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N-glycans detached from the 42 kDa cellular glycoprotein of in vitro propagated cactus (Mam-
millaria gracillis Pfeiff.) shoots, callus, hyperhydric regenerants and TW tumour were analyzed
by mass spectrometry after in-gel deglycosylation of excised protein bands. Mixtures of N-gly-
cans were shown by the electrospray MS analysis to be highly complex and heterogeneous.
Only a low amount of high-mannose N-glycans was present, while the majority of structures
were of the complex-type N-glycans. A single N-glycan structure was observed in the shoot
sample, which appeared to be in good correlation with previous results. Similarities of assign-
ed structures were revealed in the callus and tumour tissue while the highest number of differ-
ent oligosaccharide structures was found in the hyperhydric regenerant. The presence of sialic
acid as a constituent of N-glycans was indicated by lectin staining, ion exchange chromatogra-
phy and molecular mapping by mass spectrometry, and could be correlated with the differentia-
tion status of the tissues. Results obtained in this study indicate that different morphological
levels can be correlated with the N-glycan composition of cellular glycoproteins.
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INTRODUCTION

Primary protein structure is genetically determined, but
by various post-translational modifications of the primary
structures proteins modulate their specific biological ac-
tivities. Glycosylation is one of the most common and
important post-translational modifications of proteins.
The oligosaccharide chain can be either N- or O-linked.

In endoplasmic reticulum (ER) N-glycosylation, a trans-
fer of the lipid-linked precursor oligosaccharide to the
asparagine residue of polypeptide synthesized in the
rough ER and its attachment via a covalent linkage oc-
curs. This primary oligosaccharide chain structure is fur-
ther processed during its exit from ER and passage
through Golgi apparatus (GA). The latter cell compart-
ment is also a site of protein O-glycosylation.
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N-linked oligosaccharides of plant glycoproteins are
covalently linked to the asparagine residues (Asn) within
the common consensus polypeptide sequence Asn-Xaa-
Ser/Thr (where Xaa is any amino acid other than proline
and aspartic acid), as they are in animal glycoproteins,
and the core structure, Man3-GIcNAc,-Asn, is also pre-
served. Oligosaccharide moieties of glycoproteins origi-
nating from various organs of different plant species
have been investigated. On the basis of these results,!-3
N-glycan classification into four classes has been propos-
ed: 1) high-mannose-type, ii) complex-type, iii) pauciman-
nosidic-type and iv) hybrid-type-N-glycans. Although
the high-mannose type glycan structures of plants are
identical to those of animal oligosaccharides, the com-
plex-type, paucimannosidic-type and the hybrid-type gly-
cans characteristically contain -xylose linked, S(1 —2),
to the core f-mannose residue. Furthermore, the complex-
type glycans often contain a-fucose linked, (1 —3), to
the proximal N-acetylglucosamine residue and an a-fu-
cose linked, a(1 —6), to the branching GIcNAc residues.
Structures that have not been found in oligosaccharides
of plant glycoproteins so far are sialic acids,!*> a-fuco-
se linked, (1 — 6), to the proximal GlcNAc residue and
a-fucose linked, a(1—3), to the branching GIcNAc resi-
due,!” all of which are typical of animal glycans. In
plants, like in other organisms, covalently linked glycans
strongly influence the glycoprotein conformation, stabil-
ity and biological activity. N-glycosylated proteins are
well known for their antigenic properties. Due to similar
glycosylation pathways in plant and animal cells, plant
systems have been proposed as a suitable alternative
source of therapeutic proteins.®

A number of efficient strategies have been develop-
ed to study glycoproteins and their attached oligosaccha-
ride structures by mass spectrometry.” Of particular rele-
vance are those using proteins separated by 1D- and
2D-PAGE.?? Two modern ionization methods are avail-
able for the analysis of proteins and oligosaccharides by
mass spectrometry, matrix-assisted laser desorption ioniza-
tion (MALDI) and electrospray ionization (ESI). MALDI
has proved to be very efficient for analyses of plant
glycoproteins®!%1! and it is often used for determination
of the structure and distribution of plant N-glycans on a
protein backbone. ESI was less frequently used for anal-
yses of oligosaccharide mixtures of plant origin although
it has been successfully applied for determination of the
structure and distribution of N-glycans of S-RNAses of
Nicotiana alata''and the analysis of N-glycans of seven
S-RNAses in Pyrus pyrifolia.'?

It has been postulated that the morphogenic events
are followed by a change in protein N-glycosylation.!!-14
Analysis of these changes should allow estimation of
post-translational modification specificity in a certain
developmental stage. Relatively little is known about the
effects of the environmental conditions and developmen-
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tal stage on proteins produced by plant tissues cultured
in vitro. Atrtificial environmental conditions in tissue cul-
ture, such as high relative humidity and rich nutrient me-
dium, can alter tissue growth.!> Mammillaria gracillis
shoots, propagated in vitro, were shown to develop cal-
lus even in the absence of exogenous growth regulators.
This habituated callus regenerates morphologically nor-
mal and hyperhydric shoots. Mammillaria was susceptible
to tumour transformation by the Agrobacteria-Ti-plasmid-
system. 16

In the present study, the composition of N-glycans
released in-gel from the selected cellular glycoprotein
(42 kDa) of the shoot, callus, hyperhydric regenerants and
TW tumour was comparatively analyzed by ESI-Q-TOF
mass spectrometry.

