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Art v 1, the major allergen of mugwort (Artemisia vul-
garis) pollen contains galactose and arabinose. As the
sera of some allergic patients react with natural but not
with recombinant Art v 1 produced in bacteria, the gly-
cosylation of Art v 1 may play a role in IgE binding and
human allergic reactions. Chemical and enzymatic deg-
radation, mass spectrometry, and 800 MHz 'H and '3C
nuclear magnetic resonance spectroscopy indicated the
proline-rich domain to be glycosylated in two ways. We
found a large hydroxyproline-linked arabinogalactan
composed of a short 1,6-galactan core, which is substi-
tuted by a variable number (5-28) of a-arabinofuranose
residues, which form branched side chains with 5-, 2,5-,
3,5-, and 2,3,5-substituted arabinoses. Thus, the design of
the Art v 1 polysaccharide differs from that of the well
known type II arabinogalactans, and we suggest it be
named type III arabinogalactan. The other type of gly-
cosylation was formed by single (but adjacent) p-ar-
abinofuranoses linked to hydroxyproline. In contrast to
the arabinosylation of Ser-Hyp, motifs in other hy-
droxyproline-rich glycoproteins, such as extensins or
solanaceous lectins, no oligo-arabinosides were found in
Art v 1. Art v 1 and parts thereof produced by alkaline
degradation, chemical deglycosylation, proteolytic deg-
radation, and/or digestion with a-arabinofuranosidase
were used in enzyme-linked immunosorbent assay and
immunoblot experiments with rabbit serum and with
the sera of patients. Although we could not observe an-
tibody binding by the polysaccharide, the single hy-
droxyproline-linked B-arabinose residues appeared to
react with the antibodies. Mono-gB-arabinosylated hy-
droxyproline residues thus constitute a new, potentially
cross-reactive, carbohydrate determinant in plant
proteins.

Art v 1, the major allergen from the pollen of mugwort
(Artemisia vulgaris), which constitutes a prominent allergen in
the temperate climate zone, has recently been characterized
and sequenced, and its ¢cDNA has been cloned (1). It is a
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two-domain protein with a defensin-like, disulfide bond-rich
domain and a proline-rich domain with much of the proline
being hydroxylated. The hydroxyproline (Hyp)'-rich domain
carries substantial amounts of galactose and arabinose, a part
of which forms a type of arabinogalactan (1). The mature
polypeptide of Art v 1 has a theoretical mass of 10.8 kDa.
MALDI mass spectrometry revealed it to consist of a series of
isoforms spaced by the mass of an arabinose residue, with one
smaller set of peaks around 13 and a second set around 15 kDa
(1). Remarkably, natural and recombinant Art v 1 exhibited
different IgE binding capacities, i.e. a subgroup of patients
contained partly or mainly IgE binding only to the natural
allergen (1). Different in vivo allergenic potentials were shown
by skin prick and nasal provocation tests (2). Although various
posttranslational modifications might be considered, we sus-
pected the glycosylation state of the allergen to be the primary
cause of these differences. O-Glycosylated plant proteins be-
long to the hydroxyproline-rich glycoproteins with the two
main members being arabinogalactan proteins (AGP(s)) and
extensins (3-5). AGPs contain large arabinogalactan polysac-
charides where the glycan part often is bigger than the protein
(4, 6—8). The carbohydrate part of AGPs consists of a hy-
droxyproline-linked B1,3-p-galactan backbone having B1,6-p-
galactan side chains or kinks, which in turn are substituted by
arabinoses and other less abundant sugar residues (8-10).
These type II arabinogalactans (in contrast to the type I with
B1,4 linkages (8)) typically contain more galactose than arabi-
nose. The latter may occur as a single furanose residue linked
to galactose or in very short chains with mainly «1,5 and
maybe «l,3 linkages (2, 3, 8, 9, 11).

Extensins and solanaceous lectins exhibit two different types
of O-glycosylation, single a-galactosyl residues linked to Ser
residues (11, 12) and short arabinan chains linked directly to
hydroxyproline (5, 8, 10, 13—-15). Such arabins have been re-
ported to consist of 1-5 arabinofuranose residues, which are
joined by B1,2 and 1,3 linkages (13, 15-17). The same protein

! The abbreviations used are: Hyp, hydroxyproline; AGP, arabinoga-
lactan protein; nArt v 1, natural Art v 1; rArt v 1, recombinant Art v 1;
PTM, posttranslational modification; PS, polysaccharide; MALDI-TOF,
matrix-assisted laser desorption time-of-flight; deglyc-nArt v 1, degly-
cosylated nArt v 1; dearagal-nArt v 1, a-arabinofuranosidase and B-ga-
lactosidase-digested nArt v 1; dearagal-nArt v 1-tryp, tryptic glycopep-
tide of dearagal-nArt v 1; ELISA, enzyme-linked immunosorbent assay;
HPLC, high pressure liquid chromatography; Fmoc, N-(9-fluorenyl)me-
thoxycarbonyl; NOE, nuclear Overhauser effect; HSQC, heteronuclear
single quantum correlation; TOCSY, total correlation spectroscopy;
NOESY, nuclear Overhauser enhancement spectroscopy; HMBC, het-
eronuclear multiple bond correlation.

This paper is available on line at http://www.jbc.org
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Glycosylation of Art v 1

may carry both arabinosides and arabinogalactans (5, 14, 18).
The type of glycan synthesized at a given Hyp residue appears
to be determined by the peptide sequence (5, 15, 19). Contigu-
ous Hyp residues form attachment sites for arabino-oligosac-
charides, whereas non-contiguous, clustered Hyp residues bear
arabinogalactan polysaccharides (5, 10).

