
equipped with a nanoESI source (AMR, Inc., Tokyo, Japan).
ESI-MS" was carried out for Le*- and Le®-oligosaccharide
standards at a concentration of 1 pmol/pL in 5mM ammo-
nium acetate and 10 uM NaCl buffer (pH 9.6) containing
50% acetonitrile. The sample was analyzed at a flow rate of
2.0pL/min using a spray voltage of 2.0kV in the positive
ion mode. The capillary temperature was set to 200°C;
collision energies were set to 20-30% for the MS" experi-
ments; the maximum scan time was set to 50 ms. MS? and
MS® were performed with an isolation width of 3.0u (range
of precursor ion +1.5).

LC/MS™

LC was carried out using a MAGIC 2002 system (Michrom
BioResources, Auburn, CA, USA) equipped with a GCC
(Hypercarb column, 150 x 0.2mm, ThermoElectron). The

Rapid Commun. Mass Spectrom. 2005; 19: 3315-3321



eluents were 5 mM ammonium acetate, pH 9.6, containing 2%
acetonitrile (pump A) and 5 mM ammonium acetate, pH 9.6,
containing 80% acetonitrile (pump B). PA-labeled N-linked
oligosaccharides from murine kidney were eluted at a flow
rate of 2 uL./min with a gradient of 10-70% of pump B in
60 min. A solution of NaCl (10 pM) was passed post-column
at a flow rate of 2 uL./min. The precursor ions detected by a
full MS! scan (mass range at m/fz 750-2000) were followed
by MS? scans of the most intense ions.

RESULTS AND DISCUSSION

MS" of Le*-pentaoligosaccharide

The model Le™-pentaoligosaccharide (oligosaccharide I) was
analyzed by nanoESI-MS" with direct injection in the positive
ion mode. Sodium chloride (NaCl) was deliberately added to
the sample for the acceleration of the cross-ring cleavages
according to previous reports. > ** The sodiated singly
charged molecular ion, [M+Nal*, of oligosaccharide I was
observed at m/z 954.4 in the MS' spectrum (Fig. 3(A)). MS?
of the sodiated molecular ion yielded [(M+Na)-Fuc]™ at m/z
808 as the most intense ion by the glycosidic bond cleavage
between GlcNAc and Fuc residues (Fig. 3(B)). This indicates
that the Fuc residue is easily dissociated by low-energy CID
MS?. In addition to the defucosylated ions, we observed the
sodiated ion at m/z 534, corresponding to the Le* and Le®
structure, [Gal(Fuc)GlcNAc+Na]*. The sodiated B, ion
(m/z 534) was subjected to a further product ion scan, and the
sodiated ion at m/z 388 corresponding to [GalGlcNAc+Na]™*
appeared in the MS® spectrum (Fig. 3(C)). The ion at m/z 372,
corresponding to [FucGlcNAc+Nal*, which proves the
attachment of Fuc to GlcNAc, was also detected. Then, MS*
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of the sodiated Y3, ion (m/z 388) yielded a sodiated cross-
ring fragment ion at m/z 259, corresponding to the sodiated
3'5A2 ion, which proves the linkage of the Gal residue at
position C-4 on GlcNAc, with some neutral losses: 60 Da
(*Az, “*X4p, *Xap and **Xyp) and 90Da (**Xyp and *Xyp)
(Fig. 3(D)).

MS" of Le®-pentaoligosaccharide

The Le®-pentasaccharide (oligosaccharide II) was subjected
to nanoESI-MS" in a similar manner. The [M+Na]* of
oligosaccharide Il was observed at m/z 9544 in the MS'
spectrum (Fig. 4(A)). MS* of the [M+Nal* at m/z 954
yielded the sodiated ion at m/z 534, corresponding to
[Gal(Fuc)GlcNAc+Nal* (Fig. 4(B)). MS? of the sodiated B,
ion (m/z 534) yielded the sodiated Y3, and Y34 ions at m/z
372 and 388, respectively (Fig. 4(C)). MS* of the sodiated
Y3p ion at m/z 388 yielded some cross-ring fragment ions at
mfz 208, 268, 298 and 328, corresponding to neutral losses:
60 Da (**A,, “*Xyp, *Xyp and >*Xyp) and 90Da (*3A,, Xy,
and "X, (Fig. 4(D)). >°A, at m/z 259, which arose from
oligosaccharide I, was not detected by MS* of Le®.

These results suggest that the Le* structure can be
identified by the >°A, ion at m/z 259 generated by MS* of
[GalGlcNAc+Na]* at m/z 388, which arose from MS’
[Gal(Fue)GIcNAc+Na]* at m/z 534 (Fig. 5).

