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Abstract

Bet v 1, the major birch pollen allergen, is a member of a multigene family; a number of isoforms and homologous proteins
from closely related species (alder, hazel and hornbeam) has been isolated and their cDNAs cloned and characterized. Genomic
clones coding for Bet v 1 and homologues from apple and hazel were isolated and sequenced. Some of these clones contained
intervening sequences. The exon-intron formation is highly conserved throughout this family of pathogenesis-related proteins in
dicot plants and is also found in Aoprl (4sparagus officinalis), a monocot species. Phylogenetic analysis suggested a possible
common origin of the intron position in these homologous proteins at codon 62 in various families of flowering plants, including
Fagaceae, Rosaceae and Apiaceae. This conserved ‘proto-splice site’ may point to a structure/function relationship. A conserved
sequence motif (P-loop) was also found in all members of this protein family. Moreover, there is a certain degree of sequence
similarity among the proteins derived from various species throughout the dicots and the only monocot examined. This fact is
reflected by cross-reactivity from monoclonal and polyclonal antibodies raised against Bet v 1. © 1997 Elsevier Science B.V.
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1. Introduction

In the past two decades, there has been an ongoing
debate on the origin, evolution and significance of
spliceosomal introns. The issue became polarized into
two opposing theories. The ‘introns-carly’ theory or
‘exon theory of genes’, postulates the presence of many
introns in the genome of the common ancestor of life,
followed by (sometimes incomplete) loss of introns in
many independent lineages. There, introns were thought
to direct the recombinatorial shuffling of short exons of
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Abbreviations: Aoprl, wound-induced protein from asparagus; Bet v
1, major birch pollen allergen; Bet v 1-Sc1-3, Bet v 1-encoding cDNAs
expressed in cell culture upon pathogen exposure; BIPI, murine
monoclonal anti-Bet v 1 IgG; bp, base pair(s); bvge, genomic clones
encoding Bet v 1-sequences; cage, genomic clones encoding Cor a
1-sequences; cDNA, DNA complementary to RNA; Cor a 1, major
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15-20 amino acid units of protein sequences. A crucial
prediction of this theory was the definition of functional
units within proteins that are delimited by intron inser-
tion and redefined as a supersecondary structure of
compact modules (Palmer and Logsdon, 1991; Gilbert
and Glynias, 1993; Mattick, 1994).

The contradictory theory—intron-late—proposes that
introns were not present in ancestral proteins, but arose
during eukaryotic evolution.

A number of ancient and well characterized proteins

hazel pollen allergen; dNTP(s), desoxynucleosidtriphosphate(s); IgE,
immunoglobulin E; IgG, immunoglobulin G; IPR, intracellular patho-
genesis-related protein; kDa, kilodalton; Mal d 1, major apple allergen;
mdgc, genomic clones encoding Mal d 1-sequences; mRNA, messenger
RNA; NHS, normal human serum; PAGE, polyacrylamide-gel electro-
phoresis; PcPR 1, pathogen-inducible protein from parsley; PCR, poly-
merase chain reaction; PI49, pathogen-inducible protein from pea;
SDS, sodium dodecylsulfate; STH2, pathogen- and stress-inducible
proteins from potato; Tag polymerase, polymerase from Thermus
acquaticus.
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like triose phosphate isomerase, glyceraldehyde-
3-phosphate dehydrogenase and alcohol dehydrogenase
has been used as models for the analysis of intron
positions providing inconclusive data or data of incon-
sistent interpretation (Stone and Schwartz, 1990; Gilbert
and Glynias, 1993; Kersanach et al., 1994; Logsdon
et al., 1995).

One experimental approach could be the analyses of
intron positions in homologous genes from different
species and even phyla in the eukaryotes on the hypothe-
sis that a common position reflects the situation in the
progenote, if present there. However, one could also
argue that matching intron positions would account for
preferential sites for intron insertion (proto-splice site).
In this context, the introns-early and introns-late theory
may appear unlinked (Mattick, 1994).

