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Extracting Both Peptide Sequence and Glycan Structural Information
by 157 nm Photodissociation of N-Linked Glycopeptides
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The 157 nm photodissociation of N-linked glycopeptides was investigated in MALDI tandem time-of-
flight (TOF) and linear ion trap mass spectrometers. Singly charged glycopeptides yielded abundant
peptide and glycan fragments. The peptide fragments included a series of x-, y-, v-, and w- ions with
the glycan remaining intact. These provide information about the peptide sequence and the glycosylation
site. In addition to glycosidic fragments, abundant cross-ring glycan fragments that are not observed
in low-energy CID were detected. These fragments provide insight into the glycan sequence and linkages.
Doubly charged glycopeptides generated by nanospray in the linear ion trap mass spectrometer also
yielded peptide and glycan fragments. However, the former were dominated by low-energy fragments
such as b- and y- type ions while glycan was primarily cleaved at glycosidic bonds.
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Introduction

Glycosylation involving synthesis and attachment of an
oligosaccharide onto a protein is the most common protein
post-translational modification (PTM) in eukaryotic cells."* It
dramatically affects proteins biological functions by changing
protein stability, directing protein folding and even facilitating
cell—cell adhesion.? Characterization of proteome glycosylation
has been one of the most challenging tasks in proteomics
because of the complexity of glycans."”® Mass spectrometry
has been widely used to characterize the protein constituents
of biological samples due to recent advances in both instru-
mentation and informatics.'°"'® Tandem mass spectrometry
involving fragmentation of ions of interest is a powerful tool
to determine protein and peptide sequences.'>'* This tech-
nique has also been applied to analyze glycosylated proteins.*8
A common approach involves enzymatic digestion of a glyco-
protein followed by MS/MS fragmentation of the resulting
glycopeptides. Elucidation of both the glycosylation site and
glycan structure requires that both peptides and glycans are
thoroughly fragmented during the MS/MS process.

A variety of ion activation techniques have been employed
to fragment glycopeptides as summarized in several review
papers.*~? Basically, they can be grouped into three categories:
slow-heating, low-energy excitation using either multiple col-
lisions with neutral gas (CID)'*'"~'? or excitation by infrared
(IR) light (IRMPD);?° radical induced dissociation by electron
capture dissociation (ECD);?! or electron transfer dissociation
(ETD)?? and postsource decay (PSD) in a MALDI tandem time-
of-flight (TOF) instrument.?*?* The slow-heating, low-energy
excitation methods preferentially cleave labile glycosidic bonds
rather than peptide bonds and consequently provide primarily
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the glycan sequence information.?> ?® Neither peptide se-
quence nor glycosylation site information is normally obtained.
To extract the peptide sequence information, a sequential
fragmentation step (MS®) is required to dissociate the resulting
deglycosylated peptide ion.?**° However, this sequential pro-
cess can hardly be automated since the deglycosylated peptide
fragment is difficult to identify from the CID spectrum of a
glycopeptide during an LC/MS/MS run. Although “beam-type”
CID in a quadrupole type instrument yields both peptide
fragments and glycosidic fragments, the glycan is not retained
on the peptide fragments, and thus, the glycosylation site
cannot be derived.®! Also, it does not generate cross-ring
fragments and thus glycan linkage information cannot be
obtained. ECD and ETD have been recently employed for
protein and peptide fragmentation as an alternative fragmenta-
tion approach.?"*> These methods usually involve a recombi-
nation of multiply protonated species with an electron or an
anion to form charge-reduced radical ions that subsequently
undergo radical-driven fragmentation. ECD and ETD of gly-
copeptides preferentially cleave peptide backbone N—C, bonds
with the glycan remaining intact. As a result, they identify the
glycosylation sites of both N-linked and O-linked glycans in
proteins.?”*? Since ECD/ETD and low-energy CID/IRMPD
produce complementary fragments, these approaches have
been combined to derive both peptide and glycan sequence
information.®** However, they do not provide much informa-
tion about the glycan linkages since they do not produce cross-
ring fragments. MALDI-PSD has been widely applied as a
fragmentation technique in MALDI-TOF mass spectrometers.
In this approach, MALDI-generated hot precursor ions undergo
metastable ion decay after ion acceleration and prior to
detection.?* PSD of glycopeptides primarily yields y- and b-
peptide fragments along with a few glycosidic fragments,
providing insight into the peptide sequence and the glycan
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sequence.>* However, PSD spectra are usually dominated by a
few abundant fragments since PSD preferentially cleaves the
most labile bonds.***?%3% Incomplete peptide fragments will
fail to identify glycosylation sites and insufficient glycosidic
fragments will not be able to derive the glycan sequence.?® In
addition, PSD does not produce cross-ring fragments and so it
provides limited information about glycan linkages.*3* High-
energy CID has also been employed to fragment glycan and
glycopeptides.>*3%37 Although sodium-coordinated glycans
yield abundant cross-ring fragments, protonated glycans and
glycopeptides generate primarily glycosidic fragments. It ap-
pears that high-energy CID has few advantages over PSD in
fragmenting glycopeptides.*