MS" of Le*-asialotriantennary oligosaccharide
Using a Le*oligosaccharide with a more complicated
branching structure, we confirmed the practicability of MS®
of the ion at m/z 534 followed by MS? of the ion at m/z 388
for the detection of the Le*-diagnostic ion at m/z 259.
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Figure 3. MS'~* spectra of oligosaccharide | by ESI-MS™ (A) MS' spectrum; (B) MS? spectrum of
[M+Na]™ at m/z 954.4; (C) MS® spectrum of [Gal(Fuc)GIcNAc-+Na]™ at m/z 534.3 detected in MS?; and
(D) MS* spectrum of [GalGIcNAc-+Na]™ at m/z 388.2 detected in MS®.
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Figure 4. MS'™ spectra of oligosaccharide Il by ESI-MS™ (A) MS' spectrum; (B) MS? spectrum of
[M+Na]* at m/z 954.4; (C) MS® spectrum of [Gal(Fuc)GIcNAc+Na]* at m/z 534.2 detected in MS2;
and (D) MS* spectrum of [GalGlcNAc+Na]™ at m/z 388.1 detected in MS®.

Figure 6 shows the MS*™* spectra of Le*-asialotriantennary

Na* (oligosaccharide III). The oligosaccharide sequence can be
confirmed by product ions generated by MS? (Fig. 6(A)). In

Lex-oligosacch arides_] addition to the defucosylated ion, many B- and Y-series ions,
MS2 including the sodiated ion at m/z 534 corresponding to
[Gal(Fuc)GlcNAc+Nal*, were generated by MS*. MS® of the

Na* sodiated B, ion at m/z 534 yielded the sodiated Ys,~ ion at
m/z 388 as the most intense ion (Fig. 6(B)). MS* of the Ys,~ ion
at mfz 388 predictably generated the 35A, ion (mjz 259)
(Fig. 6(C)). These results indicate that MS® of the sodiated ion

GaIB1—4GIcgJAc_1 < -m/z 534

FUCa’{ Lewis-related ion atm/z 534, followed by MS* of the sodiated ion at m/z 388, can
be used for the detection of the Le*-diagnostic motif even in
Ms3 large and complicated N-linked oligosaccharides.

ar Specific detection and structural elucidation

of N-linked Le*-oligosaccharides in murine
kidney by LC/ESI-MS™

A sequential scan consisting of a full MS' scan, data-depen-
dent MS? scan, MS® scan of the ion at m/z 534, and MS* scan
of the ion at m/z 388 was applied to the specific detection and
structural elucidation of Le*-oligosaccharides in the murine

Galp1-4GIcNAc | |« -m/z 388

Il mse

o

Gal OH

NHAC
GlcNAc

-m/z 259

Lex-diagnostic ion

kidney. In order to separate the many different oligosacchar-
ides, including isomers, we used a LC/ITMS system
equipped with a GCC. The N-linked oligosaccharides were
released by PNGase F from the carboxymethylated proteins
in the murine kidney soluble fraction. To improve the ioniza-
tion efficiency and sensitivity,”?° the oligosaccharides were
pyridylaminated, and the PA-oligosaccharides were sub-
jected to LC/ESI-MS" with a sequential scan. Sodiated ions

Figure 5. Proposed method for the Le*-specific detection by
ESI-MS™.

were generated by a post-column reaction with 10 pM NaCl
solution (2pL/min). Oligosaccharides that yielded the

Copyright © 2005 John Wiley & Sons, Ltd. Rapid Commun. Mass Spectrom. 2005; 19: 3315-3321
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Figure 6. MS®™* spectra of oligosaccharide Ill by ESI-MS™ (A) MS? spectrum of
[M-+H+Na]®* at m/z 1127.2; (B) MS® spectrum of [Gal(Fuc)GIcNAc+Na]* at m/z 534.2
detected in MS?; and (C) MS* spectrum of [GalGIcNAc+Na]™ at m/z 388.1 detected in MS®.

diagnostic ions by MS'™* scans were presumed to be those of
Le*-oligosaccharides, and their detailed structures were
elucidated by their data-dependent MS? spectra.

Figure 7(A) shows the total ion current (TIC) profile
obtained by the full MS' scan of PA-labeled oligosaccharides
from the murine kidney. Structures of major oligosaccharides
a—i were deduced from the masses of the sodiated molecular
ions measured by FITMS together with the B/Y ions
generated by CID MS? (Table 1). Figures 7(B)-7(D) show
mass chromatograms at m/z 534, 388 and 259, respectively,
detected by MS*™*, respectively. These chromatograms
revealed that at least five kinds of oligosaccharides contain
the Le™-motif (a, b, e, f and h). Based on the masses, they were
assigned to fucosylated oligosaccharides consisting of
dHexsHexsHexNAcs (a and f), dHex,HexsHexNAcs (b),
dHexHexHexNAcs (e), and dHex,Hex HexNAcs (h) (abbre-
viations used here are: dHex, deoxyhexose; Hex, hexose;
HexNAc, N-acetylhexosamine).

As an example of structural elucidation, we show the
MS*™* spectra of oligosaccharide f in Fig. 8. In the MS? spec-
trum, we can observe the product ion [dHex,HexHexNAc+
Nal™ at m/z 680, which can be assigned to either the Lewis b
(Le®)- or Lewis y (Le¥)-motif. Asshown in Fig. 1, Le"-and Le-
motifs contain Le® and Le* as partial structures, respectively.
The generation of Le*-diagnostic ions suggests the attach-
ment of the Le”-motif to oligosaccharide f. Furthermore,
product ions at m/z 1036 and 446 prove the linkage of GlcNAc
at f~-mannose in the trimannosyl core structure and fucosyla-
tion of the reducing terminal GleNAc, respectively. Based on
these characteristic ions, oligosaccharide f can be assigned
to the bisected and fucosylated biantennary bearing the

Copyright © 2005 John Wiley & Sons, Ltd.

