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Bet v 1, the major allergen of birch pollen, displays a
considerable degree of heterogeneity. Several charge
variants have been detected by two-dimensional IgE im-
munoblots and isoelectric focusing techniques. This het-
erogeneity has been attributed to glycosylation (or other
post-translational modifications) or to isogenes coding for
Bet v 1 isoforms and/or allelic variants. However, until
now, only limited structural data for Bet v 1 have been
published. Recently, we described the expression, purifi-
cation, and immunological properties of recombinant Bet
v 1 (rBet v 1) produced in Escherichia coli as a non-fusion
protein (Ferreira, F. D., Hoffmann-Sommergruber, K.,
Breiteneder, H., Pettenburger, K., Ebner, C., Sommergru-
ber, W., Steiner, R., Bohle, B., Sperr, W. R., Valent, P.,
Kungl, A. J., Breitenbach, M., Kraft, D., and Scheiner, O.
(1993) J. Biol. Chem. 268, 19574-19580). Here, we present a
more detailed structural characterization of Bet v 1 by
both ¢cDNA cloning and mass spectrometry. Thirteen dif-
ferent cDNA clones coding for Bet v 1 isoforms were ob-
tained by polymerase chain reaction amplification of
birch pollen ¢cDNA with a sequence-specific 5'-terminal
primer and a nonspecific 3’-terminal primer or by immu-
nological screening of a birch pollen ¢cDNA library. These
isoforms are referred to as Bet v 1b to Bet v 1n, whereas
the previously isolated Bet v 1 ¢cDNA (Breiteneder, H.,
Pettenburger, K., Bito, A., Valenta, R., Kraft, D., Rumpold,
H., Scheiner, 0., and Breitenbach, M. (1989) EMBO J. 8,
1935-1938) is now referred to as Bet v 1a. High perform-
ance liquid chromatography and plasma desorption mass
spectrometry of proteolytic fragments of purified natural
Bet vl (nBet v1) and rBet v 1a were used to (i) confirm the
primary structure of all Bet v 1 isoforms and (ii) to inves-
tigate any possible postsynthetic modifications on rBet v
1a or on the natural mixture of isoallergens obtained from
birch pollen. Except for the cleavage of initiating methi-
onine, no postsynthetic modifications were found in
either nBet v 1 or rBet v 1a.
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In the temperate climate zone of the world, pollen from trees
of the order Fagales (e.g. birch, alder, hazel, oak, and horn-
beam) are a major cause of Type I allergies (Ipsen et al., 1985;
Jarolim et al., 1989a). Birch pollen contains a single major
allergen with a molecular mass of 17 kDa (Ipsen and Loewen-
stein, 1983), designated Bet v 1." More than 96% of all tree
pollen allergic patients display IgE antibodies to Bet v 1, and
60% react exclusively to this allergen, indicating the impor-
tance of this protein in tree pollen allergy (Jarolim et al.,
1989a).

Previously, we isolated and sequenced a ¢cDNA clone coding
for Bet v 1 (Breiteneder et al., 1989), which shows high se-
quence similarities to the single major pollen allergen from
alder, Aln g 1 (Breiteneder et al., 1992), from hornbeam, Car b
1 (Larsen et al., 1992), and from hazel, Cor a 1 (Breiteneder et
al., 1993). This is in good agreement with the observation that
patients displaying specific IgE to Bet v 1 also show symptoms
during the flowering season of other trees of the order Fagales.

Interestingly, all of these major tree pollen allergens show
significant sequence similarities to a family of plant pathogen-
activated genes shown to be induced in somatic tissues by
infection with fungi and bacteria. They were identified in pea
(Fristensky et al., 1988), parsley (Somssich et al., 1988), potato
(Matton and Brisson, 1989), bean (Walter et al., 1990), aspar-
agus (Warner et al., 1992), and soybean (Crowl et al., 1992).
Although they have been associated with defense response of
plants, the precise role of the respective gene products still
remains elusive. Computer-aided sequence comparisons do not
point to any known biochemical function. Presently, several
families of pathogenesis-related proteins and genes are known
(Bowles, 1990), but these families show no similarity to Bet v 1
and homologous proteins.