Photodissociation with 157 nm light has been employed to
characterize peptides and their fragments, oligosaccharides and
lipid molecules.®®~*3 It primarily yields high-energy fragments
that are usually not observed in low-energy CID spectra.®®
Photodissociation of singly charged peptides produces prima-
rily a series of x-ions extending along the peptide backbone as
well as a few satellite v- and w- ions corresponding to
fragmentation of various residue side chains.*' The high
sequence coverage of x-ions can be used to deduce the peptide
sequence, while side chain fragments enable differentiation of
isobaric amino acids like leucine and isoleucine. PSD fragments
including y- and b- type ions are also observed in photodis-
sociation spectra because they cannot be separated from
precursor ions by the timed ion gate in the tandem-TOF mass
spectrometer. Since PSD fragments and high-energy photof-
ragments are complementary; the combination of both pho-
todissociation and PSD data can enable the determination of
peptide sequences using de novo sequencing.** Photodisso-
ciation of oligosaccharides produces both glycosidic fragments
and cross-ring fragments, providing both glycan sequence and
linkage information.*® Photodissociation has enabled several
isomers of N-linked glycans to be distinguished.*®

In this work, we have employed 157 nm photodissociation
to characterize several N-linked glycopeptides in MALDI
tandem-TOF instrument and linear ion trap mass spectrom-
eters. In the tandem-TOF mass spectrometer, glycopeptides
were fragmented by photodissociation and PSD and the results
were compared. In the linear ion trap mass spectrometer, both
singly and doubly charged glycopeptides generated by nano-
spray were photofragmented. The effect of charge state on
glycopeptide fragmentation was thereby elucidated. In addition,
glycopeptides were also fragmented by low-energy CID in the
ion trap mass spectrometer and resulting spectra were com-
pared with those generated by photodissociation.

Experimental Procedures

Materials. Horseradish peroxidase, glycopeptidase A, and
bovine trypsin (T-8802) were purchased from Sigma (St. Louis,
MO). Acetonitrile (ACN) was obtained from EMD Chemicals,
Inc. (Gibbstown, NJ). Acetic acid was acquired from Fluka
Chemika GmbH (Buchs, Switzerland). Trifluoroacetic acid
(TFA) and a-cyano-4-hydroxycinnamic acid (CHCA) were
bought from Sigma (St. Louis, MO). Ammonium bicarbonate
and ammonium hydroxide were acquired from Sigma (St.
Louis, MO).

Trypsin Digestion of Horseradish Peroxidase Protein. Tryp-
tic glycopeptides from Horseradish Peroxidase were generated
using bovine trypsin. Protein stock solution (100 xM) was
prepared in 25 mM ammonium bicarbonate and was heated
to 95 °C to thermally denature the protein. Tryptic digestion

research articles

was performed by mixing 100 «L of the protein solution with
5 ug lyophilized trypsin. Each digestion was allowed to incubate
overnight at 37 °C and was quenched by adding 1 uL of
concentrated acetic acid.