Bet v 1, the major birch pollen allergen, a 17-kDa
protein, belongs to the class of intracellular pathogene-
sis-related proteins (IPRs) on the basis of sequence
similarity (Breiteneder et al., 1989). It was the first
published cDNA-derived sequence from a group of
proteins with high sequence similarities from species of
the order Fagales (alder, hazel and hornbeam
(Breiteneder et al., 1992; Larsen et al., 1992; Breiteneder
et al., 1993)). Moreover, Bet v 1-homologous proteins
were identified in a broad range of plant derived food,
such as apple and celery, providing molecular evidence
for cross-reactivity of tree pollen allergy and allergy to
food of plant origin (Breiteneder et al.,, 1995; Ebner
et al., 1995; Vanek-Krebitz et al., 1995).

A subset of sequences from the Bet v | family, isolated
from a cDNA library, different from those that are
constitutively expressed in mature pollen, encodes
sequences that are transcriptionally activated by micro-
bial pathogens (Swoboda et al., 1994). They were desig-
nated Bet v 1-Scl, Sc2 and Sc3 and revealed sequence
identities (at the amino acid level) of 70-89% to the
different pollen-derived Bet v 1 isoforms (Swoboda
et al., 1995a,b).

Studies of the expression of the corresponding
sequences in response to microbial attack revealed that
Bet v 1-Sc-mRNA was rapidly induced in a model
system of cultured birch cells upon interaction of cells
with bacteria or fungi (Swoboda et al., 1994).

The observation that the expression of Bet v 1 genes
in pollen grains was regulated differently to the inducible
forms in tissue cultures implies that different functions
of proteins might exist within one family. Therefore,
data from the genomic organization of this gene family
within one species and from distantly related species
could contribute to conclusions about the diversity or
conservation of functions.

Here, we provide data on the exon-intron formation
of genomic clones of the Bet v 1 family derived from
birch, hazel and apple, compare them to the genomic

clones of the IPR-protein family known from the litera-
ture and compare the differential antibody binding pat-
terns in immunoblots.

2. Materials and methods

2.1. Cloning and sequencing of betvl, coral and maldl
genes

Total genomic DNA was extracted from leaves of
birch (Betula verrucosa), hazel (Corylus avellana) and
apple (Malus domestica cv. Gala; Draper and Scott,
1988). According to the known N-terminal and
C-terminal sequences of Bet v 1 (Breiteneder et al.,
1989), synthetic oligonucleotides (HB 20, HB 22) of
27-bp length (5’ATG GGT GTT TTC AAT TAC GAA
ACT GAG-3) and 31-bp length (5TTA GTT GTA
GGC ATC GGA GTG TGC CAA GAG G-3), respec-
tively, were designed. Bet v 1-homologous sequences
were amplified from genomic DNA with 2.5 units of
Taq polymerase (Perkin Elmer Cetus, Norwalk, CT,
USA); 2.5-4.5mM MgCl,, 0.2 mM of each dNTP and
with 0.2 uM of each primer. Amplification was carried
out as described previously (Breiteneder et al., 1993).
Amplified PCR-products were gel purified using a silica
matrix (Geneclean II Kit, Biol01, La Jolla, CA, USA)
and cloned into the PCR ®II-plasmid. Competent E. coli
INVaF’ cells (TA cloning® system, Invitrogen, San
Diego, CA, USA) were transformed with the resulting
plasmids.

Clones coding for Bet v 1-homologous sequences were
isolated, and both strands were sequenced according to
the dideoxy chain termination method using a
T7-Sequencing Kit (Promega, Madison, WI, USA).

2.2. Protein extracts from apple, asparagus, parsley, pea
and potato

Aqueous protein extracts from apple (Malus domestica
cv. Gala), asparagus (Asparagus officinalis), parsley
(Petroselinum crispum), pea (Pisum sativum) and potato
(Solanum tuberosum) were prepared as described pre-
viously (Ebner et al., 1995).

2.3. SDS—-PAGE and immunoblots

Proteins from the extracts were separated by
SDS-PAGE in 12% acrylamide gels and either stained
with Coomassie Brilliant Blue R-250 or transferred on
to nitrocellulose membranes (Schleicher and Schuell.
Dassel, Germany). Subsequently, blots were incubated
with either mouse monoclonal anti-Bet v 1-1gG (BIP 1.
(Jarolim et al., 1989)) or rabbit polyclonal anti-recombi-
nant Bet v 1-IgG, followed by rabbit anti-mouse-IgG
and '#’I-donkey anti-rabbit-IgG. For IgE-immunoblots
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a serum pool of birch pollen allergic patients was used.
Detection of bound IgE was performed with 12°I-rabbit
anti-human-IgE (Pharmacia, Uppsala, Sweden). A
serum pool of non-allergic individuals and adequate
buffer controls was tested in parallel.