Bet v 1 shows a considerable degree of heterogeneity. Up to
10 charge variants have been observed by two-dimensional IgE
immunoblots (Rohac et al., 1991) and isoelectric focusing tech-
niques (Ferreira et al., 1993). Previously, nBet v 1 was de-
scribed as an acidic glycoprotein (Ipsen and Hansen, 1989;
Larsen et al., 1992), and a single consensus site for N-glycosyl-
ation is present in the Bet v 1 sequence (Breiteneder et al.,
1989). Thus, glycosylation (or other post-translational modifi-
cations) could be an explanation for the observed heterogene-
ity. However, until now, conclusive evidence for the presence,

! The abbreviations used are: Bet v, Betula verrucosa; Aln g, Alnus
glutinosa; Car b, Carpinus betulus; Cor a, Corylus avellana; HPLC, high
performance liquid chromatography; nBet v 1, natural Bet v 1; PCR,
polymerase chain reaction; PDMS, plasma desorption mass spectrom-
etry; rBet v 1, recombinant Bet v 1.

2607

This is an Open Access article under the CC BY license.


http://creativecommons.org/licenses/by/4.0/

2608

nature, and location of structural modifications of the Bet v 1
molecule is not available.

Isogenes coding for Bet v 1 isoforms and/or allelic variants
could be another explanation for the heterogeneity observed in
two-dimensional IgE immunoblots. Southern blot analysis of
birch (Valenta et al., 1991) and differences in the reactivity of
two anti-Bet v 1 monoclonal antibodies (Rohac et al., 1991)
support this view.

To date, only limited structural analysis of Bet v 1 and
related proteins has been published. In a previous paper we
described the expression, purification, and immunological
properties of rBet v 1 produced in Escherichia coli as a non-
fusion protein (Ferreira et al., 1993). In the present study, we
undertook a more detailed structural characterization of Bet v
1 by both ¢cDNA cloning and mass spectrometry.

EXPERIMENTAL PROCEDURES

Cloning and Sequencing of Bet v 1 Isoforms—Total RNA was ex-
tracted from birch pollen (Allergon AB, Engelholm, Sweden) according
to Chomezynski and Sacchi (1987). The first cDNA strand was syn-
thesized from poly(A)*-enriched RNA with reverse transcriptase
(Amersham), according to the manufacturer’s instructions. A synthetic
oligodeoxynucleotide, Cora 1, containing an oligo(dT) tract, a spacer
sequence, and a HindlIl recognition site (underlined) was used as a
primer (5'-GAGAGAGAGAGAAAGCTTT -3"). First-strand cDNA syn-
thesis products were amplified with 2.5 units of Taq DNA polymerase
(Boehringer Mannheim) in PCR buffer (Perkin Elmer; 4 mm MgCl,, 0.75
mM of each dNTP, and 0.15 uM each of Cora 2 and Cora 3 primers. The
Cora 2 primer was designed to contain an EcoRI site (underlined)
followed by the first 19 nucleotides of the Bet v la coding region
(Breiteneder et al., 1989) (5'-GGGAATTCATGGGTGTTTTCAATTACG-
3’). The Cora 3 primer was similar to Cora 1, which was used for the
first-strand ¢cDNA synthesis, except that it did not contain the oligo(dT)
part. Amplification was carried out as described previously
(Breiteneder et al., 1993). Amplified PCR products were eluted from an
agarose gel, digested with EcoRl and HindIIl, and cloned into a
pUCBMZ20 plasmid.

A birch pollen ¢DNA library was constructed in AZAP (Stratagene,
La Jolla, CA) and screened with serum IgE from an allergic individual
selected according to typical case history, positive skin prick test, and
RAST (radioallergosorbent test) class > 3.5, as described previously
(Breiteneder et al., 1989).

Clones coding for Bet v 1 isoforms were isolated, and both strands
were sequenced twice according to the dideoxy chain termination
method (Sanger et al., 1977) using a T7 Sequencing Kit (Promega).

Purification of Natural Bet v 1 (nBet v 1) and Recombinant Non-
fusion Bet v la (rBet v 1a)—Protein extract from birch (Betula verru-
cosa) pollen (Allergon AB) was prepared as described previously
(Jarolim et al., 1989a). nBet v 1 was purified from pollen extracts by a
combination of affinity chromatography on an immobilized anti-Bet v 1
monoclonal antibody (Jarolim et al., 1989b) and reversed phase HPLC
on a Hypersil WP300 C, column, as described previously (Ferreiraet al.,
1993).

rBet v 1a was purified from crude E. coli lysates by chromatofocusing
on a PBE-94 exchanger column followed by reversed phase HPLC
(Ferreira et al., 1993). Purified Bet v 1 proteins were analyzed by
SDS-polyacrylamide gel electrophoresis according to the method of
Laemmli (1970) and visualized by staining with Coomassie Brilliant
Blue R-250.