Type II arabinogalactans are immunogenic, and antibodies
against arabinogalactans have been employed to study the
location and function of AGPs (4, 20-22). Several monoclonal
antibodies have been characterized as binding to arabinose-
containing epitopes (22, 23). A monoclonal antibody against
linear al,5-arabinan oligosaccharides was reported to bind
with a nanomolar affinity (24). Often structural elements
other than arabinose are responsible for antibody binding by
sera against natural AGPs (25, 26). In the present study we
report on the structure of the arabinogalactan polysaccharide
and on the unexpected finding of a new type of O-glycosyla-
tion of the mugwort (A. vulgaris) pollen allergen Art v 1 as well
as on the antibody binding abilities of these posttranslational
modifications.

MATERIALS AND METHODS

Allergens, Antibodies, and Other Materials—Natural Art v 1 (nArt v
1) and recombinant Art v 1 (rArt v 1) were obtained as described
recently (1). For immunological characterization, sera of 13 mugwort
pollen-allergic patients selected by typical case history, positive skin
test, and radioallergosorbent test class >3.0 were used. All sera reacted
specifically with nArt v 1 in immunoblots or ELISA. Serum from a
non-allergic healthy subject was used for control. Rabbit antiserum was
raised against nArt v 1, and a fraction specific for the posttranslational
modifications of nArt v 1 was selected (rabbit anti-PTM) (1).

B-Glucosyl-Yariv reagent and gum arabic were obtained from Bio-
supplies (Victoria, Australia). Sugar beet arabinan and Aspergillus
niger a-L-arabinofuranosidase were obtained from Megazyme (Wicklow,
Ireland). Potato, tomato, and Datura stramonium lectins were bought
from Sigma.

Degradations of nArt v 1—For alkaline degradation, nArt v 1 was
incubated with 0.22 M Ba(OH), for 6 h at 100 °C (27). Glycopeptides
were recovered by passage over Sephadex G50 fine in 25 mM ammo-
nium acetate at pH 6.0, and fractions were analyzed for carbohydrate
(28). Mild acid degradation of glycopeptides was achieved by incubation
with 0.2 M trifluoroacetic acid at 80 °C for 60 min. Enzymatic digestion
of a-arabinosyl residues was performed in 50 mM ammonium acetate of
pH 4.0 at 37 °C with A. niger a-arabinofuranosidase (0.3 units/nmol of
substrate). B-Galactosidase from Aspergillus oryzae (0.05 units/nmol)
was subsequently added (29). Degraded glycopeptide was purified as
above but with Sephadex G15.

Larger glycopeptides from nArt v 1 were obtained by digestion with
trypsin in the absence or presence of dithiothreitol (28). Chemical
deglycosylation was done with trifluoromethanesulfonic acid in the
presence of anisole for 1 h at —20 °C (30). Precipitation of nArt v 1 and
gum arabic, as a control, was performed as described (31).

Analytical Methods—Monosaccharides were analyzed by gas chro-
matography/mass spectroscopy of alditol acetates (32) and by HPLC
(33) after hydrolysis with 4 M trifluoroacetic acid at 100 °C for 2 h.
Hydroxyproline was determined by HPLC as its Fmoc (34) or dansyl
derivative (35). Trans-4-hydroxy-L-proline and cis-4-hydroxy-L-proline
(Sigma) were used as standards.

MALDI-TOF mass spectrometry of Hyp-linked polysaccharide and of
nArt v 1 was carried out using a Dynamo mass spectrometer (Thermo-
BioAnalysis, Ltd.) in the delayed extraction mode (36). The instrument
was externally calibrated against partially hydrolyzed dextran, bee
venom melittin, or porcine insulin.

Dansylated Ara-Hyp was analyzed by reversed phase HPLC coupled
to electrospray ionization mass spectrometry on a Waters-Micromass
Q-Tof Ultima Global instrument equipped with a 0.18 X 150-mm Bio-
Basic18 column (Thermo Hypersil) and a 0.835 X 5-mm Opti-Pak™ C18
precolumn (Waters). A gradient from 5 to 40% acetonitrile in 0.1%
formic acid was formed in 40 min at a flow rate of 2 ul/min.

NMR spectra were recorded at 25 °C in 3- or 1.7-mm tubes in D,0 in
a 3-mm HCN probe at a Varian Unity Inova 800 instrument at 799.96
MHz for proton and 201.12 MHz for carbon, using acetone as reference
for proton (2.225 ppm) and 1,4-dioxane for carbon (67.4 ppm). Varian
standard programs tndqcosy, tnnoesy (mixing time of 100 ms), tntocsy
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Fic. 1. Gel filtration of alkali degraded nArt v 1. The Ba(OH),

hydrolysate was separated over Sephadex G50 fine. Fractions were
analyzed for carbohydrate and pooled as indicated.

(spinlock time 80 ms), gHSQC, gHSQCTOCSY (spinlock time 80 ms),
gHSQCNOESY (mixing time 200 ms), and gHMBC were used with
digital resolution in F2 dimension <2 Hz/pt (37). Processed spectra
were assigned using the computer program PRONTO (38).

Immunological Methods—Immunoblots with rabbit anti-PTM were
performed with 0.1 pg of protein/lane as described (36). IgE blots were
done as described previously (1). In certain cases, binding to N-glycans
was suppressed by the addition of bovine serum albumin-conjugated
bromelain glycopeptide (10 pg/ml) to the diluted serum (39).

ELISA with the sera of the patients was performed as described
previously (36) with minor modifications. Tris-buffered saline was used
instead of phosphate-buffered saline, and 3% dry milk powder was used
instead of bovine serum albumin. For coating, 0.6 ng of protein were
applied to each well. Color development was performed between 2 and
16 h. ELISA with rabbit anti-PTM was performed in the same way but
with a development time of 1 h.

In the case of inhibition experiments, the sera were preincubated
with the substance to be tested for 1 h at 37 °C. All ELISA measure-
ments were done in triplicate.

Periodate oxidation of nArt v 1 was performed with 10 mM sodium
metaperiodate in 40 mM sodium acetate buffer of pH 4.2 at 4 °C. An
incubation time of 7 h was found to be just sufficient to fully destroy the
reactivity with rabbit anti-PTM.