EXPERIMENTAL

Reagents and Materials

Methanol, acetonitrile and sodium bicarbonate were obtain-
ed from Merck (Darmstadt, Germany) and used without furt-
her purification. Distilled and deionized water from Mili-Q
water systems (Millipore, Bedford, MA, USA) was used for
preparation of the sodium bicarbonate buffer and for sample
solutions. Aqueous sample solutions were dried in a Speed-
Vac SPD 111V evaporator (Savant, Diisseldorf, Germany).
The pH value of the sodium bicarbonate buffer was adjust-
ed by a 766 pH-meter Calimatic (Knick, Germany).

Plant Material

The following plant material was used in the study: cactus
Mammillaria gracillis Pfeiff. shoots, callus, regenerants (nor-
mal and hyperhydric) and TW tumour. All tissues were culti-
vated in vitro, on solid, hormone-free MS nutrient medium
(0.9 % agar, 3 % sucrose)!” under 16/8-hour-light/night-
photoperiod (light intensity 90 puE s~! m=2) at 24 °C. Under
the culture conditions, approximately 100 % of cactus plants
produced abundant callus.!® This callus was subcultivated
on the same hormone-free medium, expressed a high mor-
phogenic capacity, regenerating phenotypically normal and
malformed hyperhydric shoots. Tumour tissue culture was
established from primary tumours induced on shoot explants
by Agrobacterium tumefaciens, the wild strain B6S3 (tumour
line TW).16 Transformed tissues never expressed any mor-
phogenic capacity.

Protein Samples and SDS-PAGE

Tissue samples were frozen at —80 °C and lyophilized be-
fore protein extraction. Total soluble proteins were extract-
ed by grinding 0.5 g of tissue in 1.5 ml of 0.1 M Tris-HCI
buffer, pH = 8.0, at 4 °C. Homogenates were centrifuged at
20 000 g and 4 °C for 15 min. Supernatants were centri-
fuged again at 20 000 g and 4 °C for 60 min. Protein content
was determined according to Bradford.!® Samples were de-
naturated using 0.125 M Tris buffer (pH = 6.8), containing
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5 % [-mercaptoethanol and 2 g/100 ml SDS (sodium do-
decyl sulphate). For the SDS-PAGE, the same amount of
protein (5-8 pg) per sample was loaded. Cellular proteins
were analyzed by SDS electrophoresis in 10 % T (2.67 %
C) polyacrylamide gels, with the buffer system of Laemmli.!?
Protein bands were visualized by 0.1 % Coomassie blue
R-250 or silver stained.20

Electroblotting and Lectin Staining

Proteins from gels were transferred to a nitrocellulose
membrane (Pure nitrocellulose membrane — 0.45 pum, Bio-
Rad) with a mini trans blot cell (Bio-Rad) in 20 mmol dm
Tris-HCI, 150 mmol dm™ glycine and 10 % methanol at 60 V
for 60 min. The glycan part of Mammillaria glycoproteins
of 42 kDa was characterized according to the binding of bi-
otin- (Sigma) and/or digoxigenin-labelled lectins (DIG Gly-
can Differentiation Kit, Roche Diagnostics) specific for bind-
ing to sialylated glycoproteins: MAA (lectin from Maackia
amurensis), specific to sialic acid-(2—3)-a-galactose and
SNA (lectin from Sambucus nigra), specific to sialic acid-
(2—6)-a-galactose. Biotin-labelled lectins were used at a
concentration of 20 ul/ml (MAA) and 5 pl/ml (SNA). De-
tection procedures included the use of interaction between
biotin and streptavidin conjugated to alkaline phosphatase.
NBT/BCIP solution was used for visualization of the bands.
Tested digoxigenin-labelled lectins were used at a concen-
tration of 1 pl /ml (SNA) and 5 pl /ml (MAA). The staining
procedure was performed following the manufacturer’s in-
structions.

Building Block Analysis by HPAEC

Oligosaccharide samples of all Mammillaria tissues releas-
ed from 42 kDa glycoprotein with PNGase F were submit-
ted to mild acid hydrolysis (1 M HCI, 80 °C for 60 min).
Obtained monosaccharides were separated by high-perfor-
mance anion exchange chromatography (HPAEC) on a Car-
boPac™ PA-1 chromatography column (Dionex). The run-
ning conditions were: 100 mmol dm= NaOH/50 mmol dm3
NaOAc gradient to 100 mmol dm= NaOH/180 mmol dm™3
NaOAc at a flow rate of 1 ml/min. Commercially available
Neu5Ac (N-acetylneuraminic acid) and Neu5Gc (N-glyco-
lylneuraminic acid) were used as standard sialic acids.