Protein concentration was determined by the micro-Kjeldahl method,
using glycine as standard (Jacobs, 1959).

Protease Treatments: Purification and Plasma Desorption Mass Spec-
trometry (PDMS) of Bet v 1 Proteolytic Fragments—A solution of puri-
fied nBet v 1 or rBet v 1a (100 pg in 50 pul of double distilled water) was
heated for 20 min at 95 °C and diluted with an equal volume of 0.2 M
NH,HCO,. One microgram of trypsin (sequencing grade, Boehringer
Mannheim) was then added and the mixture incubated at 37 °C for 2 h.
Afterwards, trypsin was added again, and incubation was carried out
for an additional 4-h period. The reaction was stopped by adding [1/10]
vol of trifluoroacetic acid and dried in vacuo. Digestion of the Bet v 1
proteins with endoproteinase Glu-C (sequencing grade, Boehringer
Mannheim) was done for 4 h at 37 °C using 2 pg of the protease.
Peptides resulting from either treatment were separated by reversed
phase HPLC on a Waters pBondapak C,4 column (3.9 X 300 mm). The
column was eluted with a linear gradient of acetonitrile (solvent A, 0.1%
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(v/v) trifluoroacetic acid in water; solvent B, 0.07% (v/v) trifluoroacetic
acid in acetonitrile; 0-40% B in 120 min; flow rate, 1 ml/min). UV
absorbance was monitored at 214 nm. Fractions were collected and
vacuum dried. Peptide solutions were adsorbed on nitrocellulose-lay-
ered targets followed by spin drying (Nielsen et al. 1988). Spectra were
obtained on a Bio-Ion 20 K time-of-flight mass spectrometer (Uppsala,
Sweden) using accelerating voltages of 18 kV and —15 kV. After wash-
ing the targets three times with 20 ul of 0.1% (v/v) trifluoroacetic acid,
data acquisition was repeated. All data are shown as chemical average
masses.

Peptide Sequencing by Solid Phase Edman Degradation—This was
performed as described previously (Breiteneder et al., 1989).

RESULTS

Cloning and Sequence Analysis of Bet v I Isoforms—Pollen
Bet v 1 isoforms all seem to share the same N-terminal amino
acid sequence (Ipsen and Hansen, 1989). We therefore assumed
that the DNA sequences at the 5'-end of the coding region of
the different isoforms are similar, if not identical. Since the full
¢DNA sequence of one isoform, Bet v 1a, was already known
(Breiteneder et al., 1989), it was possible to design a primer for
the specific PCR amplification of the coding and 3'-untrans-
lated region of the different Bet v 1 cDNAs after reverse tran-
scription of birch pollen poly(A)* RNA. A similar strategy has
been successfully used to clone several isoforms of Cor a 1, the
Bet v 1 homologue from hazel pollen (Breiteneder et al., 1993).

After cloning and sequencing, several PCR-amplified frag-
ments were found to correspond to the original Bet v 1a clone.
In addition, 11 different ¢cDNA clones, with lengths ranging
from 567 to 756 base pairs, were isolated (Bet v 1b to Bet v1l,
respectively). Five of these clones showed 3’-untranslated re-
gions of different lengths and contained poly(A) tails, whereas
the other six were truncated at the same position in the 3’-
noncoding region (approximately 80 nucleotides downstream of
the stop codon) because of a single base exchange (G—A) that
created a new recognition site for HindIll, one of the enzymes
used for cloning the PCR fragments. Two complete Bet v 1
c¢DNA clones (Bet v 1 m/n) were isolated by screening a birch
pollen ¢DNA library with human IgE antibodies.

All cDNAs contained open reading frames of 480 nucleotides,
coding for putative proteins of 160 amino acids, with calculated
molecular masses ranging from 17,450 to 17,573 Da. The de-
duced amino acid sequences compared with that of Bet v 1a are
shown in Fig. 1. In three cases (Bet v 1d/h, Bet v 1f/i, and Bet
v 1 m/n) differences in the nucleotide sequences did not result
in amino acid changes. Since in all PCR clones the first 19
nucleotides were included in the 5° PCR primer, additional
differences at the DNA level could be possible in this region,
but these were not detected.

Therefore, including Bet v 1a, eleven Bet v 1 protein se-
quence isoforms have been identified altogether, with amino
acid identities ranging from 84.4% (because of differences in 25
amino acids) to 99.4% (a single amino acid exchange) for the
different pairs.