RESULTS

Overview on the Structural Analysis—nArt v 1 contained Gal
and Ara in a ratio of 1:11.4. To remove the protein part, the
arabinogalactan protein Art v 1 was subjected to alkaline hy-
drolysis, which leaves intact Hyp-linked oligosaccharides while
it destroys sugars linked to serine or threonine (27). Gel filtra-
tion of the alkali digest of Art v 1 yielded three peaks (Fig. 1).
The first one presumably consisted of incompletely digested
material. The second, most intense, peak constituted a Hyp-
linked arabinogalactan, which will be referred to as Hyp-
polysaccharide (Hyp-PS). A smaller arabinose-containing peak
in the inclusion volume of the column will be referred to as
B-Ara-Hyp.

Arabinogalactan proteins react with Yariv reagent (31). In-
deed, nArt v 1 precipitated with B-glucosyl Yariv reagent as
judged from dissolution and semi-quantitative SDS-PAGE of
the pellet. Thus, Art v 1 can be called an AGP. although it will
be shown to be an atypical one.

Analysis of the Hyp-polysaccharide—The glycopeptide ob-
tained from Art v 1 by alkaline hydrolysis contained arabi-
nose and galactose in a molar ratio of 5.5:1 (1). The Hyp-PS
pool contained mainly 4-trans-Hyp accompanied by 4-cis-
Hyp, an isomerization product of trans-4-Hyp (13). The ratio
of Hyp to Gal was 1:2.9, which fits well to the masses reported
previously where the Hyp-glycan was shown to consist of a
Hyp,Gal;Ara; o4 series (Fig. 2) (1). Linkage analysis by per-
methylation indicated the Hyp-glycan to contain six major sub-
stitution types, terminal, 5-substituted, 2,5-, or 3,5-disubsti-
tuted and even 2,3,5-trisubstituted arabinofuranosyl residues,
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Fic. 2. MALDI mass spectrometry of the hydroxyproline-
linked polysaccharide before and after mild acid hydrolysis.
Spectra of complete (A) and degraded Hyp-polysaccharide (B) were
acquired on the Dynamo MALDI-TOF mass spectrometer with gentisic
acid as the matrix. The masses in A represent [M+Na] " ions of mainly
Hyp-Gal, plus a varying number of Ara residues (1), in B Hyp-Gal,,
Hyp-Gal;-Ara, and Hyp-Gal, can be observed in addition to the major
peak representing Hyp-Gal,.

on one hand and 3,6-disubstituted galactopyranosyl-residues
on the other (Fig. 3). The ring forms are deduced from spectra
obtained for the Cl-deuterated partially methylated alditol
acetates of terminal arabinose and terminal galactose. These
assumptions were later corroborated by enzymatic digestions
and NMR. Permethylation analysis thus indicated consider-
able branching of the Hyp-glycan. Remethylation and control
experiments did not point at undermethylation. An approxi-
mate quantitation of the substitutions can be deduced from Fig.
3 where, however, the amount of terminal Ara is certainly
underestimated due the volatility of its derivative. Permethy-
lation analysis of a Pronase glycopeptide of Art v 1 resulted in
a considerably larger peak of terminal furanosidic arabinose.
This difference later turned out not to be just a fluctuation in
the yield of the derivative of terminal Ara but to result from
Ara residues directly linked to Hyp (see below).

Limited acid hydrolysis of the highly disperse polysaccharide
(1) led to the disappearance of large glycans and to an accumu-
lation of a peak of mass 640 Da which corresponds to trigalac-
tosyl-Hyp (Fig. 2). Smaller peaks at 478 and 802 Da indicated
the occurrence of additional di- and tetragalactosyl series. Sim-
ilar results were obtained when Hyp-PS was incubated with
a-L-arabinofuranosidase. These data imply the Art v 1 Hyp-PS
consists of an inner galactosyl-core to which arabinan chains
composed of mainly 3-5 a-L-arabinofuranosyl residues are
attached.

The galactan was sensitive to fungal B-p-galactosidase,
which, notably, is essentially inactive toward B1,3-linked ga-
lactosides (29). The formation of free Hyp as found by HPLC
after Fmoc derivatization indicated that the innermost galac-
tose residues also had been of the B-configuration. NMR and
linkage analyses (Fig. 3) indicated the p-galactoses to be 81,6
linked and not 81,3 as found in type II arabinogalactans.

NMR Spectroscopy of Hyp-polysaccharide from nArt v 1—
Extensive two-dimensional NMR spectroscopy of Hyp-PS was
carried out at high field (800 MHz for 1H). State of the art
two-dimensional approaches, such as HSQC-TOCSY and
HSQC-NOESY, were used, and assignments were based on
well established methods as reviewed by Duus et al. (37). In-
formation from all the available two-dimensional data were
combined with published spectral data. The assignments de-
scribed were initially performed on the isolated complex mix-
ture of Hyp-PS but subsequently confirmed for the intact gly-
coprotein. The data given in Table I are all for the Hyp-PS, but

Glycosylation of Art v 1
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Fic. 3. Linkage analysis of the Hyp-linked polysaccharide
from Art v 1. Total ion current of the gas chromatogram of the partially
methylated alditol acetates from Hyp-glycan showing peaks for termi-
nal (¢-), 5-substituted, and disubstituted arabinofuranosidase as im-
plied by the mass spectra. The arrows indicate the positions and nature
of the two peaks in the chromatogram obtained with dearabinosylated
Hyp-glycan (free galactan backbone).

very similar chemical shifts were observed for the PS linked to
the intact protein.

