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Abstract

Grass pollen allergy is one of the most important allergic diseases world-wide. Several meadow grasses, like timothy grass and rye
grass, contribute to allergic sensitizations, but also allergens from extensively cultivated cereals, especially rye, make a profound contri-
bution. The group 4 allergens are well known as important major allergens of grasses. We have cloned for the first time group 4 sequences
from Phleum pratense, Lolium perenne, Secale cereale, Triticum aestivum, and Hordeum vulgare, and investigated the IgE-reactivity of
recombinant Phl p 4 as a candidate for allergy diagnostic and therapeutic applications.
� 2005 Elsevier Inc. All rights reserved.
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IgE-mediated hypersensitivity (type I allergy) is an
important disease the prevalence of which has been increas-
ing such that it affects about one-quarter of the population
of developed countries. Hay fever is caused by grass pollen
of several grass species like timothy grass (Phleum pra-

tense), and rye grass (Lolium perenne), but extensively cul-
tivated cereals, especially rye (Secale cereale), also play an
important role.

The first group 4 allergen of grasses has been described
as a high molecular weight allergen from L. perenne in 1983
[1]. Phl p 4, from P. pratense, was first described in 1985 as
a basic glycoprotein with an apparent molecular weight of
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54 kDa and an isoelectric point of 9.45 [2]. Phl p 4, Phl p 1,
and Phl p 5 allergens show the highest IgE-frequencies, and
Phl p 4 is recognized by 70–88% of grass pollen allergic
subjects [3–7]. High cross-reactivity of the specific IgE of
allergic subjects and monoclonal antibodies with group 4
allergens of different grass species has been reported [2,6–
14].

Whereas the cDNA sequences of several grass pollen
allergens are known, the coding sequence for Phl p 4 and
other group 4 allergens defied elucidation. Four short inter-
nal peptide sequences were reported from Dactylus glomer-
ata Dac g 4 and a homology to berberine bridge enzyme
(BBE) was proposed [10]. Eleven peptides were identified
for the group 4 allergen from Cynodon dactylon BG-60
[15] and two peptides of L. perenne Lol p 4 [16].

Here we report the molecular cloning of cDNA and
genomic DNA sequences of timothy grass Phl p 4, the
expression of the gene in Escherichia coli and in Pichia

pastoris, and the biochemical and immunological charac-
terization of the purified recombinant molecules. This is
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the first report of the DNA sequence and deduced amino
acid sequence of a grass group 4 allergen. With the knowl-
edge of the Phl p 4 sequence we have identified the primary
structures of further group 4 allergens, namely from rye
grass (Lol p 4), rye (Sec c 4), wheat (Tri a 4), and barley
(Hor v 4), and could align the sequences with BBE, a mem-
ber of a flavoprotein oxidoreductase superfamily [17].

Materials and methods

N-terminal and internal sequence analysis of natural Phl p 4. Natural
Phl p 4 has been purified from P. pratense pollen (Allergon) according to
the method described earlier [18]. The protein was subjected to enzymatic
digestion with endopeptidase Glu-C (Promega) or with endopeptidase
Lys-C (Roche). Chemical protein cleavage has been achieved by CNBr
treatment. The resulting fragments were purified and subjected to N-ter-
minal protein sequencing by Edman degradation (ABI 476A protein
sequencer). Hydroxyprolines have been identified using a PTH-Hyp
standard (Pierce).

Isolation of genomic DNA, RNA, and cDNA synthesis. Wild isolates of
P. pratense inflorescences collected from environmental meadows and
leaves of L. perenne, S. cereale, Hordeum vulgare, and Triticum aestivum

from cultured plants were used to prepare genomic DNA using the
DNeasy Plant Maxi Kit (Qiagen). Total RNA was isolated from P. pra-

tense pollen using the GlassMAX RNA Microisolation Kit (Invitrogen).
Oligo(dT) primed first strand cDNA was generated using a first strand
cDNA-Synthesis Kit (Roche) and the Oligo(dT) adapter primer
GGCCACGCGTCGACTAGTACTTTTTTTTTTTTTTTTT (Gibco).