100 (A) TIC chromatogram

100 (B) MS2 (m/z 534)

g
(C) MS? (m/z 388)

Relative Abundance
=)
(=]

(D) MS* (m/z 259)

]

100

a
b

l

T rreeet
22 23 24 25
Time (min)

AR T T T T T T
17 18 18 20 21 26 27 28 29 30 31 32

Figure 7. Specific detection of N-linked Le*-oligosacchar-
ides in murine kidney by LC/ESI-MS™: (A) total ion chromato-
gram obtained by MS'; (B) mass chromatogram of
[dHexHexNAc+Na]* at m/z 534 detected in MS?; (C) mass
chromatogram of [HexHexNAc+Na]™ at m/z 388 detected in
MS?; and (D) mass chromatogram of the cross-ring fragment
at m/z 259 detected in MS*.
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Table 1. Sugar composition and deduced structure of N-
linked oligosaccharide from murine kidney

Sugar Deduced Lewis

No. Composition® structure type

a dHex;HexsHexNAcs ;‘E {?&-—X Le”

b dHex,HexsHexNAcs o {?g-l-x Le*
X

c HexgHexNAc, g{(%}..-

d HexoHexNAc %D-—l

e dHexHexsHexNAcs .J\:%H Le*
1

f dHex;HexsHexNAcs ;{35-1 LeY

g HexgHexNAc, (%DH

h dHex,Hex;HexNAcs '{ﬁn Le*
s

i Hex;HexNAc, o {5}“

j HexsHexNAc, 3?,.“

2Fuc, fucose; Hex, hexose; HexNAc, N-a
O Gal; o Man; m GIcNACc; a Fuc.

1001
(A) MS?
m/z 1192.3—

Relative Abundance

cetylhexosamine.

[M+H+Na-dHex|2*
1119.5

{M+H+Na-2dHex]?*

Le’-motif. The Le’ structure in oligosaccharide f was
confirmed by an extra LC/MS® run without post-column
reaction with NaCl. Figure 9 shows the MS® spectrum of
[IM+H-+NH" at m/z 1189.4. Attachment of the Le¥-motif
was proved by the generation of the product ion at m/z 658
corresponding to [dHex,HexHexNAc]*.

Other oligosaccharides were assigned to bisected bian-
tennary forms bearing Le¥ (oligosaccharide a) and those
bearing Le* (oligosaccharides b, e and h) motifs. In addition to
the previously reported Le"—oligosac:chz;tricles,20 we also

detected the presence of Le’-oligosaccharides in the murine
kidney.

CONCLUSIONS

We found that the cross-ring fragment ion at m/z 259, which
can be used for distinction from positional isomers, was gen-
erated from Le™-oligosaccharides by MS* of [GalGlcNAc+
Na]* at mfz 388, which was generated by MS® of
[Gal(Fuc)GlcNAc+Nal]* at m/z 534. Then, we successfully
detected and elucidated the Le*- and Le’-oligosaccharides
in the complex mixture using a sequential scan consisting
of full MS!, data-dependent MS?, MS® of the sodiated ion at
mfz 534, and MS* of the sodiated ion at m/z 388.

The Le* structure is associated with various biological
events as oligosaccharide ligands. So far, the detection and
structural analyses of Le-oligosaccharides have required
complicated and time-consuming processes, such as exogly-
cosidase digestions, sugar mapping,” the use of lectins and
immunological methods. The mass spectrometric method
proposed here would enable the rapid and easy detection
of the Le*-motif and subsequent structural elucidation of
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Figure 8. MS?™* spectra of oligosaccharide f by LC/ESI-MS"™ (A) MS? spectrum of
[M+H-+Na]** at m/z 1192.3; (B) MS® spectrum of [dHexHexNAc+Na]* at m/z 534.1 detected
in MS%; and (C) MS* spectrum of [HexHexNAc+Na]* at m/z 388.1 detected in MS®.
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Figure 9. MS? spectrum of oligosaccharide f by LC/ESI-MS™; precursor ion, [M+H--NH,?* at m/z 1189.9.

