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Due to the wide distribution and heavy pollen production of grasses;-50% of allergic patients are sensitized against grass pollen
allergens. cDNAs coding for two isoforms and four fragments of a major timothy grassRhleum pratensgpollen allergen, Phl p

6, were isolated by IgE immunoscreening from a pollen expression cDNA library. Recombinant Rp 6 (rPhl p 6), an acidic protein

of 11.8 kDa, was purified to homogeneity as assessed by mass spectrometry and exhibited almost exclusitelical secondary
structure as determined by circular dichroism spectroscopy. Php 6 reacted with serum IgE from 75% of grass pollen-allergic
patients (n = 171). IgE binding experiments with rPH p 6 fragments indicated that the N terminus of the allergen is required for
IgE recognition. Purified rPhl p 6 elicited dose-dependent basophil histamine release and immediate type skin reactions in patients
allergic to grass pollen. A rabbit antiserum raised against purified rPH p 6 identified it as a pollen-specific protein that, by
immunogold electron microscopy, was localized on the polysaccharide-containing wall-precursor bodies (P-particles). The asso-
ciation of Phl p 6 with P-particles may facilitate its intrusion into the deeper airways and thus be responsible for the high
prevalence of IgE recognition of Phl p 6. Recombinant native-like Php 6 can be used for in vitro as well as in vivo diagnoses of
grass pollen allergy, whereas N-terminal deletion mutants with reduced IgE binding capacity may represent candidates for
immunotherapy of grass pollen allergy with a low risk of anaphylactic side effects. The Journal of Immunology, 1999, 163:
5489-5496.

disease that affects20% of the population in industri- lergen characterization has revealed the primary structures of al-

alized countries (1). As a consequence of this immuno-lergens and facilitated the production of recombinant allergens for
disorder, allergic patients produce IgE Abs against per se innocudiagnostic and therapeutic purposes (5). Components of the plant
ous, mostly airborne proteins from pollen, mites, moulds, andcytoskeleton (e.g., profilin) (6) as well as calcium-binding pollen
animal hair/dander. The symptoms of type | allergy (allergic rhi- proteins (7) have been identified as relevant allergens. The fact that
nitis, conjunctivitis, allergic asthma, and anaphylactic shock) resulllergic patients exhibit immediate type reactions upon contact
from allergen-induced cross-linking of effector cell (mast cell, ba-with various unrelated allergen sources thus can be explained by
sophil)-bound IgE Abs and subsequent release of inflammatorghe cross-reactivity of their IgE Abs with ubiquitous allergens.
mediators (2). Because40% of allergic individuals suffer symp- Evidence that group 1 grass pollen allergens belong to a family of
toms after contact with grass pollen, research has concentrated aell wall-loosening proteins (expansins) (8) and that grass group 5
the characterization of relevant grass pollen allergens by proteiallergens may possess RNase activity (9) has restimulated ideas
and immunochemical methods (3). Although groups of major al-that the biological function of a given protein may be related to its
lergens have been identified as cross-reactive moieties that occallergenicity. The recent findings that major grass pollen allergens
in most grass species (4), nothing was known concerning theican either become attached to small-sized particles (e.g., group 1
nature and biological functions. allergens to diesel exhaust, Ref. 10) or may become airborne as
small pollen subcompartments (e.g., group 5 allergens in amylo-
plasts, Ref. 11) would provide a possible mechanism explaining
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Phl p 6 predominantly on the polysaccharide-containing wall-imidazole (pH 7.4) and 0.1% Triton X-100 and lysed by the addition of

precursor bodies (P-particles) of mature timothy grass pollen. Thig/sozyme (20ug/g cells) for 30 min at room temperature as well as by

; ; o ; .freeze-thawing cycles. DNA was digested with DNase | (0.1 mg/g cell
unique feature may possibly indicate that the high rate of SenSItIpellet) for 20 min at room temperature. The protein extract was centrifuged

zation of patients allergic to grass pollen againstP8 is due to for 20 min at 10,000< g (Sorvall (Wilmington, DE) RC5C, SS34 rotor) to
P-particle-linked intrusion of Rip 6 into the deeper airways. The remove insoluble materials. rP6 was enriched in a precipitate obtained
greatly reduced IgE binding capacity of N-terminally truncated by the addition of ammonium sulfate (40—60% w/v). The precipitate was
rPhl p 6 indicates that N-terminal deletion variants of PI6 may dissolved in 10 mM of Tris (pH 6) and dialyzed against this buffer; after