PCR amplification of the Phl p 4 sequence from genomic DNA and

cDNA. PCRs were performed with a Biometra T-cycler (Biometra).
Ethidium bromide stained fragments of expected length were excised from
agarose gels, cloned into the pGEM T-easy vector (Promega), and sub-
sequently sequenced. The 147 bp internal Phl p 4 gene fragment from
genomic DNA was amplified by degenerate primer pools #30 and #37
with PCR conditions: 5 min at 98 �C, adding Triple Master polymerase
(Eppendorf) at 85 �C followed by 45 cycles (15 s 95 �C, 20 s 50 �C, and
1 min 72 �C), and a final elongation for 10 min at 72 �C. Oligo(dT) adapter
primer primed first-strand cDNA was used to amplify the 3 0-end of the Phl
p 4 sequence using a 3 0-RACE approach with Triple Master polymerase,
primer #82, and AUAP primer GGCCACGCGTCGACTAGTAC (Gib-
co) in the first amplification round (5 min 98 �C, 35 cycles [15 s 94 �C, 20 s
60 �C, and 1 min 72 �C], 10 min 72 �C). In a second amplification round
0.5 ll of the first PCR was used as template for primer #82 and the UAP
primer CUACUACUACUAGGCCACGCGTCGACTAGTAC (Gibco):
5 min 98 �C, 35 cycles (15 s 94 �C, 80 s 72 �C), 10 min 72 �C. A ‘‘sense side
mixed oligonucleotide, antisense side nested unique primer PCR’’
approach was used to amplify a 1320 bp fragment of Phl p 4. Here
Table 1
N-terminal and internal peptide sequences of Phl p 4

Peptide Sequence

P 1 a YFPP�P�AAKEDFLGXLVKEIPPRLLYAKSS
P 1 b YFPP�P�AAKEDFLGXLVKE-PPRLLYAKSS
P 1 c YFPXXAAKEDFLGXL
P 1 d YFPXXAKKEDFLGXL
P 1 e YFPXXAAKDDFLGXL
P 1 f YFPXXLANEDF
P 2 SATPFXHRKGVLFNIQYV
P 3 GLXYRXLXPE
P 4 KXMGDDHFXAVR
P 5 APEGAVDII
P 6 MEPYVSINPVQAYANY

Positions of the fragments are related to the mature Phl p 4 sequence (Fig. 1). Th
mature Phl p 4. Amino acid residues that were not confirmed on the DNA l
hydroxyprolines.
genomic P. pratense DNA served as a template for the degenerate sense
primer pool #29 and the specific primer # 86 in the first PCR: 5 min 98 �C,
addition of Taq-polymerase (Eppendorf) at 85 �C, 45 cycles (15 s 95 �C,
20 s 58,3 �C, 60 s 72 �C), 10 min at 72 �C, using HiFi-buffer (Eppendorf)
supplemented with DMSO (5% v/v final concentration); and with primer
#29 and #85 in the second (nested) PCR round after purifying the PCR
with the High-Pure PCR purification kit (Roche). Additional genomic and
cDNA clones were amplified using primer combinations #88 and #86,
#206 and #189, #206 and #215, and #206 and #217, Triple Master
polymerase and HiFi-Buffer with DMSO (5% v/v): 5 min 95 �C, 45 cycles
(15 s 95 �C, 20 s 60 �C, and 180 s 72 �C) followed by 10 min at 72 �C.

Expression and purification of recombinant Phl p 4. The gene for
mature Phl p 4 was cloned into standard E. coli expression vectors and
the resulting protein was expressed in inclusion bodies. After cell dis-
ruption, the isolated inclusion bodies were finally purified by size
exclusion chromatography (Superdex 200, GE) in 6 M guanidinium
hydrochloride. For expression in the methylotrophic yeast P. pastoris

the mature form of Phl p 4, extended by a C-terminal His-Tag, was
fused to the Saccharomyces cerevisiae a-factor signal sequence of the
AOX1-promoter containing vector pPICZa (Invitrogen). Recombinant
Phl p 4 was expressed in KM71H cells using standard protocols and
recovered in the culture media. The heterologous protein was purified
using immobilized metal ion affinity chromatography (HisTrap HP,
GE) followed by size exclusion chromatography step (Superdex 75,
GE).