2.4. Phylogenetic analysis

Parsimony analyses of the amino acid sequences of
BVGC34, MDGC32, CAGCI10, PI49, PcPR1, STH2
and Aoprl were performed with PAUP (Phylogenetic
Analysis Using Parsimony version 3.1, (Swofford, 1993))
to reconstruct a gene tree. This gene tree was used to
examine the evolution of intron positions. The parsi-
mony analyses employed a branch and bound search,
and the tree was rooted using the sequence from the
only monocot species (Aoprl from Asparagus).
Bootstrap analysis (Felsenstein, 1985) was performed
with 1000 replicates to show the relative support of the
monophyletic groups.

3. Results
3.1. Analysis of cloned betvl, maldl and coral genes

3.1.1. betvl genes

Three PCR-products differing in length (483 bp,
572-584 bp and 636 bp) were obtained from genomic
DNA. Sequencing revealed four different clones bvgell,
bvgcl81, bvge3l and bvge63 (GenBank/EMBL
Databank accession Nos. Z72429, Z72437, 772432,
Z72435) of 483 bp in length with an open reading frame
of 160 amino acid residues, five clones bvgce2l, bvgc25,
bvged5, bvge70 and bvgc681 (accession Nos. 772430,
772431, 772434, 772436, Z72438) with one intron of
89-101 bp length and one clone bvge34 (accession No.
Z72433) containing an intron of 153 bp in length
(Fig. 1). All these introns were positioned at amino acid
62, being inserted between nucleotides 1 and 2. All
sequences at the 5" and 3’ splice sites were in accordance
with the known motifs for plant introns 5’
AG:GT-AG:GC 3, and the intron sequences displayed
a high AU content (Fig. 1).

With the exception of a single nucleotide exchange,
clones bvgel 1 (at position 31 cytosine instead of adenine)
and bvge3! (position 28 guanine instead of adenine)
were identical to the pollen-derived cDNA-clone Bet v
la (99.8% sequence identity (Breiteneder et al., 1989)).
Amino acid sequences encoded by clones bvgc25, bvge45
and bvge34 showed high similarity to isoforms Bet v
1b, ¢, k and m (98% sequence identity (Swoboda et al.,
1995a)). Clone bvgc2l revealed sequence similarity to
isoform Bet v 1j [95% identity (Swoboda et al., 1995a)],

whereas clones bvgel8 and bvgc63 resembled the patho-
gen inducible isoform Bet v 1-Scl isolated from suspen-
sion cultured birch cells (90% and 91% sequence identity,
respectively (Swoboda et al., 1995b)).

3.1.2. maldl genes

PCR products of 480 bp and 594 bp were obtained.
Sequencing identified one clone (mdgcl0, accession
No. Z72425) of 480 bp and deduced 159 amino acid
residues and three clones of 3594 bp in length and
deduced 160 amino acid residues (mdgc32, accession
No. Z72426; mdgc36, accession No. Z72427; mdgc38,
accesssion No. Z72428). These three clones contained a
single intron positioned at amino acid residue 62 inserted
in between nucleotides 1 and 2 (AG:GT and AG:GC)
of 111 bp in length (Fig. 1) with the known plant splice
sites. Sequence comparison of the coding regions of
mdgcl0, mdgce36, mdge38 and mdgc32 revealed 75-79%
identity to MDAP (Atkinson et al., 1996) and 73-76%
identity to Mal d 1 (Vanek-Krebitz et al., 1995).

3.1.3. coral genes

PCR products of 564 bp and 577 bp in length were
obtained when performing PCR with primers HB20 and
HB22. Sequencing revealed that each coded for 160
amino acid residues plus one intron positioned at codon
62, inserted between nucleotides 1 and 2, of 81 bp in
length (clone cagcl0, accession No. Z72439) and of
94 bp in length (clone cagcll, accession No. Z72440).
All introns were delimited by the 5’ and 3’ splice site of
AG:GT and AG:GC. Clone cagcl0 showed 86%
sequence identity at the DNA-level to the known cDNA-
derived isoform Cor a 1/11 (Breiteneder et al., 1993)
and 87.4% identity to the pathogen inducible isoform
Bet v 1-Scl (Swoboda et al.,, 1995b), whereas clone
cagcll revealed 76% identity to Cor a 1/11, and 78.3%
identity to Bet v1-Sc3.

