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Given the millions of species of plants, insects, and

A method has been developed which allows the anal- other invertebrate animals, relatively little research on
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ysis of glycoproteins separated by SDS-PAGE. The
procedure, though applicable to N-glycosylated glyco-
proteins of any origin, is particularly devised for gly-
coproteins potentially containing fucose in a1,3-link-
age to the reducing GlcNAc as may be found in plants
and invertebrates, e.g., insects and parasitic hel-
minths. Starting with an established procedure for
mass spectrometric peptide mapping, the analysis of
N-glycans by matrix-assisted laser desorption/ioniza-
tion mass spectrometry involved the use of peptide:N-
glycosidase A, a triphasic microcolumn for sample
cleanup, and a new matrix mixture consisting of 2,5-
dihyhydroxybenzoic acid, 1-hydroxyisoquinoline, and
arabinosazone. The method was tested on proteins
with N-glycans of known structure, i.e., as horseradish
peroxidase, zucchini ascorbate oxidase, soybean ag-
glutinin, honeybee venom hyaluronidase, bovine ribo-
nuclease B, and bovine fetuin. An electrophoretic
band corresponding to 4 mg of glycoprotein was gen-
erally sufficient to allow detection of the major N-
glycan species. As an additional benefit, a peptide
mass map is generated which serves to identify the
analyzed protein. The method was applied to glyco-
protein allergens whose glycan structures were un-
known. Ara h 1 and Ole e 1, major allergens from
peanut and olive pollen, respectively, contained
mainly xylosylated N-glycans with the composition
Man3(24)XylGlcNAc2 in the case of Ara h 1 and GlcNAc1–2-
Man3XylGlcNAc2 in the case of Ole e 1 where also some

lcNAc0–2Man3XylFucGlcNAc2 was found. © 2000

cademic Press
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the protein glycosylation of these organisms, as com-
pared to mammals, especially humans, has been per-
formed. Consequently, methods and knowledge in this
area lag behind. However, there are at least two good
reasons for a more extensive study of this area: (i) the
obscuring influence of highly cross-reactive carbohy-
drate epitopes on in vitro allergen diagnosis (1, 2) and
(ii) the increasing use of nonmammalian expression
systems such as plants and insect cells for the produc-
tion of recombinant glycoproteins for diagnosis (e.g.,
allergy diagnosis) or even therapy. These products,
however, carry nonhuman, immunogenic oligosaccha-
rides (3, 4).

In plants, glycoprotein N-glycans can either be of the
ligomannosidic or of the complex type (5). The latter,
n contrast to mammalian complex-type N-glycans are,
ccording to the current knowledge, uncharged, non-
ialylated oligosaccharides with up to 13 sugar resi-
ues. Most glycoproteins hitherto studied contain
maller, “truncated” structures terminating in man-
ose or GlcNAc (for examples, see Fig. 1) (6–9).
There is now ample evidence that plant glycopro-

eins with asparagine-linked oligosaccharides elicit an-
ibodies which bind to xylosylated and/or core-a1,3-

fucosylated N-glycans structures of the so-called
acuolar type (2, 6, 10). In principle, also the Lewis
-containing antennae of “secreted-type” N-glycans
ay contribute to immunogenicity (11). Although be-

ng specific in terms of epitope structure, such antibod-
es are highly cross-reactive due the fact that numer-
us plant glycoproteins share a limited set of conserved
lycan structures (2, 12, 13). In fact, recent studies on
he N-glycans of 10 allergenic pollens (8) and of 27

foods (I. B. H. Wilson, R. Zeleny, D. Kolarich, E. Stau-
dacher, C. Stroop, J. P. Kamerling, and F. Altmann, in
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other nonvertebrates and it has profound repercus-
sions on the analytical strategies that might be em-
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65MASS SPECTROMETRY OF GLYCOPROTEIN GLYCANS
preparation) have shown that immunogenic N-glycans
such as MMXF3 2 or MUXF3 (see Fig. 1 for structures)
are found, albeit in varying proportions, in all of these
samples. The cross-reactivity of antibodies against
plant N-glycans is, however, not confined to plant gly-
coproteins but, according to current knowledge, in-
cludes proteins from insects, snails, and parasitic hel-
minths which all may contain core-a1,3-fucose and/or
xylose (2, 4, 12, 14–22).

The glycosylation of individual plant glycoproteins is
currently a great unknown and this may well be caused
by a lack of suitable methodology In the present study
we analyzed Ara h 1 and Ole e 1, the major allergens of
peanut and olive pollen, respectively, which are both
glycoproteins containing a single N-glycosylation site
(23, 24). While for Ara h 1, an involvement of the
carbohydrate in histamine release could not be found
(25), the N-glycan of Ole e 1 was shown to be capable of
eliciting histamine release (26). No structural analysis
of N-glycans from these allergens has so far been re-
ported.