. B . - centrifugation (20 min at 10,00 g, Sorvall RC5C, SS34 rotor), the
be considered as hypoallergenic candidate molecules for Immun%’recipitate was applied to a DEAE cellulose-Sepharose column (Pharma-

therapy of grass pollen allergy. cia). Unbound proteins were eluted with 10 mM Tris (pH 6) and 4% v/v
isopropanol. Fractions containing80% pure Php 6 were adjusted to a
Materials and Methods pH of 8 with NaOH and subjected to a second chromatography step on a

. . . . , . . DEAE-cellulose-Sepharose column. Elution of bound proteins with a
Biological materials, patients’ sera, antisera, and recombinant 0-0.5 M NaCl gradient at a pH of 8 yielded fractions containing pure rPhl

allergens p 6; these fractions were dialyzed against double distillg@®.H

Pollen from timothy grassRhleum pratenserye grassl(olium perenng

rye (Secale cerea)e Kentucky blue grassPpa pratensik wheat riticum Matrix-assisted laser desorption and ionization (MALDI)-time of
sativun), cultivated oat Avena sativgp and common reedPhragmites flight (TOF) and CD analysis of purified rPhl p 6

communiy were from Allergon (Véinge, Sweden). Timothy grass seeds

were purchased from Austrosaat (Vienna, Austria) and grown for 4 wk toLaser desorption mass spectra were acquired in a linear mode with a TOF
obtain fresh leaves and roots. Patients allergic to grass pollen were chaGompact MALDI Il instrument (Kratos, Manchester, U.K.) (piCHEM,
acterized as described previously (4). The rabbit anti-celery profilin anti-Graz, Austria). CD spectra were recorded on a Jasco (Tokyo, Japan) J-710
serum (RP1) has been described previously (12). A rabbit anti-rPhl p &pectropolarimeter fitted with a Jasco PTC-348WI Peltier type temperature
antiserum was raised against purified Irpl6 using CFA (Charles River, control system and interfaced with a Fisons Haake (Paramus, NJ) GH water
Kissleg, Germany). The recombinant timothy grass pollen allergens rPhl fpath. Far-UV CD spectra were recorded at 20°C in a 2-mm path-length
1, rPhl p 2, and rPhl p 5 were purified as described previously (13). Requartz cuvette (Hellma, Mullheim, Baden, Germany) at a protein concen-
combinant timothy grass pollen profilin was purified by poly(L-proline) tration of 7 uM. Thermal denaturation of Plp 6 was monitored by re-

affinity chromatography (6). cording the ellipticity during temperature increase (50°C/h) at 220 nm. The
reversibility of the unfolding process was checked by measuring the res-

Isolation and characterization of cDNAs coding for Phl p 6 toration of the CD signal upon cooling (50°C/h) to the starting temperature

isoforms/fragments (20°C). The fraction of folded protein was calculated as E — U, where

) ) ) U = (0,50 — OOy — O). O is the ellipticity of the protein in the
A total of 350 IgE-reactive clones were isolated from an expression cDNAnative state an@,, is the ellipticity of the denatured protein. For rPhl p 6,

library constructed from mature timothy grass pollen in phegiel1 (14). @, was assumed to be equal @, at 85°C andd,, was assumed to be
Six cDNAs (c121, c142, c146, c171, c223, and c233) with sequence hoequal t00,,, at 20°C.

mology to a Phl p 6-encoding cDNA (15) were subcloned into plasmid
pUC18 and sequenced (16, 17). Sequences were analyzed using the_ . . L .
McVector program (Kodak, Rochester, NY). A search for Phl p 6-homol- I9E-binding capacity of rPhl p 6, and cross-reactivity with
ogous protein sequences was done with the FastA program (GCG packag@ftural PH p 6 and other timothy grass pollen allergens
(18) in the SwissProt database. The sequences ofl Haand Hor v 5

allergens were retrieved from the European Molecular Biology Laborator . h ;
ithl 71 patients allergic to grass pollen and, for control purposes, in sera from

Clustalw (19) and edited by hand. The GDE sequence editor (S. Smithno.natOpiC persons by ELISA (13). The presence of cross-rea_ctive I9&
Harvard University, Cambridge, MA) and Colormask (J. Thompson’épltopes on natural Pip 6 and rPhl p 6 was investigated by IgE immu-

EMBL, Heidelberg, Germany) were used to color conserved residues witioPlOt inhibition experiments (4). A possible immunological relationship
related properties (19). Protein secondary structure and surface accessiffeWeen rPhp 6 and recombinant timothy grass pollen allergens (rPhi p 1,

ity predictions were done with the PHD program on the EMBL Predict- rehl P 2, rPhl p 5) (13) was studied by ELISA competition as described
Protein server (20). previously (4).