3.1.4. Genomic analysis of intron position and length of
members of the IPR-family

Genomic clones obtained by PCR from DNA of
apple, hazel and birch coding for Bet v 1 and Bet v
l1-related sequences displayed a coding region of 160
amino acid residues for birch, hazel, and apple (excep-
tion: mdgcl0, 159 amino acid residues; Fig. 1). Introns
were at identical positions at codon 62 inserted between
nucleotides 1 and 2 (phase 1, Fig. 1B). All intervening
sequences showed the reported 5’ and 3’ splice sites
(Simpson et al., 1993) and high AU content ranging
from 69% (cagcl0) to 79% (bvge21), which is character-
istic of plant introns (Goodall and Filipowicz, 1989;
Fig. 1A,B).

Sequences coding for IPR-proteins reported in the
literature harboured intervening sequences inserted at a
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A

mdgc32
cagell
bvgc21
bvgc681
bvgc70
bvgc25
bvged5
bvge34
cagel0

mdgc32
cagell
bvge2l
bvgcé81
bvge70
bvgc25
bvgecd5
bvge34
cagel0

mdge32
cagecll
bvgc2l
bvgc681
bvge70
bvgec25
bvgcd5
bvgc34
cagel0

midge32
cagecll
bvgec21
bvgecé681
bvgec70
bvgc25
bvged5
bvgc34
cagecl0
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1

GTTAAATAAC
GTTAA.TTTC
GTTAA.TTAA
GTTAA.TTAA
GTTAA.TTAA
GTTAG.TTGA
GTTAG.TTAA
GTTAG.TTAA
GTTAATTTAA

101

ATTTATGTAG
ATATATGTAG
ATATATGTAG
ATATATGTAG
ATGTATGTAG
ATGTATGTAG
AACGCATAAT

151
GCAG
GCAG
TTAG
TCAG
TCAG
TCAG
TCAG
TCAG
ACAG

CCTCATTACT
TACCACAATA
TTACTTTCTT
TTACTTTCTT
TTACTTT.TC
TTACTTTCTT
TTACTTTCTT
TTACTTTCTT
TTACTTTCTA

GTATATATTG
GTATATATTG
GAATATATTG
GTATATATTG
GTATATATTG
GTATATATTG
TCATATAACT

CTCCTCCTCT
ATCTCCAARGG
AATT....AA
AATT....AA
AATT....AA
AATTAATTAA
AATTAATTAA
AATTAATTAA
TCCTATAT. .

TTTTGTACTA
TATATAGATA
ATCATGTGCT
ATCATGTGCT
ATCATGTGC.

ATCATGTGCT
ATCATGTGCT
ATCATGTGCT
TACTTGTGCT

GTTCGTAT. .
AGTTGTAC. .
AAGCA.....

.GTTTTACAC
.GTTTTGTGT

ATTTATGTTT
CATTATTTTG
TTTTTTTGTA
TTTTTTTGCA

JITTTTTGTA ..

TAATTTTGTA
TAATTTTGTA
TAATTTTGTA
ATTTTCTATA

100
TTGAATGAAC
TTCATAGCAT
ATATTTATTT
ATATATATTT
ATATATATTT
ATATATATGT
ATATATATGT
ATATATATGT

150
TAATTCATTT
TCAATATTTT
«+..TACCTT
....TACCCT
.. TTCCCT
TACGTACCCT
TACGTACCCT
TACGTACCCT
T......CCT

Fig. 1. Intron alignment. (A) Intron sequences from birch (bvgc21, 25, 34, 45, 70, 681), apple (mdgc32, 36, 38) and hazel (cagcl0, 11) are aligned.
gaps are indicated by dots (intron sequences of mdgc32, mdgc36, and mdgc38 were identical). (B) Intron position in the coral, maldl and betv]

gene family.

highly conserved position (Fig. 2). It is codon 62 for
parsley (Ala; PcPR1 (van de Lécht et al., 1990)), and
for hazel, birch and apple (Gly; this paper), codon 61
for pea (Asp; PI-49 (Chiang and Hadwiger, 1990)) and
codon 57 for potato (Gly; STH-2 (Matton et al., 1993)).
Even the monocot asparagus displays an intron posi-
tioned at codon 63 (Ala; AoPR1 (Warner et al., 1993)).