The possibility of encountering core-a1,3-fucose is,
from the analytical biochemist’s view, the common de-
nominator of glycoproteins from plants, insects, and

2 Abbreviations used: ACH, a-cyano-4-hydroxycinnamic acid;
ARA, D-arabinosazone; DARCI, matrix mixture for MALDI-MS;
DHB, 2,5-dihydroxybenzoic acid; HIC, 1-hydroxyisoquinoline;
MALDI-MS, matrix-assisted laser desorption/ionization mass spec-
trometry; MMX, MMXF3, and others, N-glycan structures; see Ta-
bles 1 and 5 and Refs. (4, 8).

FIG. 1. Selected examples of N-glycans from plants and insects.
Structure 1 shows the plant N-glycan structure MGnXF3. In this
abbreviation the terminal residues are named starting with the
residue on the 6-linked antenna and proceeding counterclockwise as
indicated. The isomer with GlcNAc bound to the 6-linked mannose
thus had the name GnMXF3. Where ambiguous, the linkage of the
sugar is depicted as a superscript (for details, see (4, 8). Without any
terminal GlcNAc residue the structure would be named MMXF3.

emoval of the 3-linked mannose would lead to MUXF3 (U for un-
ubstituted; older name M0XF3 (8)). Structure 2 depicts the most
omplex N-glycan found in bee venom hyaluronidase (16).
ployed, as will be exemplified later. Until a very few
years ago, an analytical protocol for glycoprotein N-
lycans started with the thorough purification of the
rotein of interest. Now procedures have been devised
hich allow the direct analysis of glycoproteins from
DS-PAGE gels thus obviating the need for complete
urification of the protein. Post SDS-PAGE, one strat-
gy is the fluorescent labeling of enzymatically re-
eased glycans followed by HPLC (27). Another ap-
roach makes use of mass spectrometry. Many aspects
f glycan analysis by mass spectrometry are presented
n the excellent introduction to a recent paper of
üster et al. (28) and need not to be repeated here. It
ay, however, be useful to remember that while car-

ohydrate analysis by matrix-assisted laser desorp-
ion/ionization mass spectrometry (MALDI-MS) suf-
ers from being less sensitive than the analysis of
eptides, it has the advantage that the ratios of peak
ntensities essentially reflect the abundance of the var-
ous glycans (29).

Packer et al. (30) have devised an elegant approach
or electrospray ionization-MS analysis which in prin-
iple should also be applicable to MALDI-MS. Herein,
he gel is blotted to PVDF membranes and the glyco-
roteins are denatured and deglycosylated with N-gly-
osidase F. The N-glycans are then purified utilizing
heir affinity to graphitized carbon. The only method
itherto particularily dedicated to MALDI-MS was de-
cribed by Küster et al. (28, 31). Here, the glycoproteins
re digested by N-glycosidase F within the gel and the
esulting oligosaccharides are eluted and purified by
assage over a microcolumn containing cation and an-
on-exchange resin as well as reversed-phase matrix.
his method appears superior as it omits the laborious
lotting step which may result in substantial losses of
lycoprotein. However, with regard to nonmammalian
lycoproteins it suffers from a severe problem: N-gly-
osidase F cannot release glycans with a fucose in

a1,3-linkage to the reducing terminal GlcNAc (32, 33).
This problem can be overcome by the use of N-glycosi-

ase A, but with a mass of 75.5 kDa (34), this enzyme
s much larger than N-glycosidase F having only 35
Da (35). Thus penetration of N-glycosidase A into the
el might be hindered. Finally, but of utmost impor-
ance, N-glycosidase A acts efficiently only on glycopep-

tides but not on glycoproteins, denatured or not (33).
There is yet another problem associated with the

analysis of a band from a gel and that is protein iden-
tity. Especially, if a crude preparation producing a
multitude of bands is subjected to electrophoresis,
identification of the protein in parallel with glycan
analysis would be desirable. Therefore we describe
herein a method that combines peptide and glycan
mass mapping. First, tryptic peptides are generated,
analyzed, and subsequently deglycosylated with N-gly-



cosidase A. After cleaning of the oligosaccharides with
a triphasic microcolumn they were analyzed by
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MALDI-MS using a new, powerful matrix mixture.

MATERIALS AND METHODS

Glycoproteins, Matrices, and Apparatus

Horseradish peroxidase (type VI-A), bovine fetuin,
bovine ribonuclease B, soybean lectin, leukophytohem-
agglutinin, and olive pollen were purchased from
Sigma. Zucchini (Cucurbita sp.) ascorbate oxidase was
obtained from Roche and also from Sigma. Honeybee
venom hyaluronidase was prepared from bulgarian bee
venom as described (16). Unroasted peanuts were a
kind gift of Dipl. Ing. Elisabeth Struppe (Farmgold,
Wiener Neudorf).

2,5-Dihydroxybenzoic acid (DHB) was from Aldrich,
whereas 1-hydroxyisoquinoline (HIC), a-cyano-4-hy-
droxycinnamic acid (ACH), and D-arabinose, used to
prepare D-arabinosazone according to published proce-
dures (36), were purchased from Fluka. Dowex 50 W
38 (100–200 mesh) and AG3 34A (200–400 mesh)

ere from Bio-Rad. LiChroprep RP-18 (40–63 mm) was
from Merck. Gelloader tips from Molecular BioProd-
ucts (MbP) were used as microcolumns. Glycerol-free
peptide:N-glycosidase A was prepared as described
34). Glycerol-containing peptide:N-glycosidase A,

neuraminidase from C. perfringens, and sequencing
grade trypsin (unmodified) were obtained from Roche.