Le*-oligosaccharides in biological samples. Our method,
based on a sequential scan for the structure-characteristic ions,
may be applicable to the analyses of oligosaccharides carrying
other partial motifs, such as sialyl Le™ and sulfated sugar.
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Abstract

We developed an efficient and convenient strategy for protein identification and glycosylation analysis of a small amount of unknown gly-
coprotein in a biological sample. The procedure involves isolation of proteins by electrophoresis and mass spectrometric peptide/glycopeptide
mapping by LClion trap mass spectrometer. For the complete glycosylation analysis, proteins were extracted in intact form from the gel, and -
proteinase-digested glycoproteins were then subjected to LC/multistage tandem MS (MS") incorporating a full mass scan, in-source collision-
induced dissociation (CID), and data-dependent MS”. The glycopeptides were localized in the peptide/glycopeptide map by using oxonium
ions such as HexNAc" and NeuAc*, generated by in-source CID, and neutral loss by CID-MS/MS. We conducted the search analysis for the gly-
copeptide identification using search parameters containing a possible glycosylation at the Asn residue with N-acetylglucosamine (203 Da). We
were able to identify the glycopeptides resulting from predictable digestion with proteinase. The glycopeptides caused by irregular cleavages
were not identified by the database search analysis, but their elution positions were localized using oxonium ions produced by in-source CID,
and neutral loss by the data-dependent MS". Then, all glycopeptides could be identified based on the product ion spectra which were sorted from
data-dependent CID-MS" spectra acquired around localized positions. Using this strategy, we successfully elucidated site-specific glycosyla-
tion of Thy-1, glycosylphosphatidylinositol (GPI)-anchored proteins glycosylated at Asn23, 74, and 98, and at Cys111. High-mannose-type,
complex-type, and hybrid-type oligosaccharides were all found to be attached to Asn23, 74 and 98, and four GPI structures could be charac-
terized. Our method is simple, rapid and useful for the characterization of unknown glycoproteins in a complex mixture of proteins.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Glycoprotein; LC/MS; Ion trap mass spectrometer; In-source CID; Thy-1

1. Introduction

Glycosylation is one of the most abundant post-
translational modifications of proteins [1]. Most glycopro-
teins exist in heterogeneous forms due to their carbohydrate
heterogeneity at multiple glycosylation sites. Because het-
erogeneity at each glycosylation site can be associated with

* Corresponding author. Tel.: +81 3 3700 1141; fax: +81 3 3707 6950.
E-muil address: nana@nihs.go.jp (N. Kawasaki).

0021-9673/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.chroma.2005.07.100

many biological functions [2,3], it is necessary to analyze the
oligosaccharide structures at each glycosylation site.

Mass spectrometric peptide/glycopeptide mapping by lig-
uid chromatography coupled with electrospray ionaization
tandem mass spectrometry (LC/ESI-MS/MS) is now used
for characterization of glycoproteins [4,5]. Site-specific gly-
cosylation of some gel-separated glycoproteins can be ana-
lyzed by in-gel proteinase digestion followed by MS; this
method, however, gives unsatisfactory results due to a lower
recovery of some glycopeptides from the gel [6-8]. For
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complete site-specific glycosylation analysis, all glycopep-
tide fragments should be recovered from the gel. Hence,
the extraction of a whole glycoprotein from the gel before
proteinase digestion would be more reasonable than in-gel
digestion. Additionally, the poor ionization efficiency of gly-
copeptides makes it difficult to analyze the glycosylation of
glycopeptides in a complex mixture of peptides [6,9]. The
glycopeptide-specific method is required for mass spectro-
metric peptide/glycopeptide mapping.

A precursor ion scan using triple quadrupole-type mass
spectrometer is favorably used for analysis of glycopeptides
[10—-13]. However, this method requires repetitive analysis
for the protein identification and glycosylation analysis, as
it monitors carbohydrate marker ions such as HexNAc* and
Hex-HexNAc"* fragmented from glycopeptides by collision-
induced dissociation (CID)-MS/MS, and does not provide
product ion spectra of non-glycosylated peptides. As such,
additional analysis would not be possible for small quanti-
ties of proteins, including gel-separated glycoproteins. As an
alternative method, we have previously demonstrated pep-
tide/glycopeptide mapping using quadrupole time-of-flight
mass spectrometer, by which product ions arise from both
peptides and carbohydrates [14]. Using oxonium ions as
marker ions, we can sort out product ion spectra of glycopep-
tides from a number of product ion spectra of peptides, and
can determine the amino acid sequences of glycopeptides,
glycosylation sites, and monosaccharide composition in a
single analysis. Recently, ion trap mass spectrometry (ITMS),
which is capable of data-dependent multistage tandem MS
(MS"), has been found to be preferable for use in glycosyla-
tion analysis of glycopeptides [15,16]. Glycopeptide-specific
detection by precursor ion scan and data-dependent scan
cannot be used for glycosylation analysis by ITMS due to
the low mass cut-off system. Instead, oxonium ions frag-
mented by in-source CID are used for the localization of
glycopeptides in the peptide/glycopeptide map [3,17]. It has
recently been reported that peptide + GlcNAc ions originat-
ing from N-glycosylated peptides by MS? yield peptide b and
y ions by further MS", and that the peptide sequence and N-
glycosylation sites can be identified based on the peptide frag-
ment ions [15,16,18]. In addition, another group has reported
that glycopeptides can be identified in peptide/glycopeptide
map by a search analysis using a database to which all possi-
ble cleavage products of the glycopeptides have been added in
advance [19]. A combination of peptide/glycopeptide map-
ping with in-source CID, data-dependent CID-MS", and the
database search analysis would enable protein identification,
glycopeptide selection, and glycosylation analysis of a small
amount of glycoprotein.