There is a striking conserved sequence motif
GXGXXG at amino acid residues 47-52 throughout
the family of IPR-proteins (Fig. 2); the exception is
STH-2, where it is reduced to GXG (amino acid posi-

tions 45-47). This motif is flanked by conserved lysine
residues 14 amino acid residues upstream, as well as 18
amino acid residues down-stream (exception PcPRI
upstream and PI49 downstream; Fig. 2). This motif is
known as ‘P-loop’ (phosphate binding loop) and is
frequently found with variations in protein kinases as
well as in nucleotide binding proteins (Saraste et al.,
1990).

The Bet v 1a sequence was analyzed using a dot plot
program, but no evidence of a duplication of the
sequence was found (data not shown).
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coral-gene family

1 62 62 Exon 2 161
ATGuvvvrceeenereeeresenssisressesecsenes GAAG G e st a e sns bttt TAA
EG ly
o Intron \
GTTAATTTAATT - 81 bp - CTACAG ] cagc10
5 3
GTTAATTTCTAC - 94bp - TTGCAG | cagel1
maldl-gene family
1 Exon 1 62 62 Exon 2 161
ATG GAAG GCuenreerceeemeerecrssee et sssssesrensesssessseseecss TAA
EG ly
. intron \.
GTTAAATAACCC - 111 bp-  TTGCAG I mdgc32,36,38
betvl-gene family
1 Exon 1 62 62 Exon 2 161
.\ 1 O GAAG GCneeoeeeeeeersrs e nsnass e snsnrssanenr s TAA
EG ly
g [ntron \
GTTAATTAATT - 92(89) bp - rrrrAGJ bvge21,681,70
5' 3
IGTTAGTI'GAT - 101bp - 'ITCAG| bvge25,45
5’ 3
| 6TraGTTaTT - 153bp - TTCAG | bvgess

3.1.5. Phylogenetic analysis of Bet v 1-homologous
sequences and sequences of IPR-proteins

Parsimony analysis generated two maximally parsimo-
nious trees with a length of 359 steps, a consistency index
(CI) of 0.903 (0.784 excluding uninformative characters),
retention index (RI) of 0.514 and rescaled consistency
index of 0.464 (Fig. 3). The two trees differed only in the

relative position of STH-2 (Solanum) and PcPR1
(Petroselinum): STH-2 basal or PcPR1 basal among the
dicot species. A larger parsimony analysis using all the
available Bet v 1-homologous sequences (67 sequences
from eight different plant families) revealed a basal
position of STH-2 (Wen et al., 1997). The tree with
STH-2 basal was therefore preferred (Fig. 3).
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3.1.6. SDS-PAGE analysis of protein extracts and
immunoblots

Immunoblots displayed IgE-binding from birch pollen
allergic patients to Bet v 1 (Fig. 4A: lane 6) and its
dimer (34 kDa) as well as to homologous proteins from
parsley (lane 5), potato (lane 3) and apple (lane 1). A
different binding profile revealed the Western blot per-
formed with the monoclonal anti-Bet v 1 antibody
(panel B) recognizing Bet v 1 (lane 6), the homologous
protein from parsley with reduced binding intensity
(lane 5) and Mal d 1 (lane 1). The polyclonal anti-Bet
v 1 antibody (panel C) showed binding to Bet v 1 and
the respective homologous proteins from parsley (lane
5), asparagus (lane 4), potato (lane 3), pea (lane 2)
and apple (lane 1).