Allergen Extracts

Peanuts were extracted with Tris/Tricine buffer as
described (37). For electrophoresis, 10 ml of a 1% (w/v)
solution of the lyophilized extract was used.

Olive pollen extract was prepared by stirring 10 mg
pollen in 0.4 ml 125 mM ammonium bicarbonate of pH
8.3 at 4°C overnight and subsequent centrifugation. To
80 ml of this extract, 400 ml cold methanol was added
and the sample was kept at 4°C overnight to precipi-
tate proteins. After centrifugation and drying under a
stream of nitrogen, the pellet was dissolved in SDS
sample buffer.

Electrophoresis and Peptide Mapping

Reducing SDS-PAGE was performed according to
established procedures using a Bio-Rad Mini-Protean
II cell and gels made of 12.5% (w/v) or, in the case of
olive pollen, of 14% (w/v) total monomer with 1% cross-
linker. Gels were fixed (50% (v/v) methanol, 7% (v/v)
acetic acid) and stained with Coomassie blue G in
perchloric acid (38). Bands of interest were excised
with a scalpel and, after washing and S-carboxam-
idomethylation, subjected to tryptic digestion as de-
scribed in detail elsewhere (39). The extracted peptides
were typically taken up in 10 ml (or more) of 5% (v/v)
formic acid and analyzed by MALDI-MS. Deviating
(0.8 ml of 1% (w/v) ACH in 70% (v/v) acetonitrile).
Peptides were measured with a “dynamic extraction”
setting of 0.1. Average masses of [M1H]1 ions were
determined using human bradykinin and human renin
substrate tetradecapeptide for external calibration of
the instrument. Theoretical peptide maps were con-
structed with the ExPASy “Peptide-Mass” program.

Preparation and MALDI-MS of N-Glycans

Following withdrawal of an aliquot of the tryptic
digest for peptide mapping, the samples were dried in
a speed-vac concentrator and dissolved in 25 mM am-
monium acetate of pH 5.0. In order to inactivate any
residual trypsin, the samples were heat-treated for 6
min at 95°C. After cooling and brief centrifugation, 30
mU of N-glycosidase A (0.2 ml of the glycerol-free en-
zyme preparation) was added and deglycosylation was
performed overnight at 37°C. Where stated, the same
amount of glycerol-containing N-glycosidase A (0.6 ml)
was employed. In the case of sialylated glycoproteins,
50 mU neuraminidase was additionally included.

To remove peptides and salts, the digest was applied
to a microcolumn prepared as follows. A 10-ml portion
of a slurry of Dowex 50W 38 previously washed with
2% (v/v) acetic acid was transferred into a Gelloader
tip. To compact the gel, two 20ml portions of 2% acetic
acid were forced through it by gently applying pressure
using a 1 ml pipette tip. Subsequently, 10 ml of a
suspension of LiChroprep RP18 in 96% (w/w) ethanol
was layered on top of the cation exchanger and washed
twice with 20 ml 96% ethanol. Finally, 10 ml of a slurry
of AG 3 in 2% acetic acid was added. Finally the column
was washed with several portions of 2% acetic acid.
The entire sample was pipetted on top of the microcol-
umn, and the sample tube was rinsed with 10 ml of 2%
acetic acid which was likewise transferred to the mi-
crocolumn. It is crucial to prevent the column from
running dry as then the sample will elute too quickly.
The total eluate of approximately 30 ml was collected in
a new microcentrifuge tube and evaporated. If glycerol-
containing N-glycosidase was used, a small drop of
lycerol remained in the vial. The microcolumns could
sually be used up to four times if thoroughly washed.
For MALDI-MS analysis, the samples were redis-

olved in 10 ml water. Generally, a 0.8-ml sample was
first spotted onto the target and dried, and then 0.8 ml
matrix was pipetted onto the dry sample. The platen
was immediately transferred to a desiccator and vac-
uum was applied until all solvent had evaporated. Pre-
mixing of sample and matrix usually gave similar re-
sults. Several matrices were tested: (a) DHB alone was
used as a 2% (w/v) solution in 30% (v/v) acetonitrile; (b)
K-DHB was made adding 1% (v/v) of 1 M KCl; (c)
arabinosazone (ARA) was dissolved to 1% (v/v) in ace-
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Summary of Identified Glycopeptides and Their Glycan Compositionsa
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tonitrile; (d) DHB-ARA was made by mixing the above
matrix solutions in a ratio of 1:1; (e) HIC-DHB con-
sisted of 0.2 M DHB and 0.06 M HIC in 50% (v/v)
acetonitrile as described (40); and (f) DARCI was pre-
pared by blending equal volumes of DHB, ARA, and
HIC-DHB. It proved essential to mix the three solu-
ions immediately before use. Oligosaccharides were
nalyzed with a “dynamic extraction” setting of 0.1.
pectra were compiled “manually” by addition of single
hots rather than by automatic repetitions. Average
asses of [M1Na]1 ions were determined using a par-

tial dextran hydrolysate for external calibration of the
instrument.