In-gel Deglycosylation with PNGase F

The basic procedure for in-gel deglycosylation?! was appli-
ed. The 42 kDa bands of shoot, callus, hyperhydric regene-
rant and TW tumour were excised with a scalpel from Coo-
massie brilliant blue stained gels and were subjected to in-
gel deglycosylation.?> Bands were first destained with a wa-
ter solution of 30 % methanol and 7.5 % acetic acid. Even
if gel pieces were incompletely destained, no adverse effect
on the subsequent in situ deglycosylation was observed.
Excised gel pieces were washed two times for 30 minutes
in 20 mol dm— NaHCO3, pH = 7.2. The washing liquid was
removed and replaced by 900 ml of fresh 20 mmol dm™3
NaHCOs;, pH = 7.2. To this solution, 60 ul of 45 mmol dm3
DTT was added and the protein was reduced for 30 min at
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60 °C. The DTT solution was allowed to cool and 60 pl of
100 mmol dm=3 iodoacteamide was added and the protein
was alkylated for 30 min in the dark, at room temperature.
The solution was removed and the gel pieces were washed
two times for 30 minutes in the mixture of acetonitrile and
20 mmol dm=3 NaHCOs3, (vol. ratio 1:1) pH = 7.2. This so-
lution was removed and the gel pieces were completely dri-
ed in SpeedVac.

To the dried gel pieces, 30 pl of the PNGase F solution
(100 units/500 ul) (Roche, Mannheim, Germany) was ad-
ded and incubated for 60 min at 37 °C. Gel pieces were co-
vered with additional 20 mmol dm=3 NaHCO;, pH = 7.2,
and incubated overnight at 37 °C. Glycans were extracted
from the gel pieces by removing the incubation buffer, fol-
lowed by two extractions with approx. 200 ml of pure wa-
ter and two extractions with 50 % acetonitrile with sonifi-
cation for 30 min each. All extracts were combined and dri-
ed in vacuum.

N-glycans obtained by in-gel deglycosylation were pu-
rified using graphitized carbon columns following the de-
scribed procedure.?223 Prior to use, the columns were
washed with three changes of 50 pl 80 % acetonitrile in 0.1 %
aqueous TFA followed by 3 x 50 ul of water. After that, the
samples were applied to the columns. Salts were then washed
off with 3 x 50 pl water. N-glycans were eluted by 3 x 50 pl
of 80 % acetonitrile in 0.1 % aq. TFA, fractions were col-
lected and dried in vacuum. Fractions were dissolved in
methanol for MS analysis.

ESI-Q-TOF Mass Spectrometry

Mass spectrometry was performed on an orthogonal hybrid
quadrupole time-of-flight mass spectrometer (QTOF™ Mi-
cromass, Manchester, U.K.) equipped with a nanoelectrospray
ion source in Micromass Z-spray configuration. The QTOF
mass spectrometer was interfaced with a PC computer run-
ning the MassLynx N.T. software system to control the in-
strument, acquire and process MS data. The first set of ex-
periments was conducted in the positive ion mode using ca-
pillary-based nanoelectrospray for sample infusion into MS.
In these experiments, the sample solution was introduced into
omega glass capillaries purchased from Hilgenberg, Germany,
and in-house pulled using a vertical pipette puller model 720
(David Kopf Instruments, Tujunga, CA, USA). ESI voltage
was applied to the solution via a stainless steel wire insert-
ed into the capillary. The spray was initiated at 1.0 kV ap-
plied to the nanosprayer and 40-50 V counterelectrode (cone)
potential.

For the second set of experiments, fully automated chip-
based nanoelectrospray (FACESI) in the negative ion mode
was employed for automatic infusion of the sample into
MS via chip ionization. FACESI was performed on a Nano-
Mate®100 robot incorporating ESI Chip™ technology (Ad-
vion BioSciences, Ithaca, USA) mounted to the QTOF mass
spectrometer. The robot was controlled and manipulated by
the ChipSoft™ software operating under Windows*P. The
position of the electrospray chip was adjusted with respect
to the cone to ensure optimal transfer of the ionic species
into the mass spectrometer. To prevent contamination, a
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glass coated microtitre plate was used for all experiments.
2-5 ul aliquots of the working sample solutions were load-
ed onto a 96-well plate. Following the procedure previously
described?* the robot was programmed to aspirate the sam-
ple, followed by 2 ul of air into the pipette tip, and to de-
liver the sample to the inlet side of the microchip. Electro-
spray was initiated by applying voltages between 1.45 kV
to 1.8 kV and a head pressure of 0.3 to 0.9 p.s.i. After the
sample infusion and MS analysis, the ESI pipette tip was
ejected and a new tip and chip nozzle were used for each
sample. For all experiments desolvation was effective at a
source-block temperature of 80 °C and 50 L/h nitrogen
flow-rate. All mass spectra were externally calibrated using
sodium iodide as a reference.