Characterization of recombinant Phl p 4. SDS–PAGE was performed
using 10% Bis-Tris gels and SDS–Mops running buffer (Invitrogen) and
gels were subsequently stained with Coomassie brilliant blue R-350 (GE).
For Western blot analysis monoclonal mouse anti-Phl p 4 antibodies 3C4
[9] and 5H1 [11] were used. IgE inhibition assays used purified natural Phl
p 4-coated ELISA plates as solid phase. Sera of allergic donors were
preincubated with a dilution series of recombinant or natural Phl p 4 and
subsequently applied to the precoated plates. Bound IgE was detected by
peroxidase coupled anti-human IgE secondary antibodies. The inhibitory
capacity of recombinant and natural Phl p 4 was expressed as percent
inhibition [19]. The ability of natural and recombinant Phl p 4 to activate
basophils of allergic donors was determined by flow cytometric analysis of
CD203c expression [20].

Results and discussion

Amino acid sequencing of natural Phl p 4

N-terminal sequencing of natural Phl p 4 (nPhl p 4)
resulted in six sequences, P1a-f (Table 1), starting with
the amino acid sequence YFP. Two of the first 7 prolins
were identified as hydroxyprolines. The occurrence of
Position Fragment

PAYP 1–33 N-terminal
P 1–30 N-terminal

1–15 N-terminal
1–15 N-terminal
1–15 N-terminal
1–11 N-terminal
384–401 Glu-C
90–99 Glu-C
194–205 Lys-C
238–246 Lys-C
425–439 CNBr

e different N-terminal sequences presumably represent different variants of
evel are shown in bold. The prolines marked P 0 have been confirmed as
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hydroxyprolines in plant proteins is quite common [21] and
they are often O-glycosylated with arabinosides as de-
scribed for Phl p 1 [22,23] and Phl p 5 [24]. Five internal
peptide fragments P 2 to P6 were obtained from enzymat-
ically or chemically cleaved nPhl p 4 (Table 1) and served
as the basis for degenerate Phl p 4 primer design.

Cloning strategy and gene sequence of Phl p 4

The peptide sequences of Phl p 4 (Table 1) were used to
design a collection of degenerate Phl p 4 oligonucleotide
primer pools of which only the successful ones are shown
in Table 2 (primers #29, #30, and #37). With primer pools
#30 and #37 consisting of 192 and 16 different oligonucle-
otides, respectively, one of the resulting fragments obtained
with genomic P. pratense DNA as the template proved to
be a 149 bp fragment of the Phl p 4 gene. This fragment
connects the Glu-C fragment P2 and the CNBr-fragment
P6 (Table 1) and served to create the first specific Phl p 4
primer #82. This sense primer was used to amplify the
3 0-end of the Phl p 4 cDNA in a 3 0-RACE PCR. Seven
clones have been sequenced and assigned to 2 groups of
Phl p 4 sequences with 489 and 557 bp, respectively, that
show apparent differences downstream of the stop codons.
With the knowledge of the 3 0-end of the Phl p 4 transcript
new specific antisense PCR primers #85 and #86 were de-
signed. A first successful amplification of the main part of
the Phl p 4 gene was achieved using the degenerate primer
pool #29, consisting of 256 different oligonucleotides, and
the two specific primers #85 and #86 in a half-sided nested
PCR using genomic DNA as template. This PCR approach
may be called a ‘‘sense side mixed oligonucleotide,
Table 2
Oligonucleotides

Name Sequencea

#029 YTNTAYGCNAARWSNWSNCCNGCNTAYCC
#030 CAYMGNAARGGNGTNYTNTTYAAYATMC
#037 TARTTNGCRTANGCYTGNACNGGRTT
#082 ACTACTGGTTCGCCCCGGGAGCC
#083 GGCTCCCGGGGCGAACCAGTAG
#085 TGAAGTATTTCTGGCCCCACACCAAACC
#086 CCCTTGGTGATGGCGAGCCTCTGG
#087 ACCAACGCCTCCCACATCCAGCT
#088 CTCAGTCCTGGGGCAGACCATCC
#189 GATAAGCTTCTCGAGTGATTAGTACTTTTTGATCA
#194 GCCTTGTCCTGCCACCACGCCGCCGCCACC
#195 GCTCTCGATCGGCTACAATGGCG
#198 CACGCACTACAAATCTCCATGCAAG
#199 CACGCACTAAATCTCCATGCAAG
#202 CATGCTTGATCCTTATTCTACTAGTTGGGC
#203 TACGCACGATCCTTATTCTACTAGTTGGGC
#206 GGTGCTCCTCTTCTGCGCCTTGTCC
#215 GGCCATTCGAAACACCAACCATGC
#216 GGAAAAAGAAGTACACGCCTAACCGC
#217 AGCACCTAACTAATTCTCAAAACCTGTCTC