Reverse Phase Liquid-Chromatography (RPLC) Fraction-
ation. Tryptic glycopeptides were purified from the peptide
mixture using reverse-phase liquid chromatography (2695
HPLC system, Waters, Milford, MA). For each run, 10 uL of the
100 uM tryptic digests (i.e., 1.0 nmol) were injected onto a C18
column (250 x 4.60 mm, 5 um particle size; Phenomenex,
Torrance, CA) at a flow rate of 1 mL/min. Purified water and
HPLC grade ACN (each containing 0.1% TFA) were used as
mobile phases A and B, respectively. A linear gradient from
5% to 50% of B over 50 min was used. Fractions were manually
collected every minute. Each fraction was then dried by a
SpeedVac and stored at —20 °C.

Deglycosylation and Peptide Purification. Tryptic glyco-
peptides were enzymatically deglycosylated by glycopeptidase
A using the protocol recommended by the supplier with slight
modification. Briefly, 20 uL of tryptic glycopeptide solution (100
uM) was dried by a SpeedVac and then resuspended in 20 uL
of 100 mM ammonium acetate buffer (pH = 5) to make 100
uM solution. The deglycosylation was performed by adding 1
uL of 60 Unit/L glycopeptidase A to the glycopeptide mixture.
The digestion was allowed to incubate overnight at 37 °C and
was quenched by boiling. The peptides were separated by a
nanoscale reverse-phase liquid chromatography (nano-2D,
Eksigent, Dublin, CA) and then directly spotted on a MALDI
plate using a robot (Eksigent, Dublin, CA). For each run, the
peptide mixture was diluted in water to a concentration of 5
uM and 2 uL was injected onto a homemade C18 column (150
mm x 75 um, 5 um particle size, 300 A pore size) at a flow rate
of 300 nL/min. Purified water and HPLC grade ACN (each
containing 0.1% TFA) were used as mobile phases A and B,
respectively. A linear gradient from 3% to 40% of B over 40
min was used. Effluents were directly mixed with 5 g/L CHCA
matrix solution (75% ACN, 25% H,O and 0.1% TFA) at a flow
rate of 600 nL/min. Three spots were deposited every minute
during the elution gradient.

Photodissociation in the MALDI Tandem-TOF and ESI
Ion Trap. A 4700 MALDI TOF-TOF mass spectrometer (Applied
Biosystems, Foster City, CA) was modified to perform photo-
dissociation experiments.** Briefly, an F, laser (Lambda Physik,
Germany) was attached to the collision cell through a feed-
through in the TOF-TOF main chamber and its timing was
controlled by a programmable delay generator. When the ion
packet passed through the collision cell, it was irradiated by a
10 mJ pulse of light. The resulting fragment ions were reac-
celerated into a reflectron-TOF for mass analysis. With the
photodissociation laser off, PSD spectra can also be recorded.
In both photodissociation and PSD experiments, the MALDI
laser (355 nm, Nd:YAG) was operated at 50 Hz to ionize
peptides. The laser intensity was optimized to give the best
signal and resolution for each sample. Precursor ions were
accelerated by 8 kV into the first stage TOF mass spectrometer
and then isolated by the timed ion gate. Photofragments were
generated by irradiation of a 157 nm light pulse, while PSD
fragments were produced by metastable ion decay with the
photodissociation light being switched off. No collisional gas
was introduced to the collision cell during these experiments.
Resulting fragment ions were further accelerated by 15 kV into
the second stage reflectron-TOF mass spectrometer and their
masses were then analyzed. For each glycopeptide, photodis-
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sociation and PSD spectra were each recorded by averaging
4000 laser shots. All spectra were processed in Data Explorer
version 3.0 (Applied Biosystems, Foster City, CA) and then
plotted by Origin version 7.0 (OriginLab, Northampton, MA).
Peaks were detected based on their signal-to-noise (S/N) ratios.
The minimum S/N was set to be 10 for peaks in the low-mass
region, while it was 5.0 for those in the high-mass region. All
peaks were assigned based on predicted peptide fragments by
Protein Prospector (http://prospector.ucsf.edu) and glycan
fragments by ChemDraw version 10 (CambridgeSoft, Cam-
bridge, MA). For the MALDI analysis, fractionated glycopeptides
were resuspended into 50 uL of water. Assuming 100% recovery
during HPLC fractionation, the concentration of these solution
would be 20 yM. Matrix solution consisted of 10 g/L CHCA in
49.95% ACN and 49.95% H,O with 0.1% TFA. Glycopeptides
were mixed with the matrix solution in a 1:9 (v/v) ratio. A 0.5
uL aliquot was deposited to create a MALDI spot.