RESULTS

CBB Protein Pattern

Glycoprotein of 42 kDa was present in all cactus tissues,
on Coomassie brilliant blue stained gels and it was ex-
cised for in gel-deglycosylation (Figure 1).

SNA- and MAA-binding Patterns

Both lectins, which specifically bind to syalilated glyco-
proteins, gave positive results with glycoproteins of dif-
ferent Mammillaria gracillis tissues. The biotin-label-
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Figure 1. Soluble cellular proteins of Mammillaria gracillis tissues
separated by 1-D SDS-PAGE and stained with Coomassie brilliant
blue. M — molecular mass marker, S — shoot, C — callus; HR —
hyperhydric regenerant, TW — TW tumour. The arrow indicates the
position of excised 42 kDa glycoprotein.

HR TW

led-SNA-binding pattern showed a very intensive band
of 92 kDa in all cactus tissues; the 42 kDa glycoprotein
was also present in all examined tissues, although the
staining intensity was weaker. Treatment of the membrane
with the digoxigenin-labelled-SNA gave a very similar
pattern; however, it revealed the presence of an addition-
al band of 44 kDa in the callus, hyperhydric regenerant
and TW tumour (Figure 2a).

When glycoproteins were probed with the biotin-la-
belled-MAA, the very intense 92 kDa band was again
detected in all tissues. The 42 and 44 kDa glycoproteins
were visible as faint bands in all samples, while the 30
kDa one was present only in the callus, hyperhydric re-
generant and TW tumour (Figure 2c). The digoxigenin-
labelled-MAA-binding pattern revealed the presence of
the 92 kDa band only in the TW tumour, while the 42
and 44 kDa glycoproteins were still present in all cactus
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Figure 2. Glycoprotein pattern
of different Mammillaria tissues
- according to lectin  binding:
(a) SNA-biotin-labelled; (b) SNA-
digoxigenin-labelled; (c) MAA-
biotin labelled; (d) MAA-digoxi-
4 genin-labelled affer SDS-PAGE
and transfer to the nitrocellulose
membrane. M — molecular mass
markers, S — cactus shoot, C —
habituated callus; HR — hyper-
hydric regenerant, TW — tumour

@ TW.
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Figure 3. HPAEC-PAD profiles of (a) a mixture of commer-
cially available Neu5Ac and Neu5Gc monosaccharides, (b)
the total hydrolysate of the hyperhydric regenerant (HR)
N-glycan fraction, and (c) the total hydrolysate of the tumour
tissue (TW) N-glycan fraction.

tissues. The 30 kDa band was visible in all tissues, although
the staining activity was the strongest in tumour tissue
(Figure 2d).

Total Hydrolysis Results

Analysis of totally hydrolyzed samples on anion-exchange
chromatography showed the presence of Neu5Ac in both
HR and TW glycans, released from the 42 kDa glyco-
protein, while Neu5Gc could not be detected (Figure 3).
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Composition of a Shoot N-glycan

In the negative chip nanoESI MS of shoot glycans, a single
truncated paucimannosidic type N-glycan, Hex,dHex;-
HexNAc,, could be detected as a singly charged molecu-
lar [M-H]~ ion at m/z 892.86 (data not shown).

Composition of Callus N-glycans

Callus oligosaccharide sample obtained after in-gel de-
glycosylation of the 42 kDa glycoprotein band was shown
by the negative chip-based nanoESI MS to contain a se-
ries of high-mannose type N-glycans (Hex,HexNAc, —
Hex;HexNAc,). Singly charged ions, generated as chloride
adducts, were at m/z 1107.12 (Figure 4b), m/z 1269.10
(Figure 4c), m/z 1431.08 and at m/z 1593.01 (Figure 4d).
Oligosaccharide structures HexcHexNAc, and Hex;Hex-
NAc, were detected as doubly charged ions generated as
adducts of two chlorides at m/z 733.18 and at m/z 8§14.17
(Figure 4a). All structural assignments are summarized
in Table L.

A paucimannosidic type N-glycan with one pentose
residue, Hex;HexNAc,Pent,, was detected at m/z 1065.19
as a singly charged anion, containing one sodium adduct
as well as at m/z 1077.27 as a singly charged ion with
one chlorine adduct (Figure 4b). The paucimannosidic
oligosaccharide containing both fucose and pentose,
Hex,dHex;HexNAc,Pent,, was detected as a singly charged
ion at m/z 1025.16 and as a singly charged ion with one
sodium adduct at m/z 1049.02 (Figure 4b). A similar struc-
ture with two pentose molecules, Hex,dHex;HexNAc,-
Pent,, was observed at m/z 1180.66 (Figure 4c). In the
nanoESI QTOF mass spectrum of the callus, two com-
plex type N-glycans containing fucose as well as pentose
(Hex,dHex;HexNAc,Pent; and HexsdHex;HexNAc,Pent,)
were detected as singly charged ions at m/z 1349.04
(Figure 4c) and m/z 1512.08 (Figure 4d).