PDMS Analysis—After reversed phase HPLC, the Bet v 1
preparations (natural and recombinant) migrated as one single
band in SDS-polyacrylamide gels (not shown). Purified natural
and recombinant Bet v 1a were each treated with trypsin and
endoproteinase Glu-C. The resulting peptide mixtures were
directly analyzed by PDMS (as an example, see Fig. 2). In
addition, the total proteolytic digests were fractionated by re-
versed phase HPLC (Fig. 3), and the resulting fractions were
reanalyzed by PDMS. This procedure had two advantages that
allowed greater coverage of the amino acid sequence: (i) signals
for peptides not detected by direct analysis of the complex
mixture were frequently observed after HPLC fractionation,
and (ii) signals for peptides observed in the complex mixture
often were much stronger in the partially purified fractions.
Table I summarizes the data obtained by PDMS analysis of



Fic.1. Deduced amino acid se-
quence alignment of Bet v 1 isoforms
from birch pollen. Dots indicate identi-
cal amino acids as in Bet v la. Arrows
mark isoforms identified in the pollen
mixture by PDMS analysis. Isoforms b, c,
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Fic. 2. Plasma desorption map of tryptic peptides. Total peptide
mixtures of tryptic digests of rBet v 1a (A) and nBet v 1 (B) applied to
PDMS are shown. Additional mass peaks in (B} can be explained by
newly identified isoforms.

proteolytic digests of natural and rBet v 1a after HPLC fraction-
ation. The recorded mass signals were mapped onto the cDNA-
derived Bet v 1a sequence (Breiteneder et al., 1989) according to
their molecular mass and enzyme specificity (Fig. 4).
Forty-three peptides (T peptides) were detected by PDMS in
a tryptic digest of nBet v 1, and their molecular weights were
determined from the obtained spectra (Table I). Eighteen of the
mass signals could be easily matched with the molecular
weights of peptides predicted from the amino acid sequence
deduced from the published Bet v 1a cDNA sequence (T2-T19).
The expected signal at m/z 1987 corresponding to the N-ter-
minal peptide T1 was missing from the spectra. A signal de-
tected at m/z 1856 could be accounted for, assuming that the
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FiG. 3. Peptide map of Bet v 1 tryptic digests. Peptides obtained
from tryptic cleavages were separated by reversed phase HPLC and
identified by PDMS. The peak marked (grad.) shows the start of linear
gradient; *, peaks corresponding to peptides derived from new igsoforms.

initial methionine had been removed, leaving glycine as the
NH,-terminal amino acid. This signal could also be matched
with the expected T10 fragment (m/z 1856). As two different
HPLC fractions of tryptic digests produced an ion at m/z 1856,
these fractions were each subdigested with endoproteinase
Glu-C, and the resulting peptide mixtures (TE peptides) were
analyzed by PDMS (Table I). The two fractions produced
(M+H)* ions at m/z 729/916 and 988, respectively (predicted
mass values for endoproteinase Glu-C-subdigested T1 lacking
the initial methionine were 729, 249, and 916; for T10 the
predicted values were 888 and 987). These fractions were iden-
tified as T1 and T10, respectively, thus confirming the above
assignment. The removal of initiating methionine was also
confirmed by NH,-terminal sequence analysis of purified nBet
v 1 and rBet vla (data not shown). Therefore, the amino acid
sequence defined in the present study corresponds to residues
2-160 of the published ¢cDNA sequence. To be consistent with
the NHy-terminal sequence of the mature Bet v 1 protein, we
have renumbered the sequence of Bet v 1a starting with Met°-
Gly'-Val?-Phe® . . . and applied the same numbering system to
the new Bet v 1 cDNA sequences presented here. The signal at
m [z 1476 was assigned to peptide T9 (69—80) (Fig. 4) originat-
ing from an incomplete trypsin cleavage. As shown in Fig. 4,
PDMS analysis and HPLC fractionation of nBet v 1 tryptic
digests confirmed 100% of the Bet v 1a sequence.
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TaBLE 1
Mass determinations of proteolytic fragments of nBet v 1 and rBet v 1a after fractionation by reversed phase HPLC

Theoretical m/z values give the exact masses of the peptides plus a proton for formation of the molecular ion, M+H)"*. T, peptides resulting from

tryptic digest; E, peptides from endoproteinase Glu-C digest; TE, peptide
teinase Glu-C. Underlined amino acids mark differences from Bet v 1a se
truncation of the COOH terminus by 3 and 5 amino acids, respectively. +,
degradation; °, detected only in peptide mixture.