An LTQ linear ion trap mass spectrometer (Thermo-Fisher,
San Jose, CA) was also used for photodissociation and low-
energy CID experiments. Photodissociation was conducted as
previously reported.*® Briefly, glycopeptides were ionized by a
nanospray source and injected into the ion trap. An F, laser
(EX100HF-60, GAM laser, Orlando, FL) generated light pulses
that were introduced axially into the trap from its back side
through an aperture (1.7 mm). The laser was triggered by the
LTQ's activation signal, producing a 3 mJ 10 ns pulse of 157
nm vacuum ultraviolet (VUV) light. After aperturing, only about
40 yuJ of light actually entered the ion trap. Ions were exposed
to a single laser pulse only. Fragment ions were scanned out
to the dual detector as in its normal operating mode. Glyco-
peptides were also collisionally dissociated with a normalized
energy level of 35. The activation time was 30 ms. For each
analysis, glycopeptides were prepared in 2 uM solutions with
49.5% H,0, 49.5% ACN and 1% of acetic acid and were directly
infused into the nanospray source using a syringe pump at flow
rate of 250 nL/min. Both singly and doubly charged glycopep-
tides were isolated for photofragmentation and low-energy CID.

Results and Discussion

N-linked glycans from Horseradish Peroxidase has been well-
characterized in previously published work.*®~*® Four N-linked
glycopeptides derived from tryptic digestion of horseradish
peroxidase were used as subjects for this study. To simplify
reference to these glycopeptides, they are named A, B, C and
D as shown in Table 1. All glycopeptides were fragmented by
both photodissociation and PSD in the MALDI TOF-TOF mass
spectrometer. In MS/MS spectra, peptide fragments are labeled
as lower-case letters according to Biemann'’s peptide fragmen-
tation nomenclature, while glycan fragments are labeled with
capital letters using Costello’s oligosaccharide fragmentation
nomenclature.**>°

Photodissociation of Glycopeptides. Figure 1A displays the
photodissociation spectrum of glycopeptide A. It contains both
peptide and glycan fragments. The peptide fragments include
a series of high-energy x-, v-, and w- ions along with y-ions.
The x-ion series extends from x; to xy except for missing
cleavages (x, and xi;) at proline. This is consistent with previous
results in which y — 2 Da ions are normally produced at proline
instead of x-ions.** Indeed a peak corresponding to y;; — 2 Da
appears adjacent to y;; in Figure 1A. v- and w- ions are
associated with fragmentation on amino acid side chains.
Abundant y- ions are observed adjacent to acidic amino acids
because acidic side chains enhance peptide backbone fragmen-
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Table 1. N-Linked Glycopeptides from Horseradish
Peroxidase?

Peptide | Glycan

Name Structure Sequence | Mass (Da)

A % 272-294 367.15
GLIQSDQELFSSPNATDTIPLVR

B 272-294 | 1188.43
GLIQSDQELFSSPNATDTIPLVR
C P 184-189 | 1188.43
NVGLNR
D 295-313 | 1188.43

SFANSTQTFFNAFVEAMDR

“In all glycan structure drawings, the circle (O), solid square (M),
triangle (A) and diamond (0) represent mannose, N-acetylglucosamine,
fucose and xlylose, respectively.

tation.”"*> Combination of x- and y- type fragments leads to
full sequence coverage of the peptide, which is promising for
peptide de novo sequencing. The pattern of these peptide
fragments is essentially similar to photodissociation spectra of
unmodified peptides terminated with arginine.®®*' A key
difference is that the mass region between 1000 and 1400 Da
in the photodissociation spectrum does not contain any
fragments. This gap results because some fragments retain the
glycan and others do not have it. Observation of a gap in the
spectrum is an indication that the peptide is glycosylated.
The glycan size and the glycosylation site can be subsequently
obtained from mass differentials in the x-ion series.