a Y = C or T, W = A or T, S = G or C, M = A or C, R = A or G, N = ino
antisense side nested unique primer PCR’’ and led to two
long fragments of the Phl p 4 gene among a large number
of unspecific amplifications. To improve the PCR specific-
ity, a new gene specific primer #88 adjacent to the degener-
ate primer #29 has been designed. The primer pair #88 and
#86 was used to amplify a Phl p 4 DNA fragment of
1336 bp from genomic P. pratense DNA as well as from
cDNA. This fragment together with the N-terminal peptide
P1 enabled us to present for the first time the complete se-
quence of mature Phl p 4. Since a 5 0-RACE approach to
get the full N-terminal sequence was not successful, we
used primers based on the 3 0-untranslated region (#215,
#216, and #217) together with primer #206 based on the
nucleotide sequence coding for the putative signal peptide
of Tri a 4 from wheat, a homologue of Phl p 4 that has
been detected later (see Cloning strategy and gene sequence
of Lol p 4, Sec c 4, Tri a 4 and Hor v 4). Some additional 30
genomic and 10 cDNA clones have been sequenced. Due to
the large number of sequences from independent PCRs, we
were able to exclude PCR errors. The analysis revealed two
main isoforms of Phl p 4 as well as some minor variants
(see Phl p 4 variants and characterization of the deduced
amino acid sequence). A comparison of the genomic and
cDNA sequences revealed that the Phl p 4 gene has no in-
tron sequences. The Phl p 4 sequence presented here is the
first published sequence of a grass group 4 allergen. Vari-
ous factors have probably contributed to the fact that this
important allergen has defied being cloned for so long,
including the relatively high GC-content (�65%) and the
assumed strong secondary structures of the DNA/RNA
that required the development of the special cloning strat-
egy described here.
Description

Degenerate Phl p 4 sense primer
Degenerate Phl p 4 sense primer
Degenerate Phl p 4 antisense primer
Phl p 4 sense 30-RACE primer
Phl p 4 antisense primer
Phl p 4 nested antisense primer
Phl p 4 antisense primer
Phl p 4 sense primer
Phl p 4 sense primer

GCGGCGGGATGCTC Phl p 4 antisense primer
Hor v 4 signal peptide sense primer
Hor v 4 signal peptide sense primer
Hor v 4 3 0-UTR antisense primer
Tri a 4 3 0-UTR antisense primer
Hor v 4 3 0-UTR antisense primer
Tri a 4 3 0-UTR antisense primer
Tri a 4 signal peptide sense primer
Phl p 4 B 3 0-UTR antisense primer
Phl p 4 B 3 0-UTR antisense primer
Phl p 4 A 30-UTR antisense primer

sine.
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Phl p 4 variants and characterization of the deduced amino

acid sequence

Two main isoforms of the Phl p 4 gene have been iden-
tified and provisionally designated Phl p 4.0101 and Phl p
4.0201 (Fig. 1). The two isoforms show 92.8% DNA se-
quence identity in the coding regions for mature Phl p 4
and 91% identity on the amino acid level. Due to different
3 0-untranslated regions the antisense primer #217 specifi-
cally amplifies the Phl p 4.0101 gene, whereas Phl p
4.0201 could be specifically amplified using primer #215
or #216. Three variants of Phl p 4.0101 differing at single
amino acid positions (P141T, S289G or E351R) could be
detected. Three variants of Phl p 4.0201 with amino acid
differences at one position (S76T), two positions (A186P
and P227L), or three positions (S76T, A186P, and
P227L) were identified. Additionally some silent mutations
have been found on the DNA level. The N-terminal se-
quence P1a and the fragment P2 determined by amino acid
sequencing (Table 1) correspond to Phl p 4.0201; P3 and P4
match both Phl p 4.0101 and Phl p 4.0201. Despite being
found at the DNA level the existence of the Phl p 4.0101
form could not be verified by amino acid sequencing. How-
ever, additional mutations that were not found in the DNA
but in the analysed peptides is indicative of the existence of
additional variants at positions 6 (A6L), 7 (A7K), 8 (K8N),
239 (S239P), 431 (K431I), and 434 (R434V), and a deletion
of position 19 (DI19) (Table 1). This may be due to different
isoform distributions in the P. pratense material used for
peptide sequencing and PCR analysis.