All spectra were recorded on a DYNAMO (Thermo-
BioAnalysis), a linear time-of-flight MALDI-MS instru-
ment capable of dynamic extraction, a synonym for
delayed extraction.

RESULTS

Peptide Mapping and Identification of Glycopeptides

In principle, a MALDI peptide spectrum can also
give information regarding N- and O-glycosylation of a

Peptide

Sugar residu

Hex HexNA

Horseradish peroxidase
31–49b 3 2
31–49c 3 2
184–189 3 2
214–236 6 4
272–294 3 2
295–313 3 2
Ribonuclease B
58–63 5 2
58–63 6 2
Hyaluronidase
262–269 3 2
262–269 3 2
Soybean agglutinin
95–117 9 2
Ole e 1
105–111d 3 2
105–111d 5 2
105–111d 3 3
105–111d 3 3
105–111d 6 2
105–111d 4 3
105–111d 3 4
105–111d 7 2
105–111d 3 4
105–111d 8 2

a The corresponding N-glycan structures are specified in Tables 2
b With pyroglutamic acid and acetamide-modified cystein (mass o
c With pyroglutamic acid and acrylamide-modified cystein (mass o
d Only for variants where residue 106 is Ile (mass of protonated p
e Unresolved shoulder of the peak at m/z 5 2610.9.
protein provided the glycopeptides can be identified.
The N-glycans of purple acid phosphatase from red

idney beans have bean studied in this way (41). How-
ver, suppression effects are a notorious problem in
ALDI-MS (42). To overcome this problem, in one

tudy the glycopeptides from interferon-g have been
isolated by HPLC prior to MALDI-MS, thus allowing
the characterization of its N-glycosylation (43) .

In the present study, glycopeptides could be identi-
fied in the digests from some of the glycoproteins stud-
ied but not from ascorbate oxidase, fetuin, and Ara h 1.
Bee venom hyaluronidase contains two potential N-
glycosylation sites (Swiss-Prot database). For glycosyl-
ation site 263 two N-glycopeptides could be identified,
ndicating that hyaluronidase contains at least two
lycans species of different mass (Table 1). The oligo-
annosidic glycopeptides of soybean agglutinin and

ibonuclease B could be detected, in the latter case,
owever, as a very small peak (Table 1). In horseradish
eroxidase, no fewer than 6 of the 8 glycosylation sites
ould be identified which all contained MMXF3 glycans

(Table 1). This screening of spectra for glycopeptide

Average mass of [M1H]1

en dHex Calculated Experimental

1 1 3379.5 3380.3
1 1 3393.6 3394.7
1 1 1843.8 1842.8
2 2 4986.1 4987.0
1 1 3673.9 3673.9
1 1 3355.5 3355.1

— 1935.9 1935.6
— 2098.1 2097.3

1 2002.0 2003.0
2 2148.1 2149.2

4381.4 4383.2

1 1 2407.5d 2407.1
2453.5 2454.0

1 2464.5 2464.5
1 1 2610.7 2610.9

2615.1 e

1 2626.7 2626.4
1 2667.7 2667.8

2777.8 2778.0
1 1 2813.9 2814.1

2939.9 2940.3

d 3.
otonated peptide 5 2208.5).
rotonated peptide 5 2222.5).
ide 5 1236.4).
es

P

—
—
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68 KOLARICH AND ALTMANN
peaks was performed with the N-glycan mass data
already known—either from the literature or from this
study. It remains doubtful whether it would have been
possible to identify these sometimes multiply modified
peptides (Table 1) without prior knowledge of the gly-
can types. Theoretically, a peptide-map performed af-
ter hydrolysis of glycopeptides by N-glycosidase A or F
could yield information about the N-glycan. In practice

owever, the spectra were significantly poorer after
his step, thus even some nonglycosylated peptides
ould no longer be found. Confirming a recent paper by
rause et al. (44), we observed that most of the detect-
ble glycopeptides and most of the peptides giving high
ntensity peaks contained an Arg residue. For instance,
hen leuko-phytohemagglutinin was digested with

rypsin in solution, only the Arg-terminated oligoman-
osidic glycopeptide but not the Lys-containing com-
lex-type glycopeptide (45) could be identified (data not
hown). The glycosylation itself does not seem to be a
indrance for effective laser desorption ionization as,
.g., the glycopeptide peaks from Ole e 1 were quite
ntense (Fig. 2, Table 1). Even though, MALDI-MS
nalysis of glycopeptides from digestion mixtures holds
ittle promise as a generally applicable strategy.