Although the glycan moiety consists of only two sugar rings,
it is also fragmented, yielding both cross-ring and glycosidic
fragments (shown in Scheme 1). Glycosidic fragments result
from cleavages of glycosidic bonds and they reveal glycan
sequence information.?>?® Two fragments corresponding to
loss of the glycan (labeled as A) are also observed and they
result from cleavage of N-glycosidic or asparagine amide bonds.
All of these fragments have also been observed in previous
MALDI-PSD experiments.>* However, high-energy, cross-ring
fragments are also abundant in the photodissociation spec-
trum. These are very important since they provide glycan
linkage information that enables glycan isomers to be distin-
guished. Although high-energy CID of sodium-coordinated
glycopeptides yields abundant cross-ring fragments, protonated
glycopeptides generate primarily glycosidic fragments.>* In
addition, all of glycan fragments in the photodissociation
spectrum are linked with the intact peptide. No fragments
corresponding to the glycan nonreducing end are evident.
These observations suggest that the ionizing proton is localized
on the peptide during photodissociation.

It appears that all fragments in the photodissociation
spectrum result from a single fragmentation on either the
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Figure 1. (A) Photodissociation; (B) PSD spectra of singly charged glycopeptide A obtained in the MALDI TOF-TOF mass spectrometer.
(C) Photodissociation and (D) PSD spectra of glycopeptide A after deglycosylation. In all figures, peptide fragments are labeled with
lower-case letters, while glycan fragments are labeled with capital letters. Delta (A) denotes fragments corresponding to loss of the
whole glycan via cleavage of the N-glycosidic bond or the amide bond on asparagine side chain. Asterisk (*) represents loss of ammonia.

Scheme 1

—Peptide

peptide or the glycan. This characteristic dramatically reduces
ambiguity of spectral interpretation since complex fragments
corresponding to cleavages of both moieties are not observed.
Peptide and glycan sequences can therefore be extracted
independently.

The PSD spectrum (Figure 1B) is strikingly simpler. It is
dominated by y-type ions along with a glycan fragment
corresponding to loss of a fucose. The more intense y-ions
including ys, ys and y;; result from cleavages adjacent to proline
or aspartic acid.>**? Since the charge is sequestered on
C-terminal arginine, b-type ions are not normally observed.
Loss of the whole glycan moiety results from N-glycosidic bond
cleavage. The glycan fragment is produced from cleavage of
the glycosidic bond between Fucose and GlcNAc. It is evident
that PSD yields fewer fragments than photodissociation. This

is not surprising since PSD preferentially cleaves the most labile
bonds such as glycosidic bonds or peptide backbone amide
bonds that are adjacent to acidic amino acids. As a result, PSD
data do not usually provide information about the glycosylation
site because PSD fragments cover only a small portion of the
peptide sequence. MALDI-PSD of glycopeptides was also
performed by Wuhrer and workers using a Bruker LIFT TOF-
TOF mass spectrometer.> They observed a few more y-type
peptide fragments that appear in Figure 1B. This might be due
to different experimental parameters to which PSD is very
sensitive such as the MALDI laser power and acceleration
voltage.>®

It is noteworthy that PSD fragments also appear in the
photodissociation spectra. This is because PSD fragments
cannot be separated from precursor ions by the timed ion gate
in a tandem-TOF mass spectrometer since they fly at the same
velocity as precursor ions. However, this will not cause
ambiguity during data interpretation since PSD fragments can
easily be identified by aligning the photodissociation and PSD
spectra. In fact, PSD fragments are helpful for peptide de novo
sequencing since they are complementary to photofragments
and make it easy to distinguish x- and y- type ions.