Mature Phl p 4 consists of 500 amino acids with calcu-
lated masses of 55,895 Da (Phl p 4.0101) and 55,624 Da
(Phl p 4.0201) and calculated pI values of 8.8 and 9.2,
respectively. There are 4 or 2 potential sites of N-glycosyl-
ation (pattern: Asn-Xaa-Ser/Thr) at N61, N187, N298, and
N330 (Phl p 4.0101), or N61 and N330 (Phl p 4.0201). Phl
p 4 has 5 cysteines at positions 14, 71, 150, 281, and 302
with the potential to form 2 internal disulphide bridges.

Cloning strategy and gene sequence of Lol p 4, Sec c 4, Tri a

4, and Hor v 4

The PCR conditions to amplify the Triticeae and Lolium

group 4 DNAs were essentially the same as described for
Phl p 4 (see PCR amplification of the Phl p 4 sequence from
genomic DNA and cDNA). Based on the discovered Phl p
4 DNA five Lol p 4 genomic DNA fragments could be
amplified from L. perenne genomic DNA using the Phl p
4 specific primers #87 and #189. Five independent genomic
DNA fragments could be amplified from S. cereale geno-
mic DNA using the Phl p 4 specific primer pair #83 and
#87. A databank search using this partial Sec c 4 sequence
found single, but not overlapping, EST-fragments in
H. vulgare and T. aestivum EST-databases. Four primers
were designed on the basis of theH. vulgare EST-fragments
GenBank BM442329 (#194 and #195), and GenBank
AL510095 (#198 and #202). Four primers were designed
on the basis of the T. aestivum EST-fragments GenBank
BJ254228 (#199 and #203), GenBank CA594522 (#204),
and GenBank BJ243609 (#206). The primer combinations
#195 and #189, #195 and #202, #195 and #203, and
#195 + #198 were used to amplify 8 independent Sec c 4
genomic sequences. Two Sec c 4 variants Sec c 4.0101
and Sec c 4.0201 have been detected. From H. vulgare

genomic DNA 17 independent Hor v 4 DNA sequences
could be amplified using the primer combinations #195
and #198, #195 and #202, #194 and #198, and #194
and #202. The resulting sequence has been provisionally
designated Hor v 4.0101. From T. aestivum genomic
DNA 13 independent sequences have been amplified using
the primer combinations #204 and #203, #204 and #199,
#206 and #203, and #206 and #199. Two Sec c 4 sequences
have been provisionally designated Sec c 4.0101 and Sec c
4.0201. A comparison with the Phl p 4 cDNA sequence re-
vealed that the Lolium and Triticeae sequences, as Phl p 4,
do not contain any intron sequences.

Comparison of grass group 4 sequences and homology to the

berberine bridge enzyme-like protein family

The alignment of the group 4 allergen sequences from
Phleum, Lolium, and Triticeae species shows a high degree
of homology (Fig. 1). They represent a family of basic pro-
teins with molecular weights of about 55 kDa and calculat-
ed pI values far above 8 (Table 3). In rye, wheat, and
P. pratense distinct isoforms with amino acid identities of
88–94% could be detected. The inter-species homology
ranges from 83% (Phl p 4 to Triticeae species) to 95%
(Sec c 4 to Tri a 4). The occurrence of cross-reacting iso-
forms in distinct species with amino acid homologies that
are comparable to those of different group 4 molecules
across the species border is remarkable. Since recombinant
group 4 allergens may be important for a future recombi-
nant allergen based specific immunotherapy, efforts should
be made to evaluate the cross-reactive therapeutic potential
of the different group 4 allergens and their isoforms. A se-
quence database homology search revealed similarities of
grass group allergens to berberine bridge enzyme-like oxi-
do-reductases. More than 20 homologous sequences can
be found in the Arabidopsis thaliana database. The basic
oxidoreductase from A. thaliana (pI 9.7) shown in Fig. 1
shares 43% identical residues with Phl p 4, whereas Phl p
4 and the acidic BBE from E. californica [25] (pI 5.2) share
34% amino acids only.