Composition of HR N-glycans

Most of the HR N-glycan structures detected in the posi-
tive ion mode ESI mass spectrum could represent com-
plex type structures according to the calculations and
correlation with known structures published by other au-
thors and present in the data base N-glycans SweetDB,
German Cancer Research Center Heidelberg, Germany.>
According to the proposed or postulated biosynthetic
routes for glycosylation of plant proteins,?027 a number
of unusual structures could be derived from the m/z val-
ues of molecular ions detected by positive nanoESI MS,
as summarized in Table II. The values were calculated
either as singly protonated, singly sodiated or doubly so-
diated molecular ion adducts. The adduct at m/z 1106.16
(Hex,HexNAcsPent;) could be considered as a singly
charged sodium adduct and the one at m/z 1249.16 (Hex,-
HexNAc,Pent;) as a singly charged ion containing two
sodium ions, one exchanged for a proton (Figures 5a and

Croat. Chem. Acta 78 (3) 463-477 (2005)
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5b). Four singly charged ions were considered as singly
or doubly sodiated species at m/z 1242.06 (Hex,dHex (-
HexNAc,), at m/z 1612.03, (Hex,dHex,HexNAc3), at m/z
1607.07, at m/z 1628.03 as (HexsdHex;HexNAc;) while
at m/z 2111.93 (Hex;dHex,;HexNAc,) they could be pro-
bably fucosylated according to this calculation (Figure 5).
Complex-type N-glycans, which do not contain pentose
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or fucose residues, were detected as singly charged ions
at m/z 1055.38 and at m/z 1090.21 (Hex,HexNAc,, Fig-
ure 5a), at m/z 2088.90 (Hex,HexNAc;, Figure 5d) as
well as at m/z 2538.64 as an ion with two sodium ad-
ducts (Hex,HexNAc,, Figure 5e).

Hypothetically, some of the observed structures could
be assigned to oligosaccharides containing sialic acid: two
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Figure 4. Negative chip-based nanoESI-QTOF MS spectrum of the callus N-glycans released with PNGase F from the 42 kDa glyco-
protein excised from Coomassie stained gel: assigned structures in the mass range of m/z 710-990 (a), m/z 1020-1170 (b), m/z

1140-1400 (c) and m/z 1380-1620 (d).

structures detected as singly charged ions at m/z 2036.80
(HexcdHex;HexNAc;NeuAc; of theoretical m/z value
2036.71) and at m/z 2138.65 as an ion with two sodium
adducts (HexgHexNAc,NeuAc, of theoretical m/z value
2093.74) could contain one sialic acid moiety according

to calculations. Three oligosaccharides could contain two
sialic acid moieties: those detected at m/z 2061.88 and at
m/z 2083.95 can be correlated to Hex,HexNAc,NeuAc,,
that at m/z 2429.76 to HexgHexNAc,NeuAc, and that at
m/z 2588.91 to HexgHexNAcsNeuAc,. The ions at m/z
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2515.69 (HexsHexNAc,NeuAcs;) could contain three sialic
acid moieties according to these calculations (Figure 5).
Oligosaccharides from 42 kDa glycoprotein from HR
delivered in the positive ion mode nanoESI MS a singly
charged ion at m/z 1027.41, which could be assigned to the
paucimannosidic oligosaccharide structure (Hex,dHex;-
HexNAc,Pent,) (Figure 5a), and the one at m/z 2532.71
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calculated for assignment to an unusual high-mannose
type N-glycan (Hex sHexNAc,) (Figure Se).

Composition of TW N-glycans

Figure 6 shows the negative chip-based nanoESI-QTOF
MS spectrum of the TW tumour N-glycans. Molecular
ion species depicted in Figure 4 are presented in Table
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IIT along with the proposed assignment of the N-glycans
composition and the calculated theoretical values of their
corresponding m/z values. A series of high-mannose type
N-glycans (Hex;HexNAc, — Hex;HexNAc,) were detect-
ed as singly charged ions generated as chloride adducts
at m/z 945.23, m/z 1107.24 (Figure 6a), at m/z 1269.28,
m/z 1431.308 and at m/z 1593.33, respectively (Figure 6b).

T T T T T T T T T T T T T T T
2070 2080 2090 2100 2110 2120 2130 2140

Figure 5., cont. =

Oligosaccharide species HexgHexNAc, and Hex;HexNAc,
were present as doubly charged two chlorides adducts at
m/z 733.15 and at m/z 814.14 (Figure 6a).