For comparison purposes, the deglycosylated peptide was
also fragmented by photodissociation and PSD. Its photodis-
sociation spectrum (Figure 1C) is dominated by a series of high-
energy x-, V-, and w- ions along with y-ions. The fragments in
the mass region below 1100 Da are identical to those appearing
in Figure 1A. The fragments above 1100 Da are 348 Da lighter
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than those in Figure 1A because a glycan is attached to all of
the large fragments when the peptide is glycosylated. The
similar peptide fragments in two spectra suggest that the glycan
moiety has little effect on the peptide fragmentation during
photodissociation. It is noteworthy that the mass gap between
1000 and 1400 Da in Figure 1A disappears because the glycan
has been released from the peptide. The PSD spectrum (Figure
1D) is much simpler than the photodissociation spectrum. It
is dominated by a series of y-ions analogous to those appearing
in the glycopeptide PSD spectrum (Figure 1B). This again
suggests that the glycan moiety does not influence the peptide
fragmentation during PSD. It is noteworthy that y, ions are
much more intense in the PSD spectrum of the deglycosylated
peptide (Figure 1D) than the glycosylated peptide (Figure 1B).
This is reasonable since the deglycosylation process converts
asparagine to aspartic acid and this dramatically enhances y-ion
formation during low-energy fragmentation processes.”!

Glycan Fragmentation. To further investigate the fragmen-
tation characteristics of glycan moieties during glycopeptide
fragmentation, glycopeptide B with a xylosylated, core-(a1—3)-
fucosylated trimannosyl N-glycan was fragmented by both
photodissociation and PSD. Since this peptide has the same
sequence as glycopeptide A, comparison of fragmentation
spectra from these two molecules provides insight into the
effect of glycan structure on glycopeptide fragmentation. The
photodissociation spectrum (displayed in Figure 2A) is domi-
nated by both peptide and glycan fragments. The former are
essentially identical to those in Figure 1A and include x-, v-,
w-, and y-type ions. A mass gap between 1100 and 2300 Da is
evidently due to the retention of the glycan unit (about 1171
Da) on the peptide fragments. The glycan fragments include a
series of cross-ring X-type fragments along with several glyco-
sidic fragments such as Y- and Z-ions (shown in Scheme 2).
These glycan fragments are typically observed in the photo-
dissociation of unmodified oligosaccharides.*®*> It appears that
all of the glycosidic bonds and sugar rings are cleaved by
photodissociation. The extensive fragmentation provides abun-
dant information about the glycan structure. The similarity of
the peptide fragments of glycopeptide A and B suggests that
the glycan structure has little effect on the peptide fragmenta-
tion during photodissociation.

It is noteworthy that there are a number of unlabeled peaks
in the mass region between 200 and 800 Da, although they are
relatively low-abundance. A close examination shows that a
majority of these peaks correspond to internal peptide frag-
ments. The origin of these fragments is likely attributed to
secondary fragmentations of photofragments since absorption
of a 157 nm photon injects much higher energy (7.9 eV) than
required by cleaving a backbone C—C bond. The excess energy
tends to induce secondary fragmentation of the resulted
photofragments, leading to internal peptide fragment ions.

The PSD spectrum (Figure 2B) again contains fewer frag-
ments than the photodissociation spectrum. Several y-type
peptide fragments and a few glycan fragments appear. The
peptide fragments are essentially identical to those observed
from glycopeptide A (Figure 1B). Thus, the glycan seems to have
little effect on the peptide backbone fragmentation. The glycan
fragments are primarily composed of glycosidic fragments with
the peptide remaining intact. Again, PSD provides little infor-
mation on the peptide sequence or the glycan structure.

To study the effect of the peptide structure on glycopeptide
fragmentation, glycopeptides C and D were investigated. These
molecules contain the same glycan but different peptide
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Figure 2. (A) Photodissociation and (B) PSD spectra of singly
charged glycopeptide B obtained in the MALDI TOF-TOF mass
spectrometer.