In the present study, we developed a strategy for the
characterization of a small amount of unknown glycopro-
tein in a biological sample. An unknown glycoprotein was
isolated by electrophoresis and extracted from the gel in an
intact form. We used sodium dodecyl sulfate (SDS), which
is effective for extracting proteins from the gel, and could
be easily removed by adding cold acetone. The proteinase-

digested glycoprotein was subjected to peptide/glycopeptide
mapping, with the sequential scan consisting of a full mass
scan, in-source CID, and data-dependent CID-MS". Using
this method, we carried out site-specific glycosylation analy-
sis of glycosylphosphatidylinositol (GPI)-anchored proteins
inratbrain. A computer database search was used for the iden-
tification of a GPI-anchored protein and its N-glycosylation
sites. In-source CID and data-dependent CID-MS/MS were
also used for localization of peptides with N-glycan and GPI
in the peptide/glycopeptide map. On the basis of their product
ion spectra, we elucidated N-glycosylation at each glycosy-
lation site and the structure of GPIs.

2. Experimental
2.1. Materials

Rat brains were purchased from Nippon SLC (Hama-
matsu, Japan). Trypsin-Gold and endoproteinase Asp-
N were purchased from Promega (Madison, WI, USA)
and Wako Pure Chemical (Osaka, Japan), respectively.
Phosphatidylinesitol-specific phospholipase C (PIPLC) from
Bacillus cereus were purchased from Molecular Probes
(Eugene, OR, USA). All other chemicals used were of the
highest purity available.

2.2, Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) of PIPLC-treated
GPl-anchored proteins

PIPLC-treated GPI-anchored proteins were prepared from
rat brain utilizing Triton X-114 phase partition and PIPLC
digestion [20,21]. Two whole rat brains (2.8 g, Wistar, male,
3 weeks) were homogenized in cold acetone and cen-
trifuged for 10 min at 4 °C. The precipitate was then homog-
enized in CHCI3: methanol (2:1, v/v) and centrifuged for
10 min at 4 °C. After being washed with methanol, the pellet
was homogenized in S0mM Tris-HCI] (pH 7.4) contain-
ing 150mM NaCl, 1mM ethylenediaminetetraacetic acid
(EDTA), and 1 mM phenyimethylsulfonyl fluoride (PMSF),
and centrifuged at 10,000 x g at 4 °C for 20 min. The pellet
was resuspended in the same buffer with an additional 2%
Triton X-114 (v/v), and stirred at 4 °C for 16 h. After cen-
trifugation at 10,000 x g at 4 °C for 20 min, the supernatant
was subjected to Triton X-114 phase-partitioning at 37 °C for
10 min. The detergent phase was resuspended with an equal
volume of 50mM Tris-HCI (pH 7.4) containing 150 mM
NaCl. Solubilized membrane proteins in the detergent phase
were precipitated with cold acetone and were resuspended
in 400 pl of 50 mM Tris~HCl (pH 7.4). Following the addi-
tion of PIPLC (1 U), the suspension was incubated at 37 °C
for 18 h. The suspension was resubjected to Triton X-114
phase-partitioning, and PIPLC-treated GPl-anchored pro-
teins were precipitated with cold acetone from the aqueous
phase. PIPLC-treated GPI-anchored proteins obtained from
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50 mg of rat brain were separated by SDS-PAGE (12.5%)
after carboxyamidomethylation [22].

2.3. Extraction and digestion of gel-separated proteins

The protein in gel band was extracted with 20mM
Tris-HCl containing 1% SDS by shaking vigorously
overnight after breaking down the gel into small bits. The
extract was filtered with Ultrafree-MC (0.22 pm, Millipore,
Bedford, USA), and the protein was precipitated by adding
cold acetone. The precipitate was digested with trypsin (1 p.g)
in 20 wl of 0.1 M Tris—HCI (pH8.0) at 37 °C for 16 h, or with
Asp-N (0.4 pg) in 20 pl of 5 mM Tris—HCI (pH 7.5) at 37°C
overnight.

24, LC/MS"

Proteolytic peptides were separated by a Magic C18
column (50 mm x 0.2mm, 3 wm, Michrom BioResources,
Auburn, CA, USA) with a Paradaim MS4 HPLC system
(Michrom BioResources Inc., Auburn, CA, USA) consist-
ing of pump A: 0.1% formic acid and 2% acetonitrile, and
pump B: 0.1% formic acid and 90% acetonitrile. Separation
was performed with a linear gradient of 5—65% of pump B in
40 min after 5% in 10 min of pump B at a flow rate 3 wl/min.
Mass spectra were recorded by Finnigan LTQ (Thermo Elec-
tron, San Jose, CA, USA) with the sequential scan: a full mass
scan (m/z 300-2000), a full mass scan with in-source CID
(m/z 80-500, collision energy: 50V), and data-dependent
CID-MS" for most intense ions at each scan with dynamic
exclusion for 30s. Scan time (m/z 300-2000) is approxi-
mately 0.1 s. The operating condition used for LC/ITMS was
as follows: tube lens offset of 130V, capillary voltage of
2.0kV, capillary temperature of 200 °C.