Expression of recombinant Phl p 4 in E. coli and P. pastoris

Since the Phl p 4 gene is quite GC-rich with a GC-con-
tent of 65% and because it contains several codons that are
rarely found in genes of bacterial or yeast expression hosts
we used PCR techniques with overlapping primers to gen-
erate a completely artificial codon optimized Phl p 4.0201
gene with a final GC-content of 44%. Following expression
in E. coli the Phl p 4 protein was found in insoluble



Fig. 1. Amino acid sequence alignment of Phl p 4 variants Phl p 4.0101 and Phl p 4.0201, their homologues from ryegrass, rye, wheat, and barley, and two
members of the berberine bridge enzyme oxidoreductase family, BBE from A. thaliana and E. californica. The numbering corresponds to that of the
mature proteins. The start of the mature sequence of BBE and Phl p 4.0201 is known from N-terminal sequencing. The signal peptide cleavage sites of the
remaining proteins have been predicted using the TargetP program at www.cbs.dtu.dk/services/TargetP [28]. Truncated sequences are marked with a slash
(/). Conserved residues that are identical in all sequences are shown in black, residues that are conserved in the grass spp. are shaded in gray. The
oxidoreductase family flavin-binding consensus sequences [17] are marked with black lines, the conserved histidine to which the FAD is covalently bound
in BBE is marked with an asterisk.
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Table 3
Grass group 4 sequence analysis

Allergen Sequence length
(amino acids)

Molecular
weight (Da)

Isoelectric
point (pI)

Phl p 4.0101 500 55,895 8.8
Phl p 4.0201 500 55,624 9.2
Lol p 4a 423a —a 8.8a

Sec c 4.0101 497 55,002 9.1
Sec c 4.0201 496 54,670 9.3
Tri a 4.0101 498 55,339 8.8
Tri a 4.0201 498 55,252 8.8
Hor v 4 499 55,074 9.3

The sequence length, isoelectric point, and molecular weight calculations
were made on the basis of the mature proteins (Fig. 1).
a The Lol p 4 sequence is only partial and contains about 85% of the

mature Lol p 4 sequence.
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inclusion bodies. Recombinant Phl p 4 purified from inclu-
sion bodies shows an apparent molecular weight of about
56 kDa (Fig. 2A) that is in agreement with the mass calcu-
lated from the amino acid sequence. The mass of natural
Phl p 4 is somewhat higher due to posttranslational glyco-
sylation (Fig. 2A) and has been published as 61,300 Da [6].
In contrast to the situation in E. coli, the P. pastoris derived
His-tagged rPhl p 4.0201 is highly soluble and has been
Fig. 2. SDS–PAGE comparison of natural Phl p 4, and recombinant Phl p
4 expressed in E. coli, or P. pastoris. (A) Stained with Coomassie brilliant
blue. (B) Autofluorescence visualized by trans-illumination at 314 nm. (C)
Western blot developed with anti-Phl p 4 antibody 3C4.
purified to homogeneity. The protein shows as a single
band in SDS–PAGE (Fig. 2A) and eluted as a single peak
on SEC corresponding to a monomer. Due to post-transla-
tional glycosylation in P. pastoris the apparent molecular
weight is slightly higher (62,066 Da by mass spectrometry,
unpublished) than that of the unglycosylated protein from
E. coli, but comparable to that of glycosylated nPhl p 4
purified from grass pollen (Fig. 2A). The shift in the
SDS–PAGE of reduced and non-reduced nPhl p 4 and rPhl
p 4 from P. pastoris indicates the existence of internal disul-
phide bridges and is indicative for a correct folding, in con-
trast to the E. coli derived protein (Fig. 2A).