s from digestion of HPLC-purified T1 and T10 peptides with endopro-
quence. Peptides T19-3/E14-3 and T19-5/E14-5 can be explained by
incomplete cleavage; *, methionine sulfoxide; **, sequenced by Edman

PEPTIDE m/z POSITION | ISOFORM SEQUENCE
Theoret. Observed
nBetv 1 Betv la
T1 1987.2 1855.8 1856.3 0-17 ab MGVENYETETTSVIPAAR
1973.2 1842.1 c,g.k.m/n MGVENYESETTSVIPAAR
1999.3 1867.0 ° d/h MGVFNYEIETTSVIPAAR
1957.2 1826.0 ° ej,l MGVFNYETEATSVIPAAR
1969.3 1837.7 /i MGVFNYEIEATSVIPAAR
T2 407.5 407.4 407.7 18-20 ab,c,d/h,g.e.ffi,jkm/n | LFK
425.6 - 1 MFK
T3 1350.5 1351.0 1350.3 21-32 a.e,f/ij AFILDGDNLFPK
1317.6 13171 b,c.k AFILEGDTLIPK
1302.5 1301.5 d/h AFILDGDNLYPK
1330.6 - g AFILEGDNLIPK
879.0 - 1 AFILDGDK
456.6 - 1 LVPK
1316.5 - m/n AFILDGDNLIPK
T4 21394 2139.7 2140.2 ¢ 33-54 all VAPQAISSVENIEGNGGPGTIK
T5 2267.5 2270.0 22679 ° 33.55 all VAPQAISSVENIEGNGGPGTIKK
Té6 1297.5 1297.8 1297.9 55-65 affi,j KISFPEGFPFK
1251.5 1251.7 b,c,.k,m/n KITFPEGSPFK
1324.6 1325.3 d/h,g,l KINFPEGFPFK
1263.5 - [ KISFPEGIPFK
T7 1169.4 1169.7 1169.8 56-65 a,f/i,j ISFPEGFPFK
1123.3 11234 b,c.k,m/n ITFPEGSPFK
1196.4 - d/hgl INFPEGFPFK
1135.3 1132.3 e ISFPEGIPFK
T8 409.5 409.5 409.6 66-68 all YVK
T9 1475.5 1476.3 1474.7 69-80 a,d/h,g.ffi,j,l DRVDEVDHTNFK*
1459.6 1460.3 b,c.k,m/n ERVDEVDHANFK*
1417.5 14159 € GRVDEVDHTNFK*
T10 1856.0 1855.7 1856.4 81-97 a YNYSVIEGGPIGDTLEK
1835.0 - b,c.k,m/n YSYSMIEGGALGDTLEK
1842.0 1842.5 d/h,g,l YNYSVIEGGPVGDTLEK
1815.0 1813.8 e,f/i,j YSYSVIEGGPVGDTLEK
Til 703.8 704.3 704.3 98-103 | a,d/h,g.e.ffi,jl ISNEIK
719.9 719.0 b,c.k,m/n ICNEIK
Ti2 11714 1171.5 1170.8 104-115 jab,ck IVATPDGGSILK
1173.4 1174.2 d/h,g.l IVATPDGGCVIK
11704 - effi,j IVATPNGGSILK
Ti3 461.5 461.9 461.5 116-119 | ab,c.d/h,gk,lm/n ISNK
488.6 - e,f/i,j INNK
Ti4 548.6 549.1 549.1 120-123 |all YHTK
T15 684.7 684.9 684.9 124-129 | a.e,ffij GDHEVK
716.8 717.1 b,k,m/n GDHEMK
707.8 - c GDQEMK
683.7 - d/h,g,l GNHEVK
Ti6 574.6 5749 - 130-134 |ad/.g,l AEQVK
615.7 616.0 b,c.k,m/n AEHMK
588.7 588.8 e,ffi,j AEQIK
T17 305.3 304.3 - 135-137 | a,d/h.g.e.ffij,] ASK
331.4 331.6 b,c.k.m/n AIK
Ti8 949.1 949 .4 9494 ° 138-145 | a,d/h,g.e.ffij,1 EMGETLLR
916.1 916.3 b,c,k,m/n EKGEALLR
658.8 659.0 b,c.k.m/n GEALLR
T19 1553.7 1552.9 1553.6 146-159 | all AVESYLLAHSDAYN