2.5. Computer database search analysis

All product ions obtained by LC/ITMS were subjected
to the computer database search analysis with the TurboSE-
QUEST search engine (Thermo Electron, San Jose, CA,
USA). We used the NCBI database (rat, updated at February
2003) and following search parameters: a static modifica-
tion of carboxyamidomethylation (57 Da) at Cys, a possible
modification of GlcNAc (203 Da) at Asn, and trypsin used
for digestion.

3. Results
3.1. Extraction of whole proteins from the gel

Rat brain PIPLC-treated GPI-anchored proteins were sep-
arated by SDS-PAGE (Fig. 1), and the most noticeable band
at 20-25 kDa was cut off from the gel and crushed. The gel
pieces were shaken vigorously in 1% SDS, and the extracted
protein was precipitated with cold acetone to remove SDS.

(kDa)
150 wame
100 —

75

50—

37

10 20 23 30
QRVISLTACL VNQNLRLDCR HENNTNLPIQ

40 50 60
HEFSLTREKK KHVLSGTLGY PEHTYRSRVN

70 74 80 90
LFSDRFIKVL TLANFTTKDE GDYMCELRVS

98100 110
GQONPTSSNKT INVIRDKLVK C

|
(B) GPi-anchor

Fig. 1. (A) SDS-PAGE of PIPLC-treated GPl-anchored proteins from rat
brain. (B} Amino acid sequence of rat Thy-1. N-Glycosylation sites are
indicated by bold face. The protein at 20-25 kDa indicated by asterisk was
subjected to the glycosylation analysis in this study.

We checked the recovery of the protein at 20-25 kDa by com-
paring the fluorescence intensity (Ex 633 nm/Em 670 nm) of
the proteins at 2025 kDa visualized by Coomassie staining
before and after extraction. Approximately 55% of the pro-
tein at 20-25 kDa could be recovered from the gel (data not
shown). The protein was digested with trypsin and subjected
to the sequential scan consisting of full mass scans with and
without in-source CID and data-dependent MS" by LC/ITMS
for protein identification and glycosylation analysis.

3.2. Database search analysis

Fig. 2(A) shows the peptide/glycopeptide map of the
trypsin-digested protein at 20-25 kDa. First, all product ions
generated by data-dependent MS” were used for the database
search analysis. Using search parameters described in Sec-
tion 2.5, the protein was identified as Thy-1, a glycoprotein
containing three N-glycosylation sites at Asn23, 74, and 98,
and a GPI attachment site at Cys111. The search analysis
also suggested the glycosylation at Asn74 and 98, with elu-
tion positions of 34 min (peak T6, Val69-Lys78) and 3.5 min
(peak T1, Val89-Lys99), respectively (Fig. 2(A)). Although
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Fig. 2. Total ion chromatogram (TIC) of trypsin-digested protein at
20-25kDa (m/z 300-2000) (A), mass chromatograms from TIC with ion-
source CID of m/z 204 (B) and 292 (C), and neutral loss chromatogram
of 81u by data-dependent CID-MS/MS (D). Asterisks mean the peak of
glycopeptides identified by the database search analysis.

the glycopeptide Val89-Lys99 contains two Asn residues,
Asn93 and 98, only Asn98 was identified as a glycosyla-
tion site because of detection of b and y ions modified with
GlcNAc at Asm98.

Next, to study the site-specific glycosylation at Asn74
and 98, product ion spectra of glycopeptides were sorted
from the numbers of product ion spectra acquired around
peak T6 and T1. We sorted out product ion spectra of gly-
copeptides using B series ions, such as Hex; HexNAc;* and
HexpHexNAc| " (m/z 366 and 528) originated from glycopep-
tides by CID-MS/MS, as marker ions [23]. We could sort
out 14 product ion spectra originated from glycopeptide
Val69-Lys78 around peak T6. The monosaccharide com-
positions of N-glycans at Val69-Lys78 were calculated as
dHexg_3Hexy_7HexNAc;_s on the basis of the m/z values of
their molecular ions and the theoretical mass of the pep-
tide. Likewise, seven product ion spectra originated from
glycopeptide Val89-Lys99 were sorted from those around
peak T1, and their monosaccharide compositions were esti-
mated as dHexgoHex; 5 sHexNAcy sNeuAcg; (Table 1).
Glycosylation at Asn74 and 98 were elucidated by a
detailed examination of these product ion spectra as
follows.

3.2.1. Analysis of the glycosylation at Asn74 of peptide
Val69-Lys78

Fig. 3(A) shows a product ion spectrum of the glycopep-
tide Val69-Lys78 at 34.52 min. Its precursor ion is the doubly
charged ion at m/z 1512.2. Many product ions generated
by cleavages of glycosidic linkages can be observed in this
product ion spectrum. The most intense ion at m/z 1311 is
assigned to a peptide bearing the reducing end of GlcNAc,
which was caused by glycosidic linkage cleavage of N-linked

oligosaccharide. Fig. 3(B) is the product ion spectrum of the
peptide + GlcNAc ion atm/z 1311. Theband y ions generated
by cleavages of the peptide backbone prove that this gly-
copeptide is the peptide Val69-Lys78 glycosylated at Asn74.