The structure of the backbone of the PS could clearly be
assigned to be B-galactosidase-(1-6)-B-galactosidase-(1-6)-8-
galactosidase-(1-O)-Hyp. The anomeric 'H signals at 4.65, 4.47,
4.52, and 4.45 ppm in an approximate ratio of 1:1:0.7:0.3,
respectively, could be assigned to B-galactosidase from the
chemical shifts, from the 'H-'H three bond coupling constants
(Jy2 = 7Hz, Jy 3 = 10 Hz, J3 , = 3 Hz) and from NOE corre-
lations between H1-H3 and H1-H5 (37, 40). The clear NOEs to
H-v of Hyp, 4.74 and 4.66 ppm, respectively, indicated the
B-galactosidase with anomeric signals at 4.52 and 4.45 ppm
was linked to two types of Hyp. The chemical shifts of the two
types of Hyp could be fully assigned, but the configuration (cis
or trans) could not be determined. Normally in peptide NMR
(41) the cis- or trans-configuration is assigned based on NOE to
the adjacent peptide Hea, which is not present in an isolated
Hyp.

The two remaining B-galactosidase residues appeared to be
linked 1-6 to another galactosidase by NOE connectivities. The
chemical shifts assigned for all the B-galactosidase moieties
showed these to be substituted both at the 3 and 6 positions,
and the residues attached to those positions could be identified
by HMBC and NOE correlations.

The assignment of the arabinofuranose residues was ham-
pered by overlap because of the high heterogeneity of the sam-
ple, which contained a series of structures ranging from 5 to 28
Ara residues at the extreme ranges, as judged by mass spec-
trometry (Fig. 3). The anomeric signals for a series of different
residues also could be identified and many of these were as-
signed to specific linkage positions by NOE and HMBC. For
example, the residues named bl and b2 could be linked to
galactosidase-3 and b3 to galactosidase-6. These residues could
not all be fully assigned, but based on the **C chemical shifts
compared with data in the literature (42—45) of e.g. the C-2
(82.1 ppm), C-3 (83.1 ppm), and C-5 (67.2 ppm) of residue b1, it
can be deduced that this Ara residue is substituted at C-3 and
C-5 and not at C-2. In contrast, the residue b2 with an ano-
meric signal at 5.19 ppm can only be partly assigned, but based
on the chemical shift of C-2 (85.9 ppm) b2 can be deduced to be
substituted at C-2 and C-3. However, it could not be deter-
mined if this residue is substituted at C-5. therefore, it is given
as (2,3,7)-a-Ara-(1-3)-B-galactosidase, representing both (2,3)-
a-Ara-(1-3)-B-galactosidase and (2,3,5)-a-Ara-(1-3)-B-galacto-
sidase. An important tool in the assignment of the substitution
pattern of different plant arabinans is the *C chemical shift
data published by several groups (43—45) (added to Table I).
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TABLE I
Assigned NMR chemical shift for residues in the oligosaccharide

Residue® Position HMBC
NOE  from App.
o p1 p2 Y &1 &2 from Hl H1 Integral
Hyp TH 430 258 2.13 4.74 3.64 351 0.7
Beo60.7  36.0 79.0 52.7
Hyp 'H 420 247 240 466 375 3.4l 0.3
“C 607 358 783 52.9
1 2 3 4 5a 5b(6a) 6b
6)B-Gal(1-0)Hyp h 'H 452 364 381 415 388 386" 386" 474 0.7
“C 1021 706 824 694 744 674°
6)B-Gal(1-0)Hyp h 'H 445 361 378 412 386 386" 386" 4.66 03
) BC 1026 70.6 824 69.4 744 674°
6)B-Gal(1-6)B-Gal i 'H 447 3.61 368 406 3.8%8 3.80* 3.80* 3.86 1
“C 1043 70.7 81.1 694 744 67.1°
6)B-Gal(1-6)p-Gal g 'H 465 3.68 3.67 406 380 384" 384" 380 1
“C 1048 71.0 811 69.4 744 67.I°
3,5)a-Ara(1-3)p-Gal bl 'H 520 4.17 420 426 390 3.80 368 811 3.7
"C 1102 82.1 83.1 822 67.1
2,3,79a-Ara(1-3)p-Gal b2 'H 519 4.26 367 811 ¢
“C 1102 859
Pa-Ara(1-6)p-Gal b3 'H 520 384 67.1 :
BC 107.1
3)a-Ara(1-?) e 'H 506 424 4.00 824 0.8
“C 108.1 80.0 84.8
3)a-Ara(1-7) e 'H 507 424 4.06 83.8 !
“C 108.1 80.0 84.8
5)a-Ara(1-7) m 'H 398 4.17 3.84 3.75 7
B¢ 77.5 833 61.7
3,5)a-Ara(1-3)a-Ara ¢l 'H 514 408 399 415 385 3.77 420 831 34*
C 1073 819 847 833 674
Da-Ara(l-5)a-Ara 2 'H 516 4.12 3.84/3.75 ¢
BC 1072 87.8
a-Ara(1-2)a-Ara ¢3 'H 5.13 4.08 392 403 378 3.67 859 ¢
BC 1078 81.9 774 847 61.9
a-Ara(1-5)a-Ara e 'H 504 409 391 405 379 3.67 674 59
C 1085 81.9 77.2 848 61.9
a-Ara(1-3)o-Ara d 'H 511 409 391 400 3.79 3.67 420 2.8
“C 107.7 819 77.4 848 61.9
a-Ara(1-2)[1-3Jo-Ara a 'H 539 4.14 388 4.04 377 3.66 412 0.4
C 1093 823 776 848 61.9
Arabinan data (ref. 44).
a-Ara BC 1083 817 773 847 62.0
5)a-Ara “C 1083 81.6 775 831 67.7
3,5)a-Ara “C 1080 81.9 832 824 67.5
2.5)a-Ara “C 1079 87.7 76.1 83.0 67.7
2,3,5)aAra BC 107.7 84.7 832 82.1 674

“ The chemical shifts are given for the residue in bold.

b ¢ The indicated chemical shifts might be interchanged.

< The integral is the sum for all 5-subsituted residues.

e /- £ Within each group the integral is the sum for these residues.