Treatment of nBet v 1 with endoproteinase Glu-C yielded the
26 peptides (E peptides) shown in Table I. These peptides
covered about 98% of the Bet v 1a sequence (Fig. 4). Similarly,
as observed in the analysis of tryptic digests, the expected mass
signal at m/z 860 (corresponding to the NH,-terminal peptide

E1) was absent in the spectra. The M+H)" ion at m/z 729 was
unmatched by any expected fragment according to the pub-
lished ¢cDNA sequence and, thereupon, assigned to peptide E1
lacking the initiating methionine. The (M+H)* ions at m /2 959
and 1860 were assigned to E1+E2 and E4 peptides, respec-
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TABLE I—continued
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PEPTIDE m/z POSITION | ISOFORM SEQUENCE
Theoret. Observed
nBetv 1 rBetv la
El 860.0 729.4 728.6 0-6 all MGVENYE
E1+E2 1090.2 959.8 958.9 0-8 a,b,e,j,1 MGVENYETE"
E2 249.2 - - 7-8 a,b,e.jl TE
235.2 - c.gX,m/n SE
261.3 - d/h.ffi IE
E3 3618.2 3616.9 3616.2° 942 a TTSVIPAARLFKAFILDGDNLFPKVAPQAISSVE
3588.2 - ef/i,j ATSVIPAARLFKAFILDGDNLFPKVAPQAISSVE
1878.3 1878.9 b.c,g.k TTSVIPAARLFKAFILE
1739.0 1735.8 g GDNLJPKVAPQAISSVE
1726.0 - b,k GDTLIPKVAPQAISSVE
3570.2 - dh TTSVIPAARLFKAFILDGDNLVPKVAPQAISSVE
35722 - 1 ATSVIPAARMFKAFILDGDKLVPKVAPQAISSVE
3584.2 - m/n TTSVIPAARLFKAFILDGDNLIPKVAPQAISSVE
E4 1859.1 1860.0 1861.3 43-60 a,e,ffi,j NIEGNGGPGTIKKISFPE*
1873.1 - b,c.k.m/n NIEGNGGPGTIKKITFPE*
1516.7 15165 b,c.k,m/n GNGGPGTIKKITFPE
1886.1 1889.6 d/h,gl NIEGNGGPGTIKKINFPE*
E5 1600.8 1601.6 1601.8 61-73 a,d/h,g f/ij,l GFPFKYVKDRVDE
1554.7 1554.7 ** b,c.k.m/n GSPFKYVKERVDE
1055.2 1055.3 b,c.k,m/n GSPFKYVKE
518.5 - b,c.k.m/n RVDE
1508.8 - € GIPFKYVKGRVDE
E6 1729.9 1730.4 1729.7 74-87 admh,g,l VDHTNFKYNYSVIE
1704.9 1720.3 * b,c.k,m/n VDHANFKYSYSMIE
1702.9 - ef/i) VDHTNFKYSYSVIE
E7 858.9 858.2 859.1 88-96 a GGPIGDTLE
832.9 - b,c.k,m/n GGALGDTLE
8449 845.2 ** d/h,g.e.fhi,j,l GGPVGDTLE
E8 590.6 591.0 590.8 97-101 |ad/hg.effij]l | KISNE
606.7 - b,c.k,m/n KICNE
E9 2823.2 2823.6 2823.7 102-127 | abkm/n IKIVATPDGGSILKISNKYHTKGDHE
2814.2 - c IKIVATPDGGSILKISNKYHTKGDQE
2824.3 - d/,gl IKIVATPDGGCVLKISNKYHTKGNHE
2849.3 - e,ffi,j IKIVATPNGGSILKINNK YHTKGDHE
E10 446.5 446.7 446.8 128-131 |a,d/h.g.effi,j] | VKAE
478.6 - b,c.k.m/n MKAE
El1 789.9 790.4 790.0 132-138 | ad/hgl QVKASKE
857.1 857.3 b,c.k.m/n HMKAIKE
803.9 - e,f/ij QIKASKE
E12 336.4 - - 139-141 |a,d/hg.effijl | MGE
3334 333.6 b,c.k.m/n KGE
E13 802.0 802.0 802.1 142-148 | a,d/h,g.effi,jl | TLLRAVE
771.9 772.3 b,c.k,m/n ALLRAVE
El4 1254.3 1254.4 1253.7 149-159 | all SYLLAHSDAYN
T1E1 728.8 729.1 1-6 GVFNYE
T1E2 249.2 - 7-8 TE
T1E3 916.1 916.5 9-17 TTSVIPAAR
T10E1 888.0 - 81-87 YNYSVIE
T10E2 987.1 987.9 88-97 GGPIGDTLEK
E14-3 906.0 906.5 149-156 SYLLAHSD
T19-3 1205.3 1205.0 146-156 AVESYLLAHSD
El14-5 703.8 704.0 149-154 SYLLAH
T19-5 1003.1 1003.2 146-154 AVESYLLAH

tively, originating from incomplete cleavage by endoproteinase
Glu-C.