-Glycan Release and Purification

Owing to the above described problems, we rede-
igned the approach taken by Küster et al. (28, 31) for
he analysis of nonvertebrate N-glycans. As outlined in
he introduction, N-glycosidase A requires glycopep-
ides as substrates. Therefore, the protocol of Jensen et
l. (39) was followed to isolate tryptic (glyco-)peptides
rom electrophoresis bands. As a highly valuable by-
roduct, these tryptic peptides can be used for protein
dentification as was necessary in this work for the

FIG. 2. SDS-PAGE of standard proteins and peanut extract. Four
icrograms of the pure proteins, 100 mg of peanut extract, and the

precipated proteins from 80 ml of olive pollen extract (roughly corre-
sponding to 2 mg of pollen) were applied on the gel. The lanes
contained the following samples: 1, molecular mass standards; 2,
horseradish peroxidase; 3, bovine ribonuclease B; 4, zucchini ascor-
bate oxidase; 5, bee venom hyaluronidase; 6, bovine fetuin; 7, soy-
bean lectin; 8, peanut extract; and 9, olive pollen extract. The bands
excised and analyzed either were the strongest band of the respective
lane or were those identified by arrows.
ther substances interfering with MALDI-MS of sug-
rs had to be removed. The laser desorption/ionization
f oligosaccharides is considerably less effective and
ore prone to interference by contaminations than

hat of peptides (29). Initial attempts with cation-ex-
hange resin added directly to the sample gave very
oor results. Therefore we tried to improve the ion
ield of N-glycans by derivatization. Mo et al. (46) have
laimed procaine derivatives to be highly useful com-
ounds for MALDI analysis providing a 1000 times
igher sensitivity than underivatized glycans. To this
nd, we derivatized maltohexaose with 4-aminobenzoic
cid diethylaminoethyl ester and also with 2-amino-
yridine and purified the products by HPLC. Compar-
tive analysis of underivatized, procaine and aminopy-
idine-labeled hexaose did not reveal any significant
ain in sensitivity on our instrument (data not shown).
ince any derivatization procedure will inevitably lead
o sample losses, we decided to analyze underivatized,
educing oligosaccharides. To this end, the cleanup
trategy described by Küster et al. (28, 31) was adopted
ith minor changes: The reversed-phase matrix which

ends to float in aqueous solvents was used as the
iddle layer, thereby being held in place by the anion-

xchange resin. Dilute acetic acid was used as the
olvent in order to promote binding of peptides to cat-
on-exchange resin. Incidentally, this eluent allows at
east monosialylated glycans to pass through the an-
on-exchange section of the column.

atrices for N-Glycans

One obvious problem encountered when analyzing
he glycans of electrophoretically separated glycopro-
eins is the low amount of sample. Therefore, strategies
o optimize the sensitivity had to be developed. The
rst choice of matrix for MALDI analysis of carbohy-
rates is DHB (47). For the analysis of small amounts
f sample, however, very small total sample volumes
ust be chosen, and thus (irremovable) contaminants

ppear in high concentration. In such samples, DHB
equired a few high-energy “preshots” before glycan
eaks were detected. Unfortunately, this also may en-
ance the appearance of background peaks especially
f mass 1135.4, 1209.1, and 1282.3 ( 6 0.3 Da). Various
ays of forming the matrix layer were tried but none
roved better than the technique of immediate drying
f the matrix. Super-DHB (48) gave no improvement of
ignal on the DYNAMO. Arabinosazone, a promising
ew matrix for carbohydrates (36), when used alone,
as too fluffy so that two or three shots often removed

he entire matrix layer at the particular spot—even
hough the laser energy used was several percent be-
ow that required with DHB. Therefore we tried to
tabilize the ARA by mixing it with DHB. Various



TABLE 2

Interpretation of MALDI-MS Data for Reference Glycoproteins
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ratios gave quite satisfactory results. Another highly
useful matrix formulation proved to be HIC-DHB (40),
which allowed desorption of glycans at lower laser en-
ergies than DHB.

For many samples, the best results were, however,
obtained with the ternary mixture DARCI. The signif-
icantly reduced laser energy required as compared to
DHB only matrices gave a better signal to noise ratio
even in the mass range below 1000 Da. No, or just a
minimum of, “burn-in” shots were required and the
appearance of said background peaks was almost neg-
ligible. Thus the identification of oligosaccharide sig-
nals was in many cases easier and less equivocal than
with the other matrices. Another advantage comes
from the high sodium content of DARCI resulting in a
strong dominance of the sodium adduct peak. The only
minor drawback was the appearance of a peak at 972.2
Da which probably could be avoided by improved puri-
fication of the arabinosazone. The DARCI matrix mix-
ture must be prepared fresh from the three solutions