In the same manner several other arabinoside residues could
be identified and linked together even if the full assignment
could not be obtained. For a quantitative estimation of the
representative structures, the anomeric 'H signals were inte-
grated, and when these overlapped the integral represents
several fragments. For a subfragment m the signals for posi-
tions 3, 4, and 5 could be identified, but it was not possible to
identify the anomeric signal. Fragment m can be deduced to be
5- but clearly not 3-substituted by the *3C chemical shifts of C-3
and C-5. Most likely, it is not 2-substituted either, having a C-3
13C chemical shift of 77.5 ppm. A 2 substitution is expected to
bring the chemical shift up to ~76 ppm by a B-glycosylation
shift. This 5-monosubstituted a-arabinoside is integrated to ~7
residues/mol, which is in good agreement with the intense peak
seen in Fig. 3 from the linkage analysis.

The chemical shifts in Table I should be regarded as descrip-
tion of building blocks present in the PS and not as an assign-
ment of a specific structure. Based on the NMR data and the

information from MS and linkage analysis, a representative
“average” structure can be devised as depicted in Fig. 4. The
model must be considered to be tentative, because the param-
eters obtained by NMR and linkage analysis are averaged over
a wide molecular size range. Nevertheless, we assume that this
structure represents an existing, albeit small fraction of the
polysaccharide, among numerous other isomers, which can
arise from other combinations of the building blocks given in
Table I.

Partial Degradation of Art v 1—Our initial hypothesis about
the global structure of Art v 1 supposed it to contain either one
or two O-linked polysaccharides leading to two groups of peaks
at ~13 and 15 kDa (1) or, in the case of tryptic glycopeptides
(nArt v 1-tryp), at ~7 and 9 kDa (Fig. 5). However, a-arabino-
furanosidase treatment of nArt v 1-tryp resulted in peaks ~7.3
kDa, and although subsequent B-galactosidase further reduced
the size (Fig. 5), the product “dearagal-nArt v 1-tryp” was much
larger than peptide 56—-108, which has a calculated mass of
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Fic. 4. Tentative structural model of the Art v 1 polysaccha-
ride. At the top, an arabinan branch is depicted, which shall be under-
stood as one of many possible combinations of the building elements
detected by NMR and other techniques. Ara and Gal stand for L-
arabinose and D-galactose, respectively. The schematics above arbi-
trarily depict polysaccharides with 17 and 10 arabinose residues. Gray
stars, white circles, and the rhombus represent arabinofuranose, galac-
topyranose, and hydroxyproline residues, respectively.

4,846 Da if 16 Pro residues are oxidized to Hyp. Thus only ~2
kDa of glycan mass had been removed by this enzymatic treat-
ment, which corresponds to one polysaccharide chain of the
kind described above. In contrast, chemically deglycosylated
nArt v 1 exhibited a peak at 4,854 Da (Fig. 5). The dominant
peak at 4,704 Da may arise from loss of the C-terminal His. In
other words, there was ~2.5 kDa of dark matter, i.e. unex-
plained mass, in the arabinosidase and galactosidase treated
tryptic peptide of nArt v 1. Taking into account the findings
described later, the difference between the peaks in Fig. 5, C
and D can be interpreted as 16—17 arabinose residues within
the limits of accuracy set by multiple alkali metal adducts and
the probably disperse number of Hyp residues. These Ara res-
idues must occur in a structure different from the Hyp-polysac-
charide with its terminal glycosidase-sensitive a-Ara residues.

NMR Spectroscopy of the Intact nArt v 1 Glycoprotein—In the
NMR spectra of the isolated Hyp-PS described above, a set of
resonances typical for dextran were present with an anomeric
signal at 4.90 ppm (40). The dextran was suspected to originate
from a Sephadex column used during fractionation. To prove
that the dextran was not a part of nArt v 1, NMR data of the
intact glycoprotein was obtained. In this case, the results
showed the dextran was clearly not present but surprisingly
another pronounced anomeric *H signal showed up at ~5.12
ppm. Extensive two-dimensional 'H-'H and 'H-'3C data were
acquired and these results indicated that this signal originated
from a single B-arabinofuranoside linked to Hyp. Overlap with
the a-arabinoside made the assignment somewhat difficult.
Thus, to further substantiate this observation, the nArt v 1
glycoprotein was treated with a-arabinofuranosidase to remove
the a-arabinoside residues from the polysaccharide. This made
the B-Ara anomeric signals clearly visible even in the one-
dimensional 'H spectrum (Fig. 6). Based on two-dimensional
data, 'H signals could be assigned corresponding to three very
similar B-arabinoside residues (Table II). The '*C chemical
shifts could not be distinguished for each of the three types, and
only one set of signals is given in the table. The comparison of
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Fic. 5. MALDI mass spectrometry of glycoforms of the Hyp-
rich domain. Tryptic glycopeptides from nArt v 1 were obtained under
non-denaturing conditions and purified by gel filtration to remove most
of the globular domain (M, = 6220 with 4 disulfide bridges). Fully
glycosylated tryptic glycopeptide (A) is shown, after treatment with
a-arabinofuranosidase (B), and after additional B-galactosidase treat-
ment (dearagal-nArt v 1-tryp) (C). D, tryptic peptides obtained from
deglyc-nArt v 1. Mass values may be erroneous by = 0.2%. Spectra A-C
were acquired with gentisic acid as the matrix.

the C chemical shifts with literature values (42, 45) clearly
proves that the configuration is B, not «, like the residues
present in the PS. In particular, the anomeric 'C signal at
100.9 ppm contrasted significantly with the values ~107-109
ppm for the a-form, and the difference between o and B is in
good agreement with the general trend in furanosides (40, 42).
A comparison of the '3C chemical shifts for positions 2, 3, and
5 with published data for B-arabinose (45) and with data for tri-
or tetra-arabinosides linked to Hyp (16) clearly proves the
B-Ara to be unsubstituted. The linkage between B-Ara and Hyp
could be assigned by the NOE between the anomeric proton of
B-Ara and the y-proton of the Hyp and HMBC correlation from
the anomeric proton of B-Ara to the <y-carbon of the Hyp.
(Table II)