According to the Bet v 1la ¢cDNA sequence, peptides T10
(81-97) and E6 (74—-87) should contain the only potential Asn-
linked glycosylation site (Asn®2). The spectra of nBet v 1 di-
gested with either trypsin (Fig. 2) or endoproteinase Glu-C
showed strong signals at m/z 1855 (T10) and 1730 (E6), respec-
tively, demonstrating that the asparagine residue at position 82

was unmodified. Fig. 5 shows the mass spectra recorded on
HPLC-purified T10 and E6 peptides. As described above, purified
T10 was also subdigested with endoproteinase Glu-C, and mass
spectra were recorded on the resulting sample (Table I).
Treatment of rBet v 1a with trypsin yielded the 17 peptides
shown in Table I, which covered approximately 95% of the
amino acid sequence. The 5% of the rBet v la sequence not
mapped consisted of small tryptic peptides (one pentapeptide,
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T16, and one tripeptide, T17). Additional coverage of the rBet v
la sequence was achieved by digestion with endoproteinase
Glu-C, which produced the 13 peptides listed in Table I. Alto-
gether, 100% of the primary structure of rBet v 1a was con-
firmed. It should be emphasized that all peptides detected by
PDMS of rBet v la digests were also detected in nBet v 1
digests.

Next, we attempted to analyze peptides originating from
nBet v 1, which could not be assigned to the Bet v 1a sequence
by their molecular weight and the specificity of the enzyme.
According to their molecular weight, these peptides did not
correspond to well characterized autolysis products from tryp-
sin (Vestling et al., 1990). Another possible explanation is that
these unmatched mass signals could be caused by peptides
carrying postsynthetical modifications. However, the differ-
ences between any of the observed mass values and the masses
of predicted proteolytic peptides were not consistent with the
presence of common post-translational modifications, such as
methylation, acetylation, phosphorylation, or O-glycosylation.
We speculated that they might have originated from isoforms
of Bet v 1a. Hence, the data were specifically searched for
signals corresponding to proteolytic peptides predicted from
the amino acid sequences deduced from the 13 Bet v 1 ¢cDNA
sequences obtained in the present study (Bet v 1b-n). In this
way, 22 (M+H)™" ions in tryptic digests and 11 in endoprotein-
ase Glu-C digests could be matched with predicted peptides of
Bet v 1 isoforms (see Table I). Two of those matched peptides,
E5 M+H)" = 1554 and E7 (M+H)" = 845, were sequenced by
Edman degradation, confirming these assignments. In total,
these matched peptides covered approximately 83-91% of the

-1730.4

Fic. 5. PDMS of HPLC-purified T10
and E6 peptides. Typical mass spectra
of peptides T10 and E6, which correspond
to trypsin and endoproteinase Glu-C
cleavage peptides of nBet v 1 containing
the only potential N-glycosylation site of
the Bet v 1a sequence. Predicted masses
for unmodified T10 and E6 were 1856 and
1729, respectively.
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amino acid exchanges in Bet v 1b, ¢, k, and m/n; 60-70% for Bet
v 1j, f4i, e, and d/h; and 44 and 57% for Bet v 1 g and Bet v 11,
respectively.

Finally, peptides T19-3/E14-3 and T19-5/E14-5 (see Table
I) suggested the existence of truncated Bet v 1 isoforms, miss-
ing 3 or 5 amino acids at the C terminus, respectively. This
region shows 100% sequence identity in all cDNA clones. In-
terestingly, these shorter peptides were not detected in proteo-
lytic digests of rBet v 1a, but only in preparations of nBet v 1.
In this case, we estimated that less than 30% of nBet v 1
consisted of truncated forms (based on relative peak heights of
the signals corresponding to truncated versus intact peptides),
very likely because of proteolysis during the pollen extraction
procedure.