4. Discussion

Since their discovery in 1977 (Williamson, 1977),
introns have been classified into three groups according
to the mechanisms of excision and intron features.
Nuclear pre-mRNA introns are understood to have
evolved from group II introns (Jaquier, 1990; Palmer

1

PcPR1  MGVQKSEVET TSSVSAEKLF KGLCLDIDTL LPQVLPGAIK
PI149 MGVFNVEDEI TSVVAPAILY KALVTDADNL TPKVI.DAIK
CAGC10 MGVFNYETES TSVIPAARLF KAFILDGNNL IPKVAPQAVS
BVGC34 MGVENYETET TSVIPAARLF KAFILDGDNL IPKVAPQAIS
MDGC32 MGVFNYETET TSVIPAPRLF KAFILDGDNL IPKIAPQAIK
STH2 MGVTSYTHET TTPIAPTRLF KALVVDSDNL IPKLMPQ...
Aoprl MSSGSWSHEV AVNVAAGRMF KAAMLDWHNL GPKIVPDFIA

61 *

PI4Y9

and Logsdon, 1991). Nevertheless, the understanding of
sequences not coding for proteins is still incomplete.

There is a close correlation between intron density
and developmental complexity, according to Palmer and
Logsdon (1991), ranging from one intron per kb of
coding sequence in simpler eukaryotes, rising to three
or four introns per kb in plants and fungi, and up to
six introns per kb in animals.

So far, introns have been assumed to display higher
sequence variations between species than their flanking
exons (Mattick, 1994). However, there are reports of
unexpected high sequence similarities of introns. For
example, the single intron of the oligodendrocyte-myelin
glycoprotein from mouse and human displays 75%
sequence identity overall and, in one region, over 90%
(Mikol et al., 1993); sequence cassettes from the third
intron of the y-actin gene are highly conserved between
human and Xenopus (Erba et al., 1988). Whether these
data represent isolated cases or are part of a molecular
principle remains to be investigated. Nevertheless, they
may contribute to a new understanding of the complex-
ity and functionality of introns. It seems that introns
contain information, but how this information is
encoded and transduced is unclear (Mattick, 1994).

*

TIKKITFS
TIKKITFP

JETTREIKIN

GXGX X6

120

.ETKHVL HKVELVDVAN LAYNYSIVGG VGFPDTVEKI SFEAKLSAGP NGGSIAKLSV

PcPR1 %.PFKTNK QKVDAIDKAT FTYSSYIIDG DILLGFIESI NNHFTAVPNA DGGCTVKSTI

BVGC34

.PFKYVK ERVDEVDHAN FKYSYSMIEG GALGDTLEKI CNEIKLVATP DGRSILKISN

CAGC10 % PFKYVK ERVEEVDHTN FKYSYTVIEG GPVGDKVEKI CNEIKIVAAP DGGSILKISN

MDGC32

.QYGYVK QRVNGIDKDN FTYSYSMIEG DTLSDKLEKI TYETKLIASP DGGSIIKTTS

STH2  HGS.PIKYLK HKIHVVDDKN LVTKYSMIEG DVLGDKLESI SYDLKFEAHG NGGCVCKSIT
Aoprl NEBIPFSYVK ERLDFVDHDK FEVKQTLVEG GGLGKMFECA TTHFKFEPSS NGGCLVKVTA

121

161

PcPR1 IFNTKGDAVV PEENIKFAND QNLTIFKAVE AYLIAN.... .

PI4S KYFTKGDAAP SEEQLKTDKA KGDGLFKALE GYCLAHPDYN
CAGC10 KYHTKGDHEV DAEHIKGGKE KVEGLFRAVE AYLLAHSDAY
BVGC34 KYHTKGDHEM KAEHMKAIKE KGEAIIRAVE SYLLAHSDAY
MDGC32 HYHAKGDVEI KEEHVKAGKE KASGLFKLLE SYLLAHSDAY
STH2 EYHTKGDYVL KDEEHNEGQK QGMELFKIVE AYLLANPSVY
Acprl SYKILPGV.. .ADESAKAKE GITNHMKATE AYLLANPTAY

< pZZ =

Fig. 2. Alignment of amino acid sequences from genes of the PR-family containing introns compared to BVGC, MDGC and CAGC clones. Intron
positions are indicated as ellipses where they interrupt codons (phase 1). A conserved motif for phosphate binding loop (P-loop; shaded region)
and the flanking lysine residues are marked (*). This motif is reduced to GXG in the case of Solanum. PCPR1: Petroselinum; P149: Pisum; CAGC10:
Corylus; BVGC34: Betula; MDGC32: Malus; STH2: Solanum; Aoprl: Asparagus.
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—2—— PcPR1(Petroselinum)