A series of dehydrated complex-type N-glycans cal-
culated to contain one pentose residue (Hex;HexNAc,-
Pent; — Hex;HexNAc,Pent;) were detected as singly
charged ions at m/z 1185.26 (Figure 6a), at m/z 1347.30,
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Figure 5. Positive nanoESI-QTOF spectrum of the hyperhydric regenerant N-glycans released with PNGase F from the 42 kDa glyco-
protfein excised from Coomassie stained gel: assigned structures in the mass range of m/z 1025-1115 (a), m/z 1180-1255 (b), m/z

1594-1634 (d), m/z 1990-2140 (d) and m/z 2410-2620 (e).

m/z 1509.33 and at m/z 1671.37 (Figure 6b), while the
oligosaccharide observed as a singly charged ion at m/z
1155.24 (Figure 6a) could contain two pentose moieties
(Hex3;HexNAc,Pent,). Two previously mentioned com-

plex-type structures, Hex;HexNAc,Pent; and Hex,Hex-
NAc,Pent;, were also detected as singly charged chloride
adducts at m/z 1077.24 and at m/z 1239.28, respectively
(Figure 6a).

TABLE 1. Assignment of N-glycan molecular ions defected by negative chip-based nanoESI-QTOF MS after in-gel release from the 42 kDa

callus glycoprotein with PNGase F

[M+2Cl]> [M+CI-H]* [M+Cl]- [M+Na-2H]- [M-H]- Theoretical mass Proposed structure N-glycan type
917.34 1802.63 HexgHexNAcy complex
931.39 n.a.
1347.71 2661.95 Hex;HexNAcgNeuAc complex
1107.12 1072.38 Hex4HexNAc, high-mannose
1269.10 1234.35 HexsHexNAc, high-mannose
733.18 1431.08 1396.49 HexgHexNAc, high-mannose
814.17 1593.01 1558.54 Hex7HexNAc, high-mannose
1077.27 1065.19 1042.38 Hex;HexNAc,Pent; paucimannosidic
1049.02 1025.16 1026.38 Hex,dHex;HexNAc,Pent; paucimannosidic
1180.66 1158.43 Hex,dHex;HexNAc,Pent, complex
1349.04 1350.40 HexydHex;HexNAc,Pent, complex
1512.08 1512.53 HexsdHex;HexNAc,Pent, complex
1051.19 n.a.
1146.00 n.a.
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TABLE II. Assignment of N-glycan molecular ions detected by positive ion nanoESI-QTOF MS after in-gel release from the 42 kDa

hyperhydric regenerant glycoprotein with PNGase F

[M+2Na-1H]* [M+Na]* [M+H]* Theoretical mass Proposed structure N-glycan type
1027.41 1026.38 Hex,dHex;HexNAc,Pent, paucimannosidic
1055.38 Hex,HexNAc,-H»0 complex
1090.21 Hex4HexNAc,+H,0 complex
1106.16 1083.41 Hex,HexNAc;Pent, complex
1186.35 1185.43
1214.31 n.a.
1242.06 1218.44 Hex,dHex;HexNAc, complex
1249.16 1204.43 Hex4HexNAc,Pent; complex
1612.03 1567.57 HexydHex,HexNAc; complex
1628.03 1607.07 1583.37 HexsdHex HexNAcj complex
2009.81 1964.69 Hex;HexNAcy complex
2031.76 2030.75 Hex,dHex HexNAcg complex
2036.80 2036.71 HexgdHex;HexNAc;NeuAc, complex
2083.95 2061.88 2060.73 Hex,HexNAcyNeuAc, complex
2088.90 2087.77 Hex4HexNAc, complex
2111.93 2110.76 Hex;dHex HexNAcy complex
2138.65 2093.74 HexgHexNAcyNeuAc complex
2429.76 2384.84 HexgHexNAcyNeuAc, complex
2515.69 2513.88 HexsHexNAc,NeuAc; complex
2532.71 2530.85 Hex 3HexNAc, high-mannose
2538.64 2493.93 Hex,HexNAcqy complex
2588.91 2587.92 HexgHexNAcsNeuAc, complex

The second series of dehydrated complex oligosac-
charides should contain one pentose and one deoxyhexose
(fucose) residue (Hex,dHex,HexNAc,Pent; — HexsdHex;-
HexNAc,Pent,), as detected by singly charged ions at
m/z 1007.18, at m/z 1139.22 (Figure 6a), at m/z 1331.29
and at m/z 1493.33, respectively (Figure 6b).

Composition of the fucosylated paucimannosidic
type N-glycan, Hex,dHex ;HexNAc,, detected as a sin-
gly charged ion at m/z 893.02 (Figure 6a), could be cor-
related to the series of paucimannosidic oligosaccharides
containing both pentose and deoxyhexose (fucose), such
as Hex;dHex,;HexNAc,Pent; — Hex;dHex;HexNAc,Pent;,
observed as singly charged ions at m/z 863.18, at m/z
1025.22 and at m/z 1187.25, respectively (Figure 6a).