Likewise, three sets of 'H data could be assigned for the Hyp
residues. As the chemical shifts of the three assigned Hyp
residues are very similar, it can be deduced that these most
likely have the same configuration. Hence, the difference be-
tween the three different p-arabinoside residues is most likely
because of slight differences in their environment, i.e. the na-

2T0Z ‘€T Arenuer uo ‘auoizaduo) erejodeww| 11614 auoizebaibuo) 1e 610 ogl mmm woly papeojumoq


http://www.jbc.org/

Glycosylation of Art v 1

a-Ara | B-Gal
A .|| dextran |
nAL L
— PR RVAWN LR ). 0 _/'r__f-». P
Hyp
B o e
D, U\ A P A N 4 7 R SN | N

] _."ﬁl A
R },J e
. 47

49 45 ppm
-8 SR N
54 | [ @ ]

62 - - - - o - w5 -

64 | T , oo

N — -. === : f>Hsc:c

-
(=]
AOY
o
r'y

v

g2 | -profne |

102 | _ ‘- : )
505 |- gV NOESY

- : -
| ﬁ’ & | TOCSY
5.15 ﬁ.l
50

H2 H3 H4 H5aHSb
48 48 40 3.8 36

Fic. 6. NMR spectroscopic identification of B-arabinose at-
tachment to nArt v 1. Top, sections of one-dimensional *H spectra of
isolated Hyp-polysaccharide (A), intact Art v 1 before (B) and after
treatment with a-arabinofuranosidase (C). The dextran peak in spec-
trum A is a contamination introduced by gel filtration. Bottom, parts of
two-dimensional *H-'H NOESY and TOCSY spectra and of H-'C
correlated HSQC and HMBC spectra of a-arabinofuranosidase-treated
nArt v 1 protein showing the assignment of the B-Ara attached to Hyp.

ture and glycosylation status (if Hyp) of adjacent amino acid
residues. Craik and co-workers (41, 46) have demonstrated
that the difference between the y- and B-'3C chemical shift can
be used to determine the configuration of Hyp in proteins. They
observed that the difference between y and B would be ~33
ppm for trans and 30 ppm for cis. Apparently, the glycosylation
shift overrules this small difference and the Ay-B is ~42 ppm,
so the configuration cannot be determined here.

Detection of B-Ara-Hyp—B-Ara-Hyp might form peak III in
the gel filtration of alkali-digested nArt v 1. A part of this pool
was dansylated and subjected to reversed phase HPLC coupled
to an electrospray ionization mass spectrometer. The chromat-
ogram revealed distinct peaks for the masses of dansylated
Hyp, Pro and some other amino acids. Two major peaks dis-
played the mass of dansylated B-Ara-Hyp and are interpreted
as arabinosylated trans- and cis-4-Hyp (Fig. 7). The data did
not contain a hint to the occurrence of di-, tri-, or tetra-arabi-
nosides as found in extensin and solanaceous lectins. However,
another set of masses with the revealing spacing of 132 Da can
be interpreted as dansyl-(Ara-)Hyp-(Ara-)Hyp which, indicates
the presence of contiguous B-Ara-Hyp pairs in Art v 1. Indeed,
as nArt v 1 appears to contain ~16-17 B-Ara residues, most of
the (hydroxy)proline residues must be substituted with arabi-
nose as depicted in a schematic model of nArt v 1 and its
glycoforms (Fig. 8). We suggest that natural Art v 1 occurs in
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two glycoforms, one containing only B-Ara residues, the other
one bearing in addition a polysaccharide consisting of B-galac-
tosidase and a-Ara residues.

Binding of Antibodies to the Carbohydrate Moieties of Art v
1—The differential binding of the IgE of the patients by nArt v
1 and rArt v 1 had implied a significant role for posttransla-
tional modifications of Art v 1 in its allergenic properties (1).
Therefore, experiments were performed to compare the binding
capacities of variously deglycosylated Art v 1 preparations and
the natural protein. Periodate oxidation of nArt v 1 resulted in
a loss of IgE binding; however, this effect was also observed
with sera, which by other means had been shown to bind to the
peptide moiety. Hence, periodate experiments were judged un-
reliable and were not pursued.

Initially, we tried to substantiate the involvement of the
Hyp-polysaccharide in antibody binding, and this was done in
two ways following recent work on plant N-glycans (39). The
first strategy used isolated Hyp-polysaccharide as an inhibitor
of antibody binding to nArt v 1. In the second, this Hyp-
polysaccharide was covalently coupled to bovine serum albu-
min, and this neo-glycoprotein was used in ELISA and immu-
noblot. This latter method failed to reveal any binding of either
rabbit serum or the IgE of the patients to Hyp-polysaccharide.
In contrast, inhibition of IgE binding could be achieved but only
with a fairly high concentration of inhibitor. The ICy, for the
Hyp-PS was estimated to be in the range of 12 mwm in terms of
Ara or ~0.7 mMm in terms of polysaccharide. In retrospect we
assume that even this weak inhibitory potency was not because
of the polysaccharide itself but because of residual B-Ara-con-
taining peptides. In line with this assumption, gum arabic
consisting to a large part of an arabinogalactan protein (14)
and sugar beet arabinan being a branched arabinan with
mainly «1,5 linkages (47) inhibited even less efficiently (sup-
plier’s information).

Treatment of nArt v 1 with a-arabinofuranosidase did not
affect binding of the rabbit anti-PTM or of the sera of patients
10-13. Thus, a-Araf residues on the Hyp-polysaccharide were
not involved in antibody binding.