21 ——2—— PIl49(Pisum)

[ 22 | 2~ Cora10(Corylus)

S0

86 12— Betv34(Betula)

60

L= Mald32(Malus)

= STH2(Solanum)

Aopr1(Asparagus)

Fig. 3. One of the two maximally parsimonious trees from the analysis
using the amino acid sequences from Bet v 1-homologues. The common
origin of the intron position 62 in various plant groups as the most
parsimonious hypothesis is marked by an arrow. The numbers above
the lines indicate the branch length, and the numbers below the lines
are the bootstrap values with 1000 replicates.

Possible implications are, on the one hand, the devel-
opment of new molecules based on RNA-processing,
like a set of related proteins originating from a single
gene that can be produced via alternative splicing. On
the other hand, it is feasible that introns bear sequence
motifs and signatures of information leading to a model
of informational RNA in parallel to mRNA. Thus,
communication at the RNA level (RNA-RNA,
RNA-DNA, and RNA-protein interaction) via RNA
signals can be envisaged (Mattick, 1994).

Fig. 4. Western Blot. Aqueous protein extracts from apple (Malus
domestica, lane 1) pea (Pisum sativum, lane 2}, potato (Solanum tubero-
sum, lane 3), asparagus (Asparagus officinalis, lane 4), parsley
(Petroselinum crispum, lane 5) and birch pollen (Betula verrucosa, lane
6) were separated by 12% SDS—PAGE and transferred to nitrocellulose
sheets. Subsequently, binding of IgE from birch pollen allergic patients’
sera (A), binding of monoclonal murine anti-Bet v 1 IgG (BIP 1, B)
and binding of polyclonal rabbit anti-Bet v 1 IgG (C) were tested.
Detection was performed by '?’I-labelled anti-IgE, and anti-IgG,
respectively (for controls, buffer B and normal human serum NHS
were included).
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66 kDa
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Another aspect concerns the differential rate of gene
expression controlled by introns. Earlier observations
on plants indicated that introns are not required to
achieve normal expression levels, e.g. the seed storage
protein phaseolin is expressed to similar amounts with
or without its introns (Chee et al., 1986). Yet, there is
an increasing number of reports, in particular in heterol-
ogous gene expression assays, showing that gene expres-
sion is enhanced by intron sequences (Callis et al., 1987;
Luehrsen and Walbot, 1990). The mechanisms of this
enhancement are not well understood. Introns may
stimulate initiation of transcription, increase stability of
pre-mRNA in the nucleus, or raise the rate of mRNA
export to the cytoplasm (Luehrsen and Walbot, 1990).

Investigating the bervi-gene family for their exon
—intron formation, genomic clones (bvgc) without
intervening sequences and clones harboring one intron
were found. bvge clones (bvge21, 25, 34, 45, 681 and 70)
harboring one intron showed high sequence similarities
to the isoforms constitutively expressed in mature birch
pollen (95%—-99% identity), whereas bvgc clones with no
introns (bvgell and bvge3l; 99.8% sequence identity)
showed close similarity to Bet v 1 pollen isoforms as
well as homology to Bet v 1-Sc sequences, the pathogen-
induceable proteins (bvgcl81, bvgc63; 90-91% identity
to Bet v 1-Scl (Swoboda et al., 1995b)). These findings
point to an individual pattern of gene expression for
each member of this gene family.

Comparing the positions where introns were inserted,
a strikingly conserved pattern can be observed.
Intervening sequences were inserted at amino acid resi-
due 62 in Bet v l-sequences (Betulaceae), Cor a
1-sequences (Corylaceae), Mal d 1-sequences (Rosaceae)
and PcPR1 (Apiaceae), amino acid residue 61 in PI49
(Fabaceae), amino acid residue 57 in STH2 (Solanaceae)
and amino acid residue 63 in Aoprl (Liliaceae). Whether
it is a parallel insertion at a proto-splice site or this is
due to common ancestry remains unknown. The most
parsimonious explanation based on sequences (Fig. 3)
is of a single origin of intron position at codon 62 (a
common ancestry). This would also be the original
position of the intron in the case of PI49, but changed
to position 61 due to a secondary loss of one amino
acid residue at position 36.

