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Abstract—Thermal-assisted partial acid hydrolysis of the carbohydrate moieties of N-glycosylated peptides of horseradish peroxi-
dase (HRP) is used to generate oligosaccharide cleavage ladders. These ladders allow direct reading of components of the oligosac-
charides by mass spectrometry. Acid hydrolysis performed with 1.4, 3.1, 4.5, or 6.7 M trifluoroacetic acid at 37, 65, or 95 °C for
30 min to 24 h hydrolyzed mainly the oligosaccharide units of glycopeptides with least peptide bond or amino acid side chain hydro-
lysis. Tryptic N-glycosylated peptides from HRP with molecular weights of 2533, 2612, 3355, 3673, and 5647 Da were used as test
systems in these experiments. Data showed that the most labile group of oligosaccharides is the fucose (Fuc) and the majority of the
end cleavage products are peptides with one or no N-acetylglucosamine (GlcNAc) residue linked to Asparagine (Asn). Additionally,
the data agree with previous reports that glycopeptides 3355 and 3673 Da carry an oligosaccharide (Xyl)Man;(Fuc)GIcNAc,, glyco-
peptide 5647 Da carries two oligosaccharides (Xyl)Man;(Fuc)GIcNAc,, and glycopeptides 2612 and 2533 Da carry (Xyl)Man;Glc-
NAc, and (Fuc)GIcNAc, respectively. However, the glycosylation site of the 2612 Da peptide at Asn,gg is partially occupied. This
method is particularly useful in identifying glycopeptides and obtaining monosaccharide compositions of glycopeptides.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Addition of oligosaccharides is one of the most impor-
tant steps in the process of post-translational modifica-
tion (PTM) of proteins. Majority of proteins found on
the mammalian cell surface and on internal endoplasmic
reticulum are glycoproteins.! Characterization of the
carbohydrate moiety of glycoproteins is essential to
understand the function of a protein.”* Typically, oligo-
saccharides in a glycoprotein are characterized by vari-

Abbreviations: PTM, post-translational modification; HPLC, high-
performance liquid chromatography; RP, reversed phase; MALDI-
TOFMS, matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry; CHCA, a-cyano-4-hydroxycinnamic acid; TFA,
trifluoroacetic acid; GIcNAc, N-acetylglucosamine; Man, mannose;
Fuc, fucose; Xyl, xylose.
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ous methods that begin with chemical or enzymatic
removal of the oligosaccharides and subsequently deriv-
atization and hydrolysis of the released glycan. The
hydrolyzed products are analyzed by various meth-
ods*” such as HPLC, capillary electrophoresis, NMR,
and mass spectrometry. However, these processes are
labor-intensive, and may yield incomplete cleavage of
the glycan thereby providing unrepresentative oligosac-
charide structures. Although recently mass spectrometry
with MS/MS mode has been used effectively to study oli-
gosaccharide structures in horseradish peroxidase
(HRP) by direct analysis of the glycopeptide,® data
interpretation is a challenge.

In our previous study,” trifluoroacetic acid (TFA) and
microwaves were used for hydrolysis of glycopeptides to
obtain information on oligosaccharide structures of
HRP. In this study, conventional oven heating along
with trifluoroacetic acid is used for the hydrolysis of
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Figure 1. Amino acid sequence of horseradish peroxidase. Potential N-

glycosylation sites are marked with asterisks.

the N-glycosylated peptide of HRP.!“!! Tryptic N-gly-
cosylated peptides of horseradish peroxidase are used

Mana 1\6
Manf1 — 4GIcNAcB1—4GIcNAcB 1> Asn
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Figure 2. Structure of the major carbohydrate moiety of HRP.

as test cases. Cg reversed-phase HPLC following tryptic
digestion of HRP shows several glycopeptides,®'* !> of
which the glycopeptides with molecular weights of
2533, 2612, 3355, 3673, and 5647 Da are used in this
study. Compared to acid hydrolysis of glycopeptide
using HCL,'® TFA produces less extraneous hydrolysis
products from the peptide.