Molar composition

Hex HexNAc Pen dHex

1 2 0 2
2 2 0 1
3 2 0 0
2 2 1 1
2 2 0 2
3 2 1 0
3 2 0 1
4 2 0 0
3 2 1 1
3 2 0 2
4 2 1 0
5 2 0 0
3 3 1 0
4 2 1 1
3 3 1 1
6 2 0 0
4 4 0 0
7 2 0 0
3 4 0 2
5 4 0 0
8 2 0 0
3 4 0 3
5 4 0 0
9 2 0 0
5 5 0 0
5 5 1 Sialic acid

a Abbreviated names for N-glycan structures are explained in deta
. The structures explained in the following footnotes are not amen

b Experimental values agreed with these masses to within 0.3 Da
c Similar to Structure 2 in Fig. 1 but lacking one of the fucose res
d Structure 2 in Fig. 1.
e Triantennary N-glycan lacking one terminal Gal residue.
f Triantennary asialo N-glycan.
g Triantennary N-glycan with one N-acetylneuraminic acid residu
before use. For unknown reasons, direct dissolution of
the solid substances did not give satisfactory results.
With some samples the best results were nevertheless
obtained with plain DHB albeit with a higher operator
effort. This may lead to equivocal results as often the
potassium adduct ion of a glycan species has the same
mass as another structure since the mass difference of
hexose and deoxyhexose is 16 Da. In such cases, the
potassium enriched matrix K-DHB can clarify ambigu-
ities.

Use of Commercial, Glycerol-Containing Peptide:
N-Glycosidase A

The observations described so far apply to samples
treated with glycerol-free N-glycosidase A. However,
the commercially available enzyme contains 50% glyc-
erol. Thus, a small drop of glycerol will remain upon
evaporation of the samples after purification on the
microcolumn. In this case, DARCI was a less effective

Structure namea
Calculated average mass

of [M1Na]1b (Da)

UUF3F6 901.7
MUF3/MUF6 917.8
MM (Man3) 933.8
MUXF3 1049.9
MUF3F6 1064.0
MMX 1065.9
MMF3/MMF6 1080.0
Man4 1096.0
MMXF3 1212.1
MMF3F6 1226.1
Man4X 1228.1
Man5 1258.1
GnMX/MGnX 1269.1
Man4XF3 1374.2
GnMXF3/MGnXF3 1415.3
Man6 1420.3
GalGn/GnGal 1502.4
Man7 1582.4
c 1632.5
GalGal 1664.5
Man8 1744.5
d 1778.6
e 1867.7
Man9 1906.7
f 2029.8
g 2343.0

n previous papers (4, 8) and are partially exemplified in Figs. 1 and
to this nomenclature.

e also Fig. 3.
es linked to the reducing GlcNAc.

resent as the sodium salt (see also text).
il i
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were obtained if such spots could be found. MALDI
analysis was considerably more awkward as compared
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matrix than DHB which, however, crystallized very
slowly even in vacuo. Instead of the uniform, micro-
rystalline layer obtained with glycerol-free samples,
arge irregular needles formed. While it was difficult to
nd suitable spots for MALDI, rather good spectra

FIG. 3. MALDI mass spectra of N-glycans from reference glycop-
roteins. (A) N-Glycans from the major band of a sample of 4 mg

orseradish peroxidase; (B) oligosaccharides obtained from 4 mg
ascorbate oxidase (Roche); (C) N-glycans from a 4-mg sample of bee
enom hyaluronidase; (D) N-glycans from three combined 8-mg sam-
les of hyaluronidase; (E) “asialo”-oligosaccharides from 4 mg of

bovine fetuin. Interpretation of peak masses in terms of sugar com-
position and the calculated masses of the ions are summarized in
Table 2. These spectra were acquired with DARCI as the UV-absorb-
ing matrix. Peaks at m/z 972 derive from the matrix. Analysis of
samples from peroxidase and ascorbate oxidase with K-DHB (data
not shown) revealed the peaks at m/z 5 1228 to be potassium
adducts and not additional glycan species.
to samples devoid of glycerol but the final results were
sometimes only slightly inferior in terms of signal to
noise ratio and the presence of impurity peaks. How-
ever, more often than not it will be advantageous to
remove the glycerol by, e.g., microdialysis.

Analysis of N-Glycans from Reference Glycoproteins

Horseradish peroxidase was a sample which proved
easy to analyze as it contains per molecule eight N-
glycans of almost uniform structure, i.e., MMXF3 (7,
49). Thus, even 1 mg of peroxidase applied to the SDS-
PAGE gel allowed identification of the major structure
as a large peak. With 4 mg (ca. 100 pmol) of protein,
some minor N-glycans could be identified (see Table 2;
Fig. 3A), which is in keeping with earlier reports (7,
49). As can be seen from Fig. 2 (SDS-PAGE of standard
proteins and others), peroxidase divides into at least
three bands, thus the actual amount of protein ana-
lyzed was in the range of 60 pmol. Given the eight
glycosylation sites, the estimated amount of, e.g., MMX
in the total sample amounted to 21 pmol and thus 1.5
pmol of glycan had been on the MALDI target, assum-
ing no loss between electrophoresis and spotting.