There are some concepts of introns delineating func-
tional units from proteins called ‘compact modules’. In
the case of Bet v 1, this conserved conformation of the
proteins is recognized by either monoclonal-anti Bet v
1 antibodies or by polyclonal rabbit anti-Bet v 1 serum
or human IgE with overlapping, yet distinct binding
specificities. By performing cross-inhibition assays with
two monoclonal antibodies, different epitopes could be
defined, distinct from B-cell-epitopes. Nevertheless, cor-
rect three-dimensional folding of the proteins was still
mandatory for IgE-binding. Only full-length clones
coding for Bet v 1 were picked from A-ZAP libraries,

when screening with allergic patients’ sera. The confor-
mation seemed to be conserved in even less homologous
sequences since cross-reactivity can be observed with
IgE and monoclonal antibodies among distantly
related species.

When sequences from different species are compared
for their differences and/or similarities, conclusions
about their phylogenetic distance can be drawn. bvgc
clones and cage clones are more closely related to each
other and to mdgc clones than to clones from parsley,
pea or potato.

Although an increasing number of members of this
gene family has already been isolated and sequenced,
only little evidence is available on their function.
Expression upon pathogen induction has been shown
for a few sequences (Swoboda et al., 1994). Aoprl may
be involved in the phenylpropanoid pathway, again
linked to a possible reactivity upon pathogen attack
(Warner et al., 1994).

A conserved motif, present in cDNA-clones as well
as in genomic clones can be detected. A GXGXXG
sequence at aa residues 47-52 is flanked by lysine
residues 14 amino acid residues upstream, as well as 18
(15) residues downstream. This motif is common
throughout all the allergen-coding sequences from the
Bet v 1 family as well as in the class of intracellular
pathogenesis-related proteins found so far. This
sequence is characteristic for protein kinases (P-loop,
Saraste et al., 1990), as well as for other nucleotide
binding proteins, facilitating binding of the ribose into
the turn of the glycine-rich sequence, whereas phosphate
is bound to lysine. Yet, there are no experimental data
corroborating this assumption. First, there is no overall
pattern, common for all ATP- or GTP-binding protein
P-loops. Second, homology based exclusively on this
sequence motif does not necessarily mean that the
candidate protein must have a kinase activity. An enzy-
matic function as a protein kinase has not yet been
shown for a member of the Bet v 1-family. Most of the
known protein kinases contain a catalytic domain of
260 amino acids with conserved motifs spread across
the whole sequence. The glycine-rich sequence may be
a nucleotide binding motif.

All members of this ubiquitous class of proteins are
very similar in amino acid composition, protein size
(approx. 17 kDa) and total charge, which suggests the
homology (a common ancestry) of these sequences. A
preliminary phylogenetic analysis of various members
of these pathogenesis related proteins (Wen et al., 1997)
shows the potential of Bet v 1-homologues as phyloge-
netic markers. The phylogenetic relationships revealed
by Bet v 1-homologues are congruent with those from
morphology (Cronquist, 1988). Comparing isoform
sequences isolated from one species, it seems that they
originated from one sequence, diverging from each other
via duplication events—yet forming a monophyletic
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group. These single amino acid exchanges result in quite
different capacities in binding human IgE antibodies as
shown for Bet v 1 isoforms and Cor a 1 isoforms
(Breiteneder et al., 1993; Ferreira et al., 1996; Weiss
et al,, 1996). If single amino acid substitutions affect
the three-dimensional folding of the protein, IgE-binding
intensities can vary greatly. Furthermore, these changes
in conformation might be one explanation why highly
ubiquitous Bet v 1 proteins from species such as P.
crispum, S. tuberosum, and B. verrucosa are able to elicit
an allergic response in atopic humans, whereas the
homologous proteins present in species like 4. officinalis
or P. sativum display rather low allergenic characteristics
and cross-reactivities. This might also explain why a
number of fruits and vegetables (like D. carota, A.
graveolens, P. crispum, M. domestica, and C. avellana)
induce oral allergic symptoms—whereas a range of
other vegetables (like L. esculentum, P. sativum, S.
tuberosum, F. vesca and A. officinalis) evoke little or no
allergic reaction in Bet v 1-presensitized patients.
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