On immunoblots, rabbit anti-PTM and the sera of the pa-
tients stained both bands in nArt v 1 (Fig. 9). The single band
of dearagal-Art v 1 was stained even stronger due to conflation
of two bands into one (Fig. 9). This result was obtained with all
sera, even with those reacting with rArt v 1, i.e. with the
peptide moiety alone, showing that the epitopes for both the
PTM- and the peptide-reactive sera had persisted through
the glycosidase treatment. The rArt v 1-binding sera even
bound to chemically deglycosylated nArt v 1. On the contrary,
this deglyc-nArt v 1 was no longer recognized by those sera that
were unable to bind to rArt v 1 (Fig. 9, patients 10-13). We
conclude that these sera exclusively contained antibodies bind-
ing to a carbohydrate determinant. This epitope, however, is
not part of the polysaccharide, which explains that these sera
also stained the lower mass band that is devoid of the polysac-
charide (see Fig. 8). Only four sera bound exclusively to nArt v
1. However, we assume that more sera contain anti-arabinose
IgE in a mixture with anti-peptide IgE.

In another experiment, the «-arabinosidase and B-galacto-
sidase-treated tryptic peptide dearagal-nArt v 1-tryp (Fig. 10C)
resembling the Hyp-rich region of Art v 1 was used as inhibitor
of antibody binding to nArt v 1. At a concentration of 100 um (in
terms of Ara, i.e. 6 uM in terms of glycopeptide) the binding to
nArt v 1 in several PTM sera was strongly inhibited by deara-
gal-nArt v 1-tryp (Fig. 10). For sera 9 and 11 inhibition was also
performed at 10 um. The estimated IC;, of 0.5 (+0.3) um indi-
cated that this tryptic glycopeptide contained the actual anti-
body epitope. Taken together, we conclude the B-Araf residues
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TaBLE II
Assigned 'H and 3C chemical shifts of Hyp-linked a-Ara in a-arabino furanosidase-treated nArt v 1

Position
S ad NOE HMBC
Residue @ Bl B2 v ol 02 from H1 from H1
Hyp Type 1 'H 4837 2547 2000 4581  4.035  3.729
Type 2 H 4.844 2.552 2.005 4574 4.012 3.758
Type 3 H 4.831 2.531 2.001 4.580 4.028 3.722
Type 1, 2, 3 3C  58.6 35.7 77.5 53.8
1 2 3 4 5a 5b
B-Ara(1-O)Hyp Type 1 H 5120 410 4012 3848 3.744 3600 4581 775
Type 2 H 5.108 4.069 3.991 3.840 3.734 3.577 4.574 77.5
Type 3 H 5.105 4.089 3.972 3.840 3.734 3.572 4.580 77.5
Type 1, 2, 3 3C  100.9 77.2 75.3 82.8 64.1
Literature data (Ref. 45) B-Ara 3C 102.3 77.2 75.1 83.2 63.9

“ The chemical shifts are given for the residue in bold.
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Fic. 7. Detection of Ara-Hyp by liquid chromatography-MS.
Dansyl-amino acids from pool III of the alkaline digest of nArt v 1 were
separated by reversed phase HPLC with electrospray ionization mass
spectrometric detection. In addition to the total ion current (TIC),
reconstructed ion currents for mass 497 Da (Ara-Hyp) and 742 Da
((Ara-Hyp),) are shown. In the MS spectra of selected peaks, loss of
arabinose by in source fragmentation is indicated.

in the Hyp-rich region of Art v 1 to form the core of an IgE
epitope.

Cross-reactivity of Antibodies with Solanaceous Lectins—The
amino acid sequence and the sugar composition of nArt v 1
pointed to a structural similarity with extensin-like proteins or
with domains such as those found in the lectins from potato,
tomato, and thorn-apple. On immunoblots, rabbit anti-PTM
showed no reaction with tomato and thorn-apple lectin. The
binding to several high molecular mass proteins in the potato
lectin preparation could be inhibited by bromelain glycopeptide
coupled to bovine serum albumin (39). The affinity of IgE from
serum 10 of a patient to the lectins was tested with ELISA.
Although the reaction with thorn-apple lectin was extremely
intense and could not have possibly been due to Art v 1-specific
antibodies, no binding to the other two lectins could be ob-
served. Taken together, the arabinan chains on contiguous
Hyp-motifs of solanaceous lectins are not able to bind antibod-
ies with specificity for mono-arabinosylated Hyp residues as
they occur in the mugwort pollen allergen Art v 1.

FiG. 8. Models of natural and artificial glycoforms of Art v 1.
The gray line represents the protein backbone with the globular domain
at the bottom. In addition to the Hyp-polysaccharide (yellow circles are
B-galactosidase, emerald stars are a-Ara residues arranged as in Fig. 4),
the Hyp-linked B-arabinofuranosyl residues are shown as red stars. The
square encloses the two naturally occurring glycoforms. Schematic A
shows the larger nArt v 1 glycoform of 15 kDa, B shows the one of 13
kDa, and C shows rArt v 1. Schematic D depicts Art v 1 after de-a-
arabinosylation and E after chemical deglycosylation is deglyc-nArt v 1,
where the small circles symbolize OH groups of Hyp. The tryptic pep-
tide dearagal-nArt v 1-tryp is shown in Schematic F.

DISCUSSION

At first glance, Art v 1is yet another arabinogalactan protein
and seemingly it is not worth dealing with it in any detail.
However at a closer look, this mugwort pollen allergen holds a
few surprises. Firstly, for a plant proteomics expert, Art v 1
merely constitutes a chimeric protein having a Hyp-rich do-
main that contains a number of contiguous Hyp residues e.g. in
the sequence Ser-Hyp-Hyp-Hyp-Hyp. Extrapolating from work
done on various Hyp-rich glycoproteins (5, 15, 18) one would
expect this extensin-like domain to bear short Hyp-linked ara-
binan chains. Thus, Art v 1 would highly resemble the lectins
from solanaceous lectins except that its globular domain has a
different function. However, Art v 1 bears only single B-Ara