The molecular weight of the carbohydrate moiety can be
calculated as 1933.8 Da by subtracting the theoretical mass
of the peptide (1106.6 Da) from the calculated glycopep-
tide mass (3022.4 Da). Consequently, the monosaccharide
composition can be estimated as dHex;HexsHexNAcy. In
the product ion spectrum (Fig. 3(A)), B ions correspond-
ing to dHexHexjHexNAc; (B24) and dHexiHexyHexNAc
(B3q) were detected at m/z 512 and 674, respectively. These
results indicate that one of two dHex, which are likely
to be Fuc, attaches to Gal-GIcNAc at the non-reducing
end in a similar manner as the Lewis a/x antigen (Gal-
(Fuc-)GIcNAc-), or the blood group H-determinant (Fuc-
Gal-GlcNAc-). The product ion at m/z 350 produced from
the triply charged precursor ion at m/z 1008.7 corre-
sponded to dHex;HexNAc; (data not shown), suggesting
that Fuc attaches to GIcNAc like the Lewis a/x antigen (Gal-
(Fuc-)GleNAc-). The attachment site of the other Fuc can be
deduced at inner trimannosyl core GlcNAc from the observa-
tion of Y ions at m/z 1457, 1660, and 1822, which correspond
to Val69-Lys78 plus dHex; HexINAc (Y1), dHexiHexNAc;
(Y24), and dHex; Hex  HexNAC; (Y3q/3p/3v), respectively. In
addition, the product ion at m/z 1411 resulting from the
precursor ion at m/z 1512.2 by loss of 101.6 u (HexNAc),
suggests a linkage of non-substituted HexNAc at the non-
reducing terminal end. Together with detection of the product
ion at m/z 940 (Y3a1p3g ", [GleNAc-Man-GleNAc-GleNAc-
peptide+H]?*), it can be deduced that this HexNAc is a
bisecting GlcNAc attached to the core mannose residue via a
14 linkage. From these product ions, we could deduce two
oligosaccharide structures. One is the structure indicated in
Fig. 3(A), inset, and the other is one containing a Gal-Gal-
(Fuc-)GlcNAc-Man-branch instead of a Gal-(Fuc-)GlcNAc-
Man-branch. Detection of Gal-(Fuc-)GIcNAc-Man™ at m/z
674 but not Gal-Gal-(Fuc-)GlcNAc-Man™ at m/z 836 sug-
gests that this oligosaccharide structure can be assigned to
the structure indicated in Fig. 3(A), inset.

The carbohydrate structures of the other glycopeptide
Val69-Lys78 detected around peak T6 can be characterized as
the high-mannose-type oligosaccharide (MS5), complex-type
oligosaccharides containing some partial structures such as
inner core Fuc, bisecting GlcNAc, the Lewis a/x antigen,
and blood group H-determinant, and hybrid-type oligosac-
charides (Table 1).

3.2.2. Analysis of the glycosylation at Asn98 of peptide
Val89-Lys99

Fig. 4 shows one of the product ion spectra of the gly-
copeptide Val89-Lys99 at 3.47min. Its precursor ion is
the doubly charged ion at m/z 1525.8. The monosaccha-
ride composition, dHex;HexgHexNAcs, can be estimated
based on the calculated mass of the carbohydrate moiety
(1950.0 Da) obtained by subtracting the mass of the theo-
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Fig. 3. (A)Product ion spectrum (MS?) of the doubly charged glycopeptide precursor ionatm/z 1512.2 in peak T6. The glycopeptide Val69-Lys78 is glycosylated
with oligosaccharide, dHex, HexsHexNAc, at Asn74, and the inset is the deduced oligosaccharide structure. (B) MS?® product ion spectrum derived from the
doubly charged glycopeptide precursor ion at m/z 1512.2, followed by further fragmentation of the product ion at m/z 1310.7.

retical typtic peptide mass (1117.5Da) from the calculated
glycopeptide mass (3049.5Da). Y ions corresponding to
Val89-Lys99 plus dHex;HexNAc; (Y1), dHexiHexNAc;
(Y2q), and dHex; Hex; HexNAc, (Y3a/3p/3y) detected at m/z
1468, 1671, and 1833, respectively, reveals that one Fuc
residue is linked to the inner trimannosyl core GlcNAc. Addi-
tionally, the product ion at m/z 1424 suggests a linkage of
non-substituted HexNAc at the non-reducing terminal end.
Together with the product ions at m/z 945 and 1890, it can be
deduced that this HexNAc is a bisecting GlcNA ¢ that attaches

to a core mannose residue via a $1-4 linkage. On the basis
of the product ions at m/z 487, 528 and 1380, correspond-
ing to Hex; (Bg), Hexs HexNAc; (B3q), and HexgHexNAc)
(B4a), the oligosaccharide structure was characterized as a
hybrid-type oligosaccharide (Fig. 4, inset).