400 800

sequences than glycopeptide B. Glycopeptide C has a very short
peptide sequence. Its photodissociation spectrum (Figure 3A)
is dominated by a series of glycan fragments along with several
peptide fragments of lower intensity. The peptide fragments
include a series of x-ions extending from x, to x; along with a
few b- and y- ions in the low mass region. Even though peptide
fragments are not very intense, they show a pattern similar to
previous examples in Figures 1A and 2A. The glycan fragments
include a series of cross-ring and glycosidic fragments. These
glycan fragments are essentially identical to those produced
from glycopeptide B that contains a much larger peptide
(Figure 2A), even though their relative intensities vary some-
what. This demonstrates that the peptide structure has little
effect on the glycan fragmentation. Glycopeptide D has a
comparable length of peptide as glycopeptides B, but the
glycosylation site is near the peptide N-terminus. Its photo-
dissociation spectrum is displayed in Figure 3B. Once again,
the glycan fragments are essentially identical to those from
glycopeptides B (Figure 2A) and C (Figure 3A), suggesting that
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Figure 3. Photodissociation spectra of singly charged (A) glyco-
peptide C and (B) glycopeptide D obtained in the MALDI TOF-
TOF mass spectrometer.

the glycosylation site has little effect on glycopeptide photo-
dissociation.

The Charge State Effect on Glycopeptide Photodissociation.
Since electrospray (ESI) often produces more intense multiply
charged peptide ions, it is also of interest to investigate the
effect of the precursor charge state on glycopeptide photodis-
sociation. Both singly and doubly charged glycopeptide C
generated by nanospray were photodissociated in the linear
ion trap and the results are displayed in Figure 4A,B. Similar
to that obtained in the MALDI tandem-TOF instrument, the
photodissociation spectrum of the singly charged precursors
(Figure 4A) is dominated by a series of fragments corresponding

Scheme 2
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Figure 4. Photodissociation spectra of (A) singly and (B) doubly
charged glycopeptide C and CID spectra of (C) singly and (D)
doubly charged glycopeptide C obtained in the linear ion trap
mass spectrometer.

iy
I

to peptide and glycan fragmentation. The peptide fragments
include a series of x-ions extending from x, to x, with the glycan
retained. A few low-mass thermal fragments are missing due
to the low-mass cutoff in the ion trap. Since ions were not
collisionally activated, we have used a lower g, value of 0.1 to
alleviate the low mass cutoff of the ion trap.*>°* This enabled
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a number of small fragment ions to be detected, but also
revealed abundant photoionized artifacts that happen to be
in the low-mass region. Thus, a slightly higher g, value of 0.2
was used to avoid detecting ions below 300 Da. Glycosidic Y-
and Z-fragment ions along with cross-ring X-ions are observed.
Fragments corresponding to loss of one or two sugar units are
also abundant. Photodissociation of the doubly charged pre-
cursor ions (Figure 4B) produces glycan and peptide fragments
that are slightly different from those arising from singly charged
precursors. The peptide fragments include more b-ions and
fewer high-energy x-type fragments. This is consistent with
previous photodissociation work on doubly charged peptide
ions that reported dominant thermal fragments presumably
arising because a mobile proton facilitates charge-directed
fragmentation.*® The glycan fragments from the doubly charged
precursor primarily result from glycosidic cleavages, although
there is one cross-ring fragment ®2X,. This ring fragment is also
abundantly observed in low-energy CID spectra (shown in
Figure 4C,D), suggesting that it is formed through an unusual
low-energy fragmentation pathway. This is strikingly different
from photodissociation of singly charged precursors in which
abundant cross-ring fragments are observed. Lebrilla and co-
workers have previously shown that the charge state also affects
IRMPD-induced glycopeptide fragmentation.> In their experi-
ments, doubly charged glycopeptides yield more glyscosidic
glycan fragments than their singly charged counterparts. They
have proposed that, analogous to the mobile proton model for
peptide fragmentation, a highly mobile proton in the doubly
charged glycopeptides enhances cleavage of glycosidic bonds.
Our photodissociation results would be consistent with this
mobile proton model since we observe the same effect of
charge on the abundance of glycosidic fragments. It is also
reasonable that cross-ring fragments are rarely observed for
doubly charged glycopeptides in photodissociation since high-
energy ring fragmentation pathways would be thermodynami-
cally disfavored when a mobile proton creates multiple low-
energy glycosidic cleavage pathways.