Phl p 4 contains a covalently bound flavin

Leduc-Brodard et al. [10] proposed that Phl p 4 may
have a homology to BBE, an oxido-reductase that contains
a covalently bound flavin as co-factor and is involved in
alkaloid biosythesis in plants [26]. For natural BG-60, the
group 4 homologue from Bermuda grass (Cynodon dacty-

lon) the occurrence of a flavin co-factor was proposed
[15]. The sequence of Phl p 4 shows the conserved flavin
binding motif (Fig. 1) of the oxido-reductase superfamily
described by Fraije et al. [17]. The absorption spectrum
of recombinant Phl p 4 shows a typical flavin spectrum
(Fig. 3). Since the autofluorescence of Phl p 4 is retained
in SDS-denatured nPhl p 4 and P. pastoris derived rPhl p
4 on polyacrylamide gel electrophoresis (Fig. 2B), a cova-
lently bound flavin is very likely. The recombinant Phl p
4 produced in E. coli did not show any autofluorescence
indicating the absence of the co-factor. The candidate ami-
no acid for the covalent attachment of the flavin is His-86,
that aligns with His-81, the attachment site in BBE [26].
However, the enzymatic function of Phl p 4 is not known
since the BBE substrate (S)-reticuline is not a substrate
for recombinant Phl p 4 (data not shown).
Fig. 3. Absorption spectrum of �8 and �30 lM rPhl p 4, respectively.
rPhl p 4 shows a typical flavoprotein spectrum with absorption maxima at
369 and 454 nm.
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Immunological characterization of Phl p 4–IgE and

monoclonal antibody reactivity

Recombinant Phl p 4 and nPhl p 4 show similar reac-
tions with monoclonal anti-Phl p 4 antibodies in Western
blot experiments, the reactions with mAb 3C4 are shown
in Fig. 2C. Immunoblot analysis using a panel of IgE con-
taining allergic patients� sera showed a good correlation of
the reactivity of nPhl p 4 and rPhl p 4. Some sera showed
reduced or no reactivity to rPhl p 4. These differences may
be explained by IgE directed to carbohydrate determinants
and the different nature of the carbohydrate moieties of
nPhl p 4 and P. pastoris derived rPhl p 4. The reduction
of IgE binding to nPhl p 4 carbohydrates in the range of
20–87% after periodate treatment has been described [6].
However, these cross-reactive carbohydrate determinants
are believed to be of less importance for the allergic disease
Fig. 4. (A) IgE inhibition assay with sera of two grass pollen allergic blood do
natural Phl p 4 (d) and that of recombinant Phl p 4-His expressed in P. pasto

grass pollen allergic blood donors. The baseline is indicated by the grey line. Th
His expressed in P. pastoris (s) is comparable.
[27]. Therefore, rPhl p 4 will be an important tool to detect
true Phl p 4 IgE reactivity. In human IgE-inhibition assays,
a good correlation of the reactivity of soluble recombinant
and natural Phl p 4 is seen (Fig. 4A). If the lack of epitopes
that is seen in some patients (Fig. 4A, right) may be due to
isoform differences or due to anti-CCD IgE needs to be
elaborated in the future. Basophil activation assays show
that rPhl p 4 is able to stimulate basophils of allergic sub-
jects (Fig. 4B), being slightly more potent than natural Phl
p 4 in cross-linking IgE on effector cells.

In conclusion we report for the first time the cloning of
grass group 4 allergens, the expression of mature Phl p 4 in
a soluble immunologically reactive form and its further
characterization. The ability to produce recombinant Phl
p 4 may represent a key step for the development of future
diagnostic and immunotherapeutic preparations and may
be of special importance for those allergic persons that
nors and purified natural Phl p 4 as solid phase. The inhibitory capacity of
ris (s) are compared. (B) Basophile activation test with basophiles of two
e activation of basophiles by natural Phl p 4 (d) and recombinant Phl p 4-
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show a dominant IgE response to Phl p 4. Further studies
on the cross reactivity of group 4 allergens (e.g., rye) will be
important for the correct diagnosis and efficient therapy of
grass and rye pollen allergy. Recombinant group 4 aller-
gens expressed in P. pastoris are promising candidates for
these applications.
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