DISCUSSION

Proteins as direct gene products reflect characteristic gene
expression from different tissues and changes in the pro-
tein pattern that could possibly be correlated to different
levels of development and differentiation. The glycosyla-
tion profile of endogenous proteins can be modulated by
plant development and growth conditions.!? The analy-
sis of N-linked glycans of soluble endogenous glycopro-
teins from the leaves of tobacco plants of different age

and under different conditions demonstrated that devel-
opmental processes in plants could influence glycosyla-
tion.!! In our study, the 42 kDa protein band was
previously detected by 1-D electrophoresis in all cactus
tissues, while the corresponding glycoprotein of 42 kDa,
reacting with Con A, was highly expressed only in the
callus, hyperhydric regenerants and in tumour extracts
but not in shoots.28 These results suggested that the 42
kDa protein, although present in all investigated tissues,
expresses in different tissues different sugar composi-
tion, where glycosylation might be missing in the cactus
shoot. In order to establish primary glycosylation patterns,
glycans were released from the parent glycoprotein by
in-gel deglycosylation reaction and were submitted to
identification by mass spectrometry for molecular map-
ping. ESI-Q-TOF MS analysis of N-glycans released
with PNGase F from the 42 kDa glycoprotein revealed
that mixtures of oligosaccharides released from the cal-
lus, hyperhydric regenerant and TW tumour are complex
and highly heterogeneous. In all these samples, a certain
low amount of high-Man N-glycans was detected. Most
of the structures could be assigned by calculation to
complex-type N-glycans, expected to contain either Xyl
or Fuc residues or both, although structures lacking both
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Figure 6. Negative chip-based nanoESI-QTOF MS spectrum of the TW tumour N-glycans released with PNGase F from the 42 kDa
glycoprotein excised from Coomassie stained gel: assigned structures in the mass range of m/z 725-1250 (a) and m/z 1250-1700 (b).

Xyl and/or Fuc were also detected. In the shoot sample,
however, only a single N-glycan structure was observed,
which is in good correlation with our previous results.
Due to some contaminants in this particular extract, no
constant electrospray could be obtained. The highly abun-
dant polysaccharides present in Mammillaria plants are
viscous in solution and create difficulties in all protein
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manipulations.”® Structures, assigned by calculations,
originating from the callus and tumour tissue revealed some
similarities. In both oligosaccharide mixtures, a high-mannose
type N-glycan series, Hex,HexNAc, — Hex;HexNAc,, was
detected. The second series was assigned by calculations
to the complex type N-glycans containing pentose and
fucose residues (Hex,dHex;HexNAc,Pent; — HexsdHex;-
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TABLE lIl. Assignment of N-glycan molecular ions defected by negative chip-based nanoESI-QTOF MS after in-gel release from the 42

kDa TW tumour glycoprotein with PNGase F

[M+2Cl1]%~ [M+Cl]- [M+Na-2H]- [M-H]~ Theoretical mass Proposed structure N-glycan type
945.23 910.33 Hex;HexNAc, high-mannose
1107.25 1072.38 Hex4HexNAc, high-mannose
1269.28 1234.35 HexsHexNAc, high-mannose
733.18 1431.30 1396.49 HexgHexNAc, high-mannose
814.17 1593.33 1558.54 Hex;HexNAc, high-mannose
1185.26 1186.42 Hex,HexNAc,Pent;-H,0 complex
1347.30 1348.41 HexsHexNAc,Pent;-H,0 complex
1509.33 1510.52 HexgHexNAc,Pent;-H,0 complex
1671.37 1672.51 Hex;HexNAc,Pent;-H,0 complex
1007.18 1008.37 Hex,dHex;HexNAc,Pent;-H,0  paucimannosidic
1139.22 1140.42 Hex,dHex;HexNAc,Pent,-H,0 paucimannosidic
1331.29 1332.47 Hex,dHex;HexNAc,Pent;-H,0 complex
1493.33 1494.53 HexsdHex;HexNAc,Pent;-H,0 complex
1155.24 1156.42 HexsHexNAc,Pent,-H,0 paucimannosidic
1077.24 1042.38 Hex;HexNAc,Pent; paucimannosidic
1239.28 1204.43 Hex 4HexNAc,Pent; complex
893.02 894.32 Hex,dHex;HexNAc, paucimannosidic
863.18 864.33 Hex dHex;HexNAc,Pent, paucimannosidic
1048.17 1025.22 1026.38 Hex,dHex;HexNAc,Pent, paucimannosidic
1211.69 1187.25 1188.44 HexzdHex;HexNAc,Pent; paucimannosidic