For comparison with photodissociation, both singly and
doubly charged glycopeptide C were also collisionally dissoci-
ated and the results are shown in Figure 4C,D. Similar to
previous experiments,>>?® both CID spectra are primarily
composed of glycosidic glycan fragments without observable
peptide fragments. The glycan fragments include dominant Y-
fragments corresponding to glycosidic bond cleavage along
with several fragments corresponding to loss of one or two
sugar units. In addition, as noted above, the apparently low-
energy, cross-ring fragment *?X, is also observed. It is obvious
that low-energy CID generates many less fragments than
photodissociation. Although observation of glycosidic frag-
ments provides glycan sequence information, low-energy CID
does not provide peptide sequence or glycosylation site infor-
mation. In contrast, high-energy photodissociation provides
both peptide and glycan sequence information in a single
fragmentation step.

Practical Considerations. Although photodissociation of
N-linked glycopeptides provides rich structural information
about both the glycan and the peptide, several challenges need
to be solved before this technique is ready for large-scale
sample analyses. First, glycopeptides do not ionize well in
MALDI due to their low hydrophobicity.®> Permethylation that
converts hydroxyl groups into O-methyl groups increases
glycan hydrophobicity and thus helps increase glycopeptides’
ionization efficiency.”® Second, the MALDI TOF-TOF mass
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spectrometer used in this work (ABI 4700 proteomics analyzer)
has relatively low sensitivity when fragmenting precursor ions
larger than 3000 Da and most of glycopeptides are beyond this
mass range. Advanced instrument tuning will be needed to
improve the instrument’s sensitivity in the high mass range.
Third, photodissociation spectra contain an abundance of
information that can make them difficult to interpret. This
problem will be exacerbated when analyzing large glycopep-
tides with unknown glycan structures. Fortunately, PSD experi-
ments yield primarily y-type peptide fragments and glycosidic
glycan fragments that are complementary to high-energy
photofragments. These can help interpret photodissociation
data. However, an algorithm is still needed to elucidate glycan
structures based on the observed glycosidic and cross-ring
fragments. With these developments, investigation of a large-
scale glycopreoteome will be promising by using 157 nm
photodissociation on an LC-MALDI experimental platform.

Conclusions

The 157 nm photodissociation of singly charged glycopep-
tides induces extensive fragmentation on both the peptide and
glycan moieties. When fragmentation occurs on the peptide, a
series of peptide fragments including x-, v-, w-, and y-ions are
observed with the glycan staying intact. These fragments
provide information about the peptide sequence and the
glycosylation site(s). When fragmentation occurs on the glycan,
it produces not only glycosidic fragments, but also cross-ring
fragments that are not observed in low-energy CID. These
cross-ring fragments are potentially useful to provide glycan
linkage information. This fragmentation pattern is dramatically
different from PSD spectra that are normally dominated by a
few y-type peptide fragments along with several glycosidic
glycan fragments. It has also been demonstrated that the
peptide and glycan fragment independently and neither of
them affects the fragmentation of the other. Photodissociation
of glycopeptides is strongly affected by the charge state of the
precursor ions. Doubly charged glycopeptides yield abundant
b- and y-type ions, a series of x-ions along with dominant
glycosidic fragments. No high-energy cross-ring glycan frag-
ments are evident. This is likely because doubly charged
precursors contain a highly mobile proton that facilitates
cleavage of glycosidic bonds along with peptide backbone
amide bonds. These photodissociation spectra are drastically
different from the low-energy CID spectra obtained in the ion
trap mass spectrometer in which only a few glycosidic frag-
ments are observed and no peptide fragments are obvious.
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