Another plant glycoprotein with complex-type struc-
tures is ascorbate oxidase from zucchini, which previ-

FIG. 4. MALDI mass spectra of N-glycans from peanut allergen
Ara h 1 (A) and olive pollen allergen Ole e 1 (B). Interpretation of
peak masses in terms of sugar composition and the calculated
masses of the ions are summarized in Table 2. For the Ara h 1
spectrum, DARCI was used as the matrix. The spectrum of Ole e 1
glycans was made with plain DHB matrix. The peaks at 1135.7 and
1209.2 represent matrix impurities. The latter peak is poorly sepa-
rated from a compound with 1212.4 Da, presumably MMXF3. The

eaks identified by mass labels represent [M1Na]1 ions. Other
peaks are potassium adducts of the same glycans or notorious impu-
rities (see text).
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TABLE 3

Asn-Linked Oligosaccharides from Allergens Ara h 1 and Ole e 1
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ously was shown to contain four different N-glycan
structures (9). All of these structures could be found by
MALDI-MS analysis when 4 mg protein was loaded on
the gel (Fig. 3B). The theoretical amount of MUXF3

(m/z 5 1049.8) on the MALDI target was calculated to
be 65 fmol. The results shown in Fig. 3B and Table 2
were obtained with enzyme from Roche. The ascorbate
oxidase from Sigma contained the same structures in a
very similar proportion. Thus, in contrast to the ascor-
bate oxidase from Cucurbita pepo medullosa (50), these
commercial products contain core a1,3-fucose.

Two glycoproteins, one from a plant, one from a
mammal, having oligomannosidic glycans were sub-
jected to the procedure. In bovine ribonuclease B, four
oligomannosidic N-glycans were found in a very simi-
lar ratio as described previously (64% Man5, 29%
Man6, 4% each Man7 and Man8) (51); however, a trace
of Man9GlcNAc2 found by other methods (31, 51) was
not seen. Man9GlcNAc2 though was identified as ex-
pected as the major N-glycan in soybean agglutinin
(52).

When the partially core-a1,3-fucosylated insect gly-
coprotein hyaluronidase from honeybee venom was an-
alyzed, essentially all structures previously identified
where found in the spectra (Table 2). While 4 mg of

rotein gave intense signals for all glycan species com-
rising at least 8% of the total (Fig. 3C) (16), the
pectrum obtained from 25 mg of protein—loaded on

three separate lanes—allowed detection of even trace
components (Fig. 3D). The complex-type N-glycan 2
(Fig. 1) which only represents 2.7% of the glycan pool
according to HPLC could thus be found.

In the case of bovine fetuin which carries sialylated
complex-type N-glycans, N-glycosidase A and neur-
aminidase were used simultaneously to allow

Average mass of [M1Na]1

Molar compExperimental

CalculatedAra h 1 Ole e 1 Hex HexNAc

1065.9 — 1065.9 3 2
— 1212.4 1212.1 3 2

1096.2 — 1096.0 4 2
1228.0 — 1228.1 4 2
1258.2 1258.2 1258.1 5 2

— 1269.3 1269.1 3 3
— 1415.6 1415.3 3 3

1420.3 1420.9 1420.3 6 2
— 1431.5 1431.3 4 3
— 1472.5 1472.3 3 4
— 1582.6 1582.4 7 2
— 1618.0 1618.3 3 4
— 1743.3 1744.5 8 2

a Tentatively assigned N-glycan structures are depicted in Fig. 5.
MALDI-MS using DHB or DARCI as the matrix. Apart
from the major compound possessing three complete
antennae and three smaller variants, a peak (m/z 5
2343.3) corresponding to a structure apparently con-
taining N-acetylneuraminic acid as its sodium salt
could also be observed. It may be speculated that this is
a NeuNAc residue-linked a2,6 to GlcNAc (53). This
residue might well be in a configuration that makes it
inaccessible to neuraminidase.

Analysis of the Peanut Allergen Ara h 1 and Olive
Pollen Allergen Ole e 1

As a realistic test of the new system two proteins
with as yet unknown glycosylation were analyzed after
SDS-PAGE of allergen extracts. Ara h 1 is the most
significant peanut allergen (23). It is a glycoprotein of
about 66 kDa with a single N-glycosylation site. From
an SDS-PAGE of a peanut extract, the band of appro-
priate size was subject to the procedure herein de-
scribed. The protein was identified by its peptide map
as Ara h 1 (Swissprot P43237). N-glycan analysis re-
ealed five glycan species (Fig. 4A; Table 3). From peak
asses in conjunction with knowledge about structure

nd biosynthesis of plant N-glycans, structures were
entatively assigned as shown in Fig. 5. Remarkably,
he single glycosylation site of Ara h 1 bears both
ligomannosidic and xylosylated, complex-type N-gly-
ans in a one to one ratio, while no fucosylated species
ould be found.
Ole e 1 exists in several isoforms (Swissprot P19963)

24). Peptide mapping revealed the isoform with Ile in
osition 106 as predominant in the pollen batch ana-
yzed. Probably due to its terminal Arg residue, the
ignals corresponding to glycopeptides were very

tion

Structure namea

Peak area in %

en dHex Ara h 1 Ole e 1

1 0 MMX 15.8 —
1 1 MMXF3 — 3.0
0 0 Man4 4.9 —
1 0 Man4X 32.6 —
0 0 Man5 27.5 1.0
1 0 GnMX/MGnX — 54.0
1 1 GnMXF3/MGnXF3 — 2.0
0 0 Man6 19.1 2.0
1 0 Man4GnX — 2.0
1 0 GnGnX — 23.0
0 0 Man7 — 8.0
0 2 GnGnXF3 — 4.0
0 0 Man8 — 1.0
osi