2. Experimental
2.1. Materials
All chemical and biochemicals were obtained from

Sigma Chemical Co. (S. Louis, MO) and used without
further purification.
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Figure 3. MALDI-TOF mass spectra of thermal-assisted acid hydrolysis product ions from the glycopeptide 2533 Da of HRP corresponding to
peptide S,g5-Rog3 under different conditions of hydrolysis. (a) 14 mM TFA and no thermal heating; (b) 4.5 M TFA and 3.5 h thermal heating at
37°C; (c) 1.4 M TFA and 1 h thermal heating at 65 °C; (d) 4.5 M TFA and 30 min thermal heating at 95 °C.
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Figure 4. MALDI-TOF mass spectra of thermal-assisted acid hydrolysis product ions from the glycopeptide 2612 Da of HRP corresponding to
peptide M»g4-Ryog under different hydrolysis conditions. (a) 14 mM TFA and no thermal heating; (b) 3.1 M TFA and 1 h thermal heating at 65 °C;
(c) 1.4 M TFA and 30 min thermal heating at 95 °C; (d) 1.4 M TFA and 2.5 h thermal heating at 95 °C.

2.2. Methods

2.2.1. Preparation of the N-glycosylated peptides. HRP
(5mg) was dissolved in 2mL of 50 mM tris buffer
(pH 7.0) solution containing 0.1% SDS. To the HRP
solution 40 pL of 50 mM tris(2-carboxyethyl)phosphine
solution was added and heated at 95°C for 10 min.
After the solution was cooled to room temperature,
500 uL of acetonitrile and 200 pg of trypsin in 2.5 mL
of double-distilled water (DD H,O) were added, and
the solution was incubated overnight at 37 °C. HRP
trypsin digest was fractionated using a reversed-phase
C,s Vydac column (218TP1010) on an Agilent model
HP1100 HPLC system. Elution was conducted at a flow
rate of 5 mL/min using solvent A (0.1% TFA in DD
H,O0) and solvent B (0.1% TFA in acetonitrile). The col-
umn was equilibrated with 5% solvent B. After sample
injection, the column was eluted by a linear gradient
from 5% solvent B to 100% solvent B in 60 min. The
fractions corresponding to glycopeptides with MW of
2533, 2612, 3355, 3673, and 5647 Da, detected by mass

spectrometry, were collected at 64% B, 27%B, 61%B,
44%B, and 35%B, respectively. These glycopeptide solu-
tions (~0.1 pg/uL) were used directly in the experiment.

2.2.2. Thermal-assisted acid hydrolysis. To the glyco-
peptide solution (10 uL) in a 1.5 mL Eppendorf tube,
1,3, 5, or 10 uL TFA was added, and the solutions were
heated at 37, 65, or 95 °C for 30 min, 1, 2.5, 3.5, 5, or
20 h in a traditional heating oven. Increasing the volume
of each reaction mixture three times did not produce any
significantly different results. The products were centri-
fuged and then cooled to room temperature prior to
mass analysis.

2.2.3. MALDI-TOF mass spectrometric analyses.
Cyano-4-hydroxycinnamic acid (CHCA) was used as
the matrix for mass spectrometric analysis of the glyco-
peptide solutions. Compared to 2,5-dihydroxybenzoic
acid, higher intensity signals for larger mass glycopep-
tides were obtained with the use of CHCA. Samples were
spotted onto a matrix-assisted laser desorption/ionization
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Figure 5. MALDI-TOF mass spectra of thermal-assisted acid hydrolysis product ions from the glycopeptide 3355 Da of HRP corresponding to
peptide S¢5-Rog3 under different hydrolysis conditions. (a) 14 mM TFA and no thermal heating; (b) 1.4 M TFA and 3.5 h thermal heating at 37 °C;
(c) 3.1 M TFA and 1 h thermal heating at 65 °C; (d) 1.4 M TFA and 30 min thermal heating at 95 °C; (e) 3.1 M TFA and 30 min thermal heating at

95°C; (f) 3.1 M TFA and 5 h thermal heating at 65 °C.

time-of-flight (MALDI-TOF) target and analyzed by a
Voyager- DE PRO Mass Spectrometer (Applied Biosys-
tems) equipped with a 337 nm pulsed nitrogen laser. Pep-
tide mass was measured using a positive-ion linear mode
over the range of m/z 1000-6500. External mass calibra-
tion was performed using peaks corresponding to a mix-
ture of bradykinin fragments 1-7 at m/z 757, angiotensin
II (human) at m/z 1046, P14R (synthetic peptide) at m/z
1533, adrenocorticotropic hormone fragments 18-39
(human) at m/z 2465, insulin oxidized B (bovine) at m/z
3494, and insulin (bovine) at m/z 5735.