HexNAc,Pent;). Unusual, probably dehydrated, complex
N-glycans containing a pentose molecule (Hex;HexNAc,-
Pent; — Hex;HexNAc,Pent;) could be a specific feature
in tumour samples. The highest degree of structural het-
erogeneity was found in the hyperhydric regenerant. It
seems that only one single high-mannose structure was
present, while the molecular ions were detected in irreg-
ular complex type N-glycans, among which six struc-
tures could contain, by calculations, one or more sialic
acid moieties. We probed glycoproteins from four differ-
ent Mammillaria tissues (shoot, callus, hyperhydric re-
generants and TW tumour) with biotin- and digoxigenin-
-labelled lectins from Sambucus nigra (SNA 1) and
Maackia amurensis (MAA), revealing terminal sialic acid-
-(2—>6)-a-galactose and sialic acid-(2—3)-o-galactose
structures, respectively. Obtained data indicate the pres-
ence of sialylated glycoproteins in plant cells. The reason
why the same lectins labelled with two different tags
were used was the existence of endogenous biotin in
various tissues, which can lead to false-positive staining.
Since endogenous biotin cannot be differentiated from
biotin that is used as a label, all methods that use bio-
tin-countering conjugates are prone to false positive re-
sults.30 After getting the first positive bands with bio-

tin-labelled SNA and MAA, the digoxigenin-labelled
lectins were used in order to confirm the obtained re-
sults. It was proven that digoxigenin is an excellent la-
bel, which in some cases eliminated problems of false
positives due to the presence of endogenous biotin.3!
Sialylation was also detected in cultured cells of sugar
beet and horse-radish by using the described method
with the same lectins,3? although no signal was observed
after the treatment of released N-glycans of tobacco
microspore and pollen with MAA and SNA.* Recent re-
sults published by Shah er al.33 developed a discussion
about the presence of sialic acids and sialoconjugates in
plants. These authors found sialylated glycoconjugates
in suspension-cultured cells of Arabidopsis thaliana and
suggested that there is a genetic and enzymatic basis for
sialylation in plants. In contrast, results obtained by
Seveno et al.>* do not support the presence of detectable
sialic acids in plants. In their opinion, the presence of
KDO, an a-ketoacid assumed to be solely found in the
cell wall, could lead to misinterpretation of results
achieved by reversed-phase C18 chromatography of
DMB-sialic acid derivates. In new experiments however,
Shah et al.3> observed sialic acid using high pH an-
ion-exchange chromatography with pulsed amperometric
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detection that resolved KDO and Neu5SAc residues. Our
HPAEC-PAD experiments have demonstrated that NeuSAc
is a constituent of the oligosaccharide chain in 42 kDa
glycoproteins from the hyperhydric regenerant and TW
tumour. Additionally, by quadrupole time-of-flight electro-
spray mass spectrometry and accurate mass determina-
tion, we could postulate the structure of the following three
disialylated species: Hex,HexNAcyNeuAc,, HexgsHex-
NAc,NeuAc,, and HexgHexNAcsNeuAc,.

CONCLUSIONS

It could be deduced from data obtained in this study that
the complexity of the N-glycan expression is increasing
if the characteristic tissue organization pattern is lost.
Hyperhydric shoots regenerated from callus, which mor-
phologically resemble cactus plants but are more round
with disarranged spines, are shown to contain a high num-
ber and diversity of detected oligosaccharide structures
compared to normal shoots. From the callus and TW tu-
mour, however, as two types of unorganized tissues,
similar structures of N-linked glycans could be postu-
lated, although the glycan mixture from tumour tissue,
which has no regeneration potential, revealed structures
not present in the callus sample. Novel insights into the
correlation of different morphological levels in plant tis-
sues with N-glycan composition of the analyzed cellular
glycoprotein have been provided in this study, although
the here presented glycan pattern data require further de-
tailed analysis by sequencing.
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SAZETAK

Odredivanje N-glycana u uzorcima tkiva kaktusa Mammillaria gracillis
masenom spektrometrijom ESI Q-TOF

Biljana Balen, Alina Zamfir, Sergey Y. Vakhrushev, Marijana Krsnik-Rasol i Jasna Peter-Katalini¢

N-glikani, oslobodeni sa stani¢noga glikoproteina od 42 kDa iz izdanka, kalusa, hiperhidriranoga regeneranta
i tumora TW uzgojenih u kulturi tkiva kaktusa Mammillaria gracillis Pfeiff. analizirani su masenom spektro-
metrijom nakon deglikozilacije u gelu. Analiza masenom spektrometrijom ESI pokazala je kako su smjese os-
lobodenih oligosaharida vrlo sloZene i heterogene, a vecina struktura pripadala je kompleksnome tipu N-glikana.
U uzorku izdanka opaZena je samo jedna struktura, $to je u skladu s prija$njim rezultatima. Kalusno i tumorsko
tkivo pokazalo je mnogo sli¢nosti u pripisanim strukturama dok je najveéi broj razlicitih oligosaharida prona-
den u hiperhidriranome regenerantu. Na prisutnost sijalinske kiseline ukazala je inkubacija s lektinima, kroma-
tografija ionske izmjene te masena spektrometrija. Rezultati dobiveni u ovim istraZivanjima pokazuju da se stu-
panj organiziranosti tkiva moZe povezati sa sastavom N-glikana stani¢nih glikoproteina.
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