P



A
c
3
G
a
a
s
e

72 KOLARICH AND ALTMANN
strong and allowed the compositions of at least nine
N-glycan species to be assigned (Table 1). The glyco-
peptides were nonetheless digested with N-glycosidase

to yield the free oligosaccharides. Their analysis
orroborated the identification of glycopeptides (Table
). Xylosylated structures with one or two terminal
lcNAc residues were found to dominate and were
ccompanied by some additionally fucosylated glycans
nd oligomannosidic structures. These structures are a
ubset of those found during the previous analysis of
ntire olive pollen extracts (8).

DISCUSSION

The method described in this paper facilitates the
analysis of glycoprotein N-glycans from electrophoretic

FIG. 5. Tentatively assigned structures of N-glycans from Ara h 1
specificity of a plant a–mannosidase II (56). Symbols for sugar resid
xylose.
bands corresponding to a few micrograms of proteins
from nonmammalian but also from mammalian origin.
Depending on the amount of sample there is a certain
threshold for minor species. This threshold can be low-
ered by combining two or three protein bands, e.g., in
the case of hyaluronidase. Even then MALDI analysis
of carbohydrates is in most cases less sensitive than
that of peptides owing on one hand to the notoriously
less efficient desorption/ionization mechanism of car-
bohydrates and, in addition, to the heterogeneity of
N-glycans at a particular glycosylation site. However,
with ascorbate oxidase, minor structures accounting
for less than 100 fmol on the sample plate could still be
identified. Labeling of glycans did not, in our hands,
improve the detection limits. The use of a ternary ma-

d Ole e 1. The assignment of the Man4X structure is based on the
are as follows: M, mannose; Gn, N-acetylglucosamine; F, fucose; X,
an
ues



trix mixture termed DARCI in many cases facilitated
the mass spectrometric analysis but did not substan-
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Faye, L. (1999) N-Glycosylation of a mouse IgG expressed in
transgenic tobacco plants. Glycobiology 9, 365–72.
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tially lower the achievable detection limit.
Obviously, the basic concept of the method can be

modified in several ways. For mammalian glycopro-
teins, the use of N-glycosidase F in a slightly basic,
volatile buffer might be more economical. Glycans
could be analyzed by electrospray ionization mass spec-
troscopy employing on-line desalting on graphitized
carbon (30). This technique would obviate the need for
the anion-exchange resin and thus permit the analysis
of sialylated and sulfated N-glycans.

The new technique allowed determination of the N-
glycan structures of two prominent allergens, Ara h 1
and Ole e 1. Carbohydrate specific antibodies toward
Ara h 1 have recently been reported as having no
clinical significance as judged by basophil histamine
release assays (25). This was interpreted as a general
inability of protein–oligosaccharides to elicite clinical
symptoms. It could, however, also just reflect the no-
tion that monovalent epitopes are unable to trigger a
cellular response as they cannot crosslink cell-surface-
bound IgE. A third explanation, however, comes from
the results of this work. In several instances, core
a1,3-fucose was identified as the immunodominant
sugar residue on complex plant carbohydrates both for
IgG and IgE (2, 32, 54, 55). As the N-glycans of Ara h
1 contained no detectable amounts of core-fucosylated
N-glycans, their affinity to IgE may be too low to elicit
histamine release even though they bind IgE in an in
vitro assay system. However, the free N-glycans of Ole

1 released by N-glycosidase F were reported to elicit
basophil histamine release (26). As both Ara h 1 and
Ole e 1 contain only one glycosylation site and both
bear mainly xylosylated structures these divergent re-
sults are not readily explained by the data presented
here. However, we are confident that future applica-
tions of the method herein presented will assist in
elucidating the role of Asn-linked carbohydrate in im-
munological processes.
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28. Küster, B., Hunter, A. P., Wheeler, S. F., Dwek, R. A., and
Harvey, D. J. (1998) Structural determination of N-linked car-
bohydrates by matrix-assisted laser desorption/ionization-mass
spectrometry following enzymatic release within sodium dodecyl
sulphate-polyacrylamide electrophoresis gels: Application to
species-specific glycosylation of alpha1-acid glycoprotein. Elec-
trophoresis 19, 1950–1959.

29. Naven, T. J., and Harvey, D. J. (1996) Effect of structure on the
signal strength of oligosaccharides in matrix-assisted laser de-
sorption/ionization mass spectrometry on time-of-flight and
magnetic sector instruments. Rapid Commun. Mass Spectrom.
10, 1361–1366.

30. Packer, N. H., Lawson, M. A., Jardine, D. R., Sanchez, J. C., and
Gooley, A. A. (1998) Analyzing glycoproteins separated by two-
dimensional gel electrophoresis. Electrophoresis 19, 981–988.
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