2T0Z ‘€T Arenuer uo ‘auoizaduo) erejodeww| 11614 auoizebaibuo) 1e 610 ogl mmm woly papeojumoq


http://www.jbc.org/

Glycosylation of Art v 1

NADRNADRNADRNADR

45= :
%

20~ - S
14=
Coomassie rb-a-PTM _NHS

45- R
.’wi"‘f N’hu B

patlent 5

30-4

patlent 9

patient 12  patient 13

patient 10  patient 11

Fic. 9. Antibody binding to Art v 1 glycoforms. Similar amounts
of nArt v 1 (lanes N), dearagal-nArt v 1 (lanes A), deglyc-nArt v 1 (lanes
D) and rArt v 1 (lanes R) were subjected to SDS-PAGE and immuno-
blotting. One gel was stained with Coomassie Brilliant Blue, one blot
was developed with rabbit anti-PTM (rb-a-PTM), all other blots show
the IgE binding from human sera. NHS, non-allergic healthy subject.
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Fic. 10. Inhibition of IgE binding to nArt v 1 by truncated
glycopeptide. Black bars, binding of the IgE of the patients to nArt v
1 in the absence of inhibitor. Gray bars, show the binding in the
presence of 10 uM trypsin-treated dearagal-nArt v 1, which lacks the
polysaccharide but still contains B-arabinose (see also Fig. 8).

residues attached to, often adjacent, hydroxyprolines. Surpris-
ingly though, there was no immunological cross-reactivity be-
tween the mugwort allergen and solanaceous lectins.

Secondly, taking its ability to precipitate with Yariv reagent,
Art v 1 constitutes an arabinogalactan protein. Indeed, it does
contain a Hyp-linked polysaccharide consisting of arabinose
and galactose. However, with its small size (which makes it
amenable to MALDI mass spectrometry), lack of other mono-
saccharides (1), and shortness of the galactan main chain, the
B1,6 linkages between the galactoses and the relatively large
branched arabinan side chains this polysaccharide differs from
“typical” type II arabinogalactans (3, 8). Assuming that similar
polysaccharides will be found on other proteins (see below), we
suggest to call these glycans type III arabinogalactans (Fig. 4).
Given the pronounced size heterogeneity and the likely pres-
ence of various isomers within each size class, a definitive
structure of this polysaccharide cannot be given. Even though
the structures depicted in Fig. 4 represent a highly likely
consensus model that combines the results of NMR and linkage
analysis and enzymatic degradations.

Finally, considering the immunogenicity of arabinogalactans
and arabinans (4, 24-27), we initially assumed the Hyp-poly-
saccharide to be responsible for antibody binding in nArt v 1.
This hypothesis, however, was found to be inappropriate. In a
publication from Haavik et al. (48), the carbohydrate moiety of
a basic glycoprotein allergen from Phleum pratense exhibited
striking similarities with the Hyp-polysaccharide of Art v 1
(48). In keeping with the present study, the same authors could
not find any evidence for binding of IgE of the patients to this
arabinogalactan (49).
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The results of the present paper indicate that the Hyp-linked
B-arabinose residues constitute the IgG- and IgE-binding de-
terminants. We assume that the epitope comprises more than
just one such residue. It may take two or more adjacent arabi-
nosides or even the flanking peptide region. The most convinc-
ing proofs for the role of the B-arabinoses would be x-ray diffrac-
tion of a glycopeptide-antibody complex or biosynthesis of the
epitope akin to that recently performed with plant N-glycan
structures (36). Both approaches have to await the availability of
the relevant reagents, e.g. of the arabinosyl transferase.

Taken together, the mugwort pollen allergen Art v 1 appears
as an unusual glycoprotein partly akin to well known examples
but with several unique aspects. We cannot at the moment
locate the Hyp-polysaccharide and the many B-arabinose resi-
dues along the C-terminal domain of Art v 1. But we attempted
to draft a model for its structure (Fig. 8), which may resemble
what Qi et al. (31) termed a twisted, hairy rope. As the rather
stiff nature of the extended Hyp-rich domain, which also causes
the huge difference between true and apparent mass on SDS-
PAGE, may not be well described by the term “rope,” which
implies flexibility, we would rather call it a “bottle-brush.”
Mugwort pollen thus provides us with two models of bottle-
brushes, the simple version having solely B-arabinose residues,
which give it a mass of ~13 kDa, and the complex version,
equipped additionally with an arabinogalactan polysaccharide
resulting in a mass of ~15 kDa (Fig. 8). When it comes to
antibody binding the simple version, however, has all that it
takes. It remains to be answered whether the only partial
decoration with a Hyp-polysaccharide is merely accidental un-
derglycosylation or a consequence of the existence of isoforms of
Art v 1 as described for several other pollen allergens (50).

Although, to the best of the knowledge of these authors, this
type of glycosylation has not yet been explicitly described, we
do not expect it to be unique and confined to Art v 1. Glycopro-
teins with a homologous glycosylation might be present in
related plant species. The asteraceae (or compositae) constitute
the second largest family of dicotyledoneous plants, and they
comprise among many other species potent producers of aller-
genic pollen such as Ambrosia artemisiifolia (common or small
ragweed), Ambrosia trifida (giant ragweed), Helianthus ann-
uus (sunflower), Parthenium hysterophorus (feverfew), and of
course A. vulgaris. Protein sequences homologous to Art v 1 can
be found in pollen from H. annuus (Swiss prot P22357) and
P. hysterophorus (51). The latter allergen was described as
containing a considerable amount of carbohydrate, which was
essential for antibody binding (51). Unfortunately, its structure
has not yet been elucidated.

The work reported here leads to a number of intriguing
questions. For example, does the amino acid sequence provide
the key to this mono-arabinosylation in contrast to the attach-
ment of arabinans? Or do asteraceae simply not express the
elongating arabinosyl transferases? How would Art v 1 be
glycosylated when produced in tobacco or other non-astera-
ceaen plants? How are asteraceaen extensins glycosylated?

Does the more restricted occurrence of mono-arabinosylated
allergens correspond with a higher allergological impact as
compared with N-glycans, which for many patients have no
clinical relevance? The recent observation (2) that with 6 of 32
patients nArt v 1 gave drastically stronger responses in skin
prick test than rArt v 1 indicates that for several patients the
carbohydrate does contribute to the allergic reaction.
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