DISCUSSION

The aim of the present paper was 2-fold: First, we tried to
confirm at the protein level the deduced amino acid sequence of
Bet v 1a (formerly referred to as Bet v 1), the major allergen of
birch pollen (Breiteneder et al., 1989), and of several other
closely related isoallergens that also occur in pollen and whose
sequences are presented here. As shown here and by others
(Tsarbopoulos et al., 1988; Pedersen et al., 1993), the remark-
able detection limit (about 10-100 pmol) and resolving power
of PDMS is sufficient to confirm a protein sequence previously
determined by ¢cDNA sequencing and to discriminate between
closely related isoforms of proteins. Moreover, it is possible to
roughly estimate the relative amounts of the isoproteins in the
natural mixture by comparing peak areas of isopeptides, which
points to the fact that the isoform Bet v 1a represents at least
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50% of the total mass of pollen Bet v 1.

Second, it was our aim to investigate any possible postsyn-
thetic modifications on rBet v la or on the natural mixture of
isoallergens obtained from commercially available birch pollen.
The correct postsynthetic modifications of a recombinant pro-
tein are of utmost importance if such a protein is to be used for
the diagnosis and treatment of human disease, as is the case
with recombinant allergens. As shown in several cases, such
modifications can strongly influence the immunological prop-
erties of proteins (Nilsen et al., 1991; Batanero et al., 1994), and
therefore, the present study is closely connected with a previous
study in which we investigated the immunological equivalence
of rBet v 1a with nBet v 1 by enzyme-linked immunosorbent
assay competition experiments (Ferreira et al., 1993). The pu-
rified rBet v 1a used here revealed all of the predicted peptides
(Fig. 2 and Table I) but no additional peaks. The only postsyn-
thetic modification observed was cleavage of the N-terminal
methionine with nearly 100% efficiency, as was expected.

nBet v 1 from birch pollen was purified to electrophoretic
homogeneity by immunoaffinity chromatography and HPLC.
After purification it still showed the same complex pattern of
spots in two-dimensional IgE immunoblots as was seen in the
starting material (data not shown). Qur interpretation is that
no immunoreactive material (and, therefore, no specific iso-
form) was lost in the purification procedure. All of the mass
peaks (with one single exception) obtained from nBet v 1 after
proteolytic digestion were either identical with the ones ob-
tained from purified rBet v 1a or could be explained by peptides
predicted to arise from the isoform sequences presented here.
Isoforms b, ¢, k, and m/n were so similar that we could only
confirm them as a group. Isoform j was so similar to Bet v 1a
that it could not be discriminated from it. Isoform 1 did not lead
to any diagnostic peptide discriminating it from all other iso-
forms, and therefore, we cannot be sure that it really exists at
the protein level. It should be considered that some of the
sequence differences observed between the Bet v 1 isoforms
might have originated from PCR artifacts. However, this seems
unlikely since most of the cDNA sequences obtained by PCR
were also confirmed individually at the protein level by PDMS
analysis (see Table I and Fig. 1).

In the mass spectra of nBet v 1 no peaks were found
indicating N-glycosylation, O-glycosylation, phosphorylation,
methylation, or acetylation of the cleavage peptides. This result
is in good agreement with earlier work showing that Bet v 1 is
a cytoplasmic protein located at or near the place of ER-bound
ribosomes in dry pollen (Grote, 1991), since cytoplasmic pro-
teins are frequently unmodified and never have been found to
be N-glycosylated (Hirschberg and Snider, 1987). Phosphoryl-
ation would have explained the charge differences of nBet v 1in
two-dimensional immunoblots (Rohac et al., 1991) but does not
seem to occur. It was previously shown that phosphopeptides
are well detected by PDMS (Craig et al., 1991). Because of the
absence of covalent modifications, the production of rBet v 1 in
a form that is immunologically (and conformationally) similar
to nBet v 1 in E. coli is greatly facilitated.

Finally, comparison of the 14 ¢cDNA sequences showed that
three pairs of sequences (f/i, d/h, and m/n) are each coding for
the same protein and are different only through silent ex-
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changes. The 3'-noncoding regions within the d/h pair are
nearly identical, and therefore, we assume that these se-
quences represent alleles of the same gene locus. This is con-
ceivable, since the birch pollen used in this study for mRNA
and protein extraction was obtained from a variety of different
trees. Sequences a and j are probably not allelic, since they
show relatively large insertions, deletions, and sequence devi-
ations in their 3'-noncoding regions. However, it is not gener-
ally possible to discriminate with certainty between allelic vari-
ants and different isoforms by comparison of cDNA sequences.
For this, genomic sequences and restriction maps would be
needed.
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