3. Results and discussion

The amino acid sequence of horseradish peroxidase
(HRP) is shown in Figure 1, and the nine N-glycosyla-
tion sites of Asn are indicated by asterisks. The structure
of the major oligosaccharide of the HRP is shown in
Figure 2. Acid hydrolysis of N-glycosylated peptides
of horseradish peroxidase (HRP) is used to generate oli-

gosaccharide ladders with MWs of 2533, 2612, 3355,
3673, and 5647 Da. Sequencing information for the car-
bohydrate moieties of glycoproteins is collected using
these ladders. Generally,*' linkages involving N-acetyl
hexosamines are the most difficult to hydrolyze and
require 4 M HCI with heating at 100 °C for 6 h. Link-
ages between hexoses, deoxyhexoses, and pentoses are
easier to hydrolyze requiring 2 M trifluoroacetic acid
(TFA) and heating at 100 °C for 6 h. Sialic acid family
is even more acid labile requiring only 50-100 mM
TFA and heating at 37 °C for 1 h. Heating for 2 h at
121 °C in 4 M TFA is also used to release N-acetyl
hexosamines, hexoses, deoxyhexoses, pentoses, and the
sialic acid family successfully.!' However, some degra-
dation products of peptide and sugars have been
observed in all acid hydrolysis procedures. It is noted
that acid cleavage of Asn-linked carbohydrate can
N-deacetylate all amine-based sugar residues.

Figures 3-7 show the MALDI-TOF mass spectra of
the glycopeptide 2533, 2612, 3355, 3672, and 5647 Da
associated with peptides S-g5-Rogz, Mogs-Roog, Sogs-
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Figure 6. MALDI-TOF mass spectra of thermal-assisted acid hydrolysis product ions from the glycopeptide 3673 Da of HRP corresponding to
peptide Ga42-Ry64 under different hydrolysis conditions. (a) 14 mM TFA and no thermal heating; (b) 3.1 M TFA and 20 h thermal heating at 37 °C;
(c) 3.1 M TFA and 1 h thermal heating at 65 °C; (d) 3.1 M TFA and 30 min thermal heating at 95 °C; (e) 1.4 M TFA and 5 h thermal heating at

65 °C; (f) 1.4 M TFA and 2.5 h thermal heating at 95 °C.

Rog3, Gogo-Rogy, and Fi79-Ry6, respectively, following
thermal-assisted acid hydrolysis in 1.4, 3.1, 4.5, or 6.7
M TFA for 30 min, 1, 2.5, 3.5, 5, or 20 h. Glycopeptides,
except 2612 Da, show a loss of an m/z 146 species with
2.5h of heating at 37°C in 1.4 M TFA solution. The
cleavage product ions are observed at mi/z 2387, 3209,
3527, and 5355 and 5501 for 2533, 3355, 3672, and
5647 Da glycopeptides, respectively. These data indicate
that all glycopeptides studied here except 2612 Da con-
tain deoxyhexose (Fuc) at the terminals. Some minor
product ions from N-deacetylation indicate that
amine-based sugar residues (GlcNAc) are present in all
the glycopeptides tested. Upon increasing the TFA con-
centration (to 3.1 M) and duration of thermal heating,
glycopeptides except 2533 Da show losses of m/z 132
and 162 species, indicating the presence of pentose and
hexose (Xyl and Man). The cleavage product ions are
observed at m/z 2316, 2450, and 2480 for the 2612 Da
glycopeptide; at m/z 3076 and 3047 for the 3355 Da gly-
copeptide; at m/z 3395 and 3365 for the 3673 Da glyco-
peptide; and at m/z 5223, 5195, 5091, 5061, 5031, 4929,
and 4899 for the 5647 Da glycopeptide. Further increas-
ing the TFA concentration to 4.5 or 6.7 M with thermal
heating at 65 °C for 5 h, glycopeptides lose more m/z 162
species of Man and m/z 203 species of N-acetyl-a-D-glu-