The carbohydrate structures of the other glycopeptide
Val89-Lys98 detected around peak T1 are characterized
as high-mannose-type oligosaccharide (M35), complex-type,
and hybrid-type oligosaccharides, which include bisecting
GlcNAc and Lewis a/x structures (Table 1).
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Fig. 4. Product ion spectrum of the doubly charged glycopeptide precursor ion at m/z 1525.8 in peak T1. The glycopeptide Val89-Lys99 is glycosylated with
the oligosaccharide, dHex; HexgHexNAc, at Asn98, and the inset is the deduced oligosaccharide structure.

3.3. Detection of glycopeptides by in-source CID and
CID-MS/MS

Glycopeptides containing Asn23 could not be identified
by the database search analysis. Therefore, we first local-
ized all glycopeptides in the peptide/glycopeptide map using
oxonium marker ions generated by in-source CID. Fig. 2(B
and C) shows mass chromatograms of oxonium marker ions,
HexNAc* (m/z 204) and NeuAc™ (m/z 292), respectively.
The mass chromatogram of m/z 204 indicates that the gly-
copeptides were localized around 3.7, 9.7, 19.1, 27.2, 28.4
34.3,36.3, and 37.8 min. The mass chromatogram of m/z 292
suggests that the glycopeptides bearing NeuAc were local-
ized around 3.7, 30.0, 36.4, and 38.2 min. In addition to the
localization of glycopeptides by in-source CID, we moni-
tored neutral loss caused by data-dependent CID-MS/MS.
The neutral loss chromatogram of 81 u indicates the local-
ization of doubly charged glycopeptides ions with Hex at
the non-reducing ends. The elution positions of the local-
ized glycopeptides by neutral loss are almost identical to
those by in-source CID. Second, for confirmation of the elu-
tion position of glycopeptides and characterization of the
carbohydrate moiety, we sorted the product ion spectra of
glycopeptides from enormous numbers of data-dependently
acquired product ion spectra around localized glycopeptides
by using oligosaccharide oxonium ions as marker ions. Con-
sequently, the locations of glycopeptides were confirmed

in peak T1-6 (Fig. 2(A)). The peaks T1 and 6 correspond
to the location of glycopeptides identified by the database
search as Val89-Lys99 and Val69-Lys78, respectively. Four
glycopeptide peaks were newly sorted by in-source CID and
data-dependent CID-MS/MS. Structural assignment of the
glycopeptides in these peaks was carried out using their MS”
spectra as follows.

3.3.1. Analysis of the glycosylation at Asn23 of peptide
His21-Phe33

Fig. 5(A) shows one of the product ion spectra of the
glycopeptide His21-Phe33 in peak T4. Its precursor ion
is the triply charged ion at m/z 937.3. The intense prod-
uct ion at m/z 899 is assigned to a doubly charged ion
of peptide plus GlcNAc on the basis of Y series ions.
The region of His21-Phe33 containing Asn23 in Thy-1
was suggested as the peptide moiety of this glycopeptide,
1593.3 Da, by the FindPept tool available on the internet
(ExPASY Proteomics tools, Swiss Institute of Bioinfor-
matics, http://us.expasy.org/tools/findpept.htiml). We exam-
ined the data-dependently acquired product ion spectrum
of the precursor ion at m/z 899 and found that the m/z
values of b and y ions in the product ion spectrum were
identical to those of predictable product ions originating
from the peptide His21-Phe33 modified with HexNAc at
Asn23 (Fig. 5(B)). From the calculated oligosaccharide mass
(1235.1Da) obtained by subtracting the theoretical typtic
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Fig. 5. (A) Product ion spectrum (MS?) of the doubly charged glycopeptide precursor ion atm/z 937.3 in peak T4. The glycopeptide His21-Phe33 is glycosyldted

with oligosaccharide, HexsHexNAc; at Asn23, and the inset is the deduced
charged glycopeptide precursor ion at m/z 937.3, followed by further fragme

peptide mass (1591.7 Da) from the calculated glycopeptide
mass (2808.8 Da) together with product ions at m/z 366 and
528, it is indicated that this peptide carries HexsHexNAc;,
i.e. high-mannose-type oligosaccharide, M5. All product ion
spectra in peak T4 revealed that peptides His21-Phe33 con-
tain only high-mannose-type oligosaccharide (MS5).

3.3.2. Analysis of glycopeptides in peaks T2, 3, 5, and 7
Similarly, product ion spectra of glycopeptides around
peaks T2, 3, 5, and 7 were sorted by using oligosaccharide

oligosaccharide structure. (B) MS? product ion spectrum derived from a doubly
ntation of the product ion at m/z 899.2.

oxonium marker ions generated by MS/MS. In product ion
spectra sorted out from around peak T2, the intense ion at
m/z 884 was detected and assigned to a singly charged ion
of a peptide plus GIcNAc. The peptide was suggested to be
Ala73-Lys78 containing Asn74 by the FindPept tool. The
monosaccharide composition can be estimated from the cal-
culated mass of oligosaccharide moiety-obtained by subtract-
ing the theoretical mass of Ala73-Lys78 (680.35Da) from
calculated glycopeptide mass. Oligosaccharide structure of
the glycopeptides is characterized based on their product