cosamine (GIcNAc). Majority of the final cleavage prod-
ucts are peptides with no sugar residues and/or one
GIcNAc residue linked to the Asn. The final cleavage
product ions are observed at m/z 2184, 1587, 2184,
2502, and 3305 for the 2533, 2611, 3355, 3672, and
5647 Da glycopeptides, respectively. The pattern of acid
hydrolysis and observance of the final cleavage product
ion of 5647 Da at m/z 3305 (5647-2 x 1171) suggests that
this glycopeptide contains two glycosylation sites with
identical oligosaccharide structure (Xyl)Man;(Fuc)Glc-
NAc,. Minor cleavage product ions from loss of acetyl
groups of GIcNAc (e.g., m/z 3191 of m/z 3233 in Fig.
6e) or water (e.g., m/z 2484 of m/z 2502 in Fig. 6g) have
also been detected. Some other cleavage product ions,
for example, m/z 1786, 2104, and 2363 of 3673 Da glyco-
peptide, resulting from the hydrolysis of the peptide
bond have also been detected (data not shown).

The MALDI-TOF mass spectra for the thermal-
assisted acid hydrolysis products from non-glycopeptide
1587 Da (Met,g4-Argrog) in varied amounts of TFA for
varied temperature and duration show no change in
MW as predicted (data not shown). An unchanging in-
tense signal was seen for the 1587 Da peptide, which
suggested that the N-glycosylation site at Asn,ge is not
occupied.®!>'* However, a weak glycopeptide peak at
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Figure 7. MALDI-TOF mass spectra of thermal-assisted acid hydrolysis product ions from the glycopeptide 5647 Da of HRP corresponding to
peptide F;79-R;06 under different hydrolysis conditions. (a) 14 mM TFA and no thermal heating; (b) 4.5 M TFA and 3.5 h thermal heating at 37 °C;
(c) 1.4 M TFA and 1 h thermal heating at 65 °C; (d) 3.1 M TFA and 1 h thermal heating at 65 °C; (¢) 3.1 M TFA and 30 min thermal heating at
95 °C. Asterisks indicate minor impurities. The first, second, third, and fourth number in the parentheses represent number of lost Fuc, Xyl, Man,

and GIcNAc, respectively.

2612 Da that also corresponds to peptide Mjgs-Roog, as
discussed above, provides an evidence for the occupancy
of the Asnyge.>!> It is therefore likely that Asn,gg is
partially occupied. New cleavages of the HRP by trypsin
observed here, which were absent in previous reported
HRP data.® provided more information about the struc-
tures of the oligosaccharides.

4. Conclusions

Thermal-assisted heating and matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry
were successfully used to study the glycan structures of
glycopeptides. Tryptic N-glycosylated peptides of horse-
radish peroxidase with MWs of 2533, 2612, 3355, 3673,
and 5647 Da were used as model systems. By thermal
heating the glycopeptides at 37, 65, or 95°C in 1.4,
3.1, 4.5, or 6.7 M aqueous trifluoroacetic acid solution,
partial and complete cleavages of the glycopeptide gly-
can were observed. The hydrolysis ladders suggested
that N-glycosylated peptides 3355, 3673, and 5647 Da
have a glycan structure of (Xyl)Mans(Fuc)GlcNAc,.
There were two glycosylation sites for the 5647 Da pep-

tide. Glycopeptide 2612 Da had a glycan structure of
(Xyl)Man;GlcNAc,. However, majority of the glycosyl-
ation sites of the 2612 Da peptide at Asn,gs were not
occupied. Glycopeptide 2533 Da had a core glycan
structure of (Fuc)GIcNAc. The most labile group was
the Fuc, and the majority of the final cleavage products
were the peptides with no sugar residues linked to the
Asn. The data also showed species that have lost one
water molecule and acetylation, and some hydrolyzed
products of the carbohydrate moiety of the glycopep-
tide. Further work on glycopeptides with more complex
glycan structures is underway.
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