The prevalence of IgE anti-rPh 6 reactivity was determined in sera from

Mapping of P p 6 IgE epitopes, expression, and purification of Histamine release experiments

rPhip 6 Granulocytes were isolated from heparinized blood samples of individuals
The IgE binding capacity of phage clones expressingpfhisoforms and  allergic to grass pollen; the samples contained rPhl p 6-reactive IgE Abs by
fragments was investigated by a plaque lift assay (21). The DNA coding fodextran sedimentation (22). Cells were incubated with increasing concen-
the mature Php 6 allergen was PCR-amplified from the clone 142 DNA trations of purified rPhl p 5, rPhl p 6, and with an anti-human IgE Ab
and subcloned into thddd/EcoRl site of pET-17b. rPkp 6 was expressed  (E124.2.8 @2, Immunotech, Marseilles, France). Histamine released into
in E. coli BL21 (DE3) in liquid culture. Cells were suspended in 25 mM the supernatants was measured by RIA (Immunotech).

FIGURE 1. A, Multiple sequence alignment, secondary structure, and solvent accessibility predictiohpo6 Riariants and group 5 allergens. The

amino acid sequences of the mature allergens without their leader peptides were compared. Asterisk lines represent the regions spanned by the Phl ¢
clones; isolated single letters indicate those amino acids that are different from clone 142. Each allergen sequence is preceded by its yatatlase entr
(S32101: Phl p 5A, timothy grass; HL5ALLERG: Hol | 5, velvet grass; MP91_POAPR to MP93_POARRp Poisoforms, Kentucky bluegrass;
MP5B_LOLPR: Lol p 5b, rye grass; MP51_PHAAQ to MP54_PHAAQ:aPa 5 isoforms, canary grass; MP5B_PHLPR: Phl p 5B, timothy grass;
MP5A_LOLPR: Lol p 5a, rye grass; and HV06640: Hor v 9, barley). Dashes in the sequences indicate gaps. The sequences were colored to illustrate
conserved features in addition to amino acid identity. All glycines and prolines are colored in orange and yellow, respectively. The other eesidues w
colored according to conservation of their physicochemical properties (psrpleidic; blue= hydrophobic; light blue= hydrophobic tendency; red

basic; green= hydrophilic; white = unconserved). The bottom lines display the predicted secondary structure (SecStructPred), the predicted solvent
accessibility (SolAccessPred), and a numbering reference (ruler). In the secondary structure prediction, uppercase letters are used forvgastion
accuracy is>86%; H and E indicate residues énor g conformation, respectively. In the solvent accessibility prediction, uppercase letters are used for
residues in which accuracy 869%; A and B indicate exposed and buried residues respectBelgE reactivity of rPhp 6 isoforms and fragments.
Nitrocellulose filters containing proteins from recombinagt 11 phage expressing two IRh6 isoforms (c142 and ¢223), Ph 6 fragments (c121, c146,

c171, ¢233), and, for control purposagitll wild-type phage (0) were probed with serum IgE from nine grass pollen-allergic patients (1-9) and from one
nonallergic individual (10).
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Skin testing proteins’ N terminus. A partial clone (clone 121) lacking the N-

After informed consent was obtained, skin prick tests were performed Oﬁermlnal 30 amino acids had almost completely lost its IgE binding

the forearms of the individuals as described previously (23). Individualscapacity (Fig. 1A andB).

were pricked with 2Qul aliquots containing different concentrations (1 . . o o
wg/ml, 10 wg/ml, and 100ug/ml) of purified rPhl p 6, rPhi p 5, timothy ~ E- coli expression and purification of rPhl p 6: IgE binding
grass pollen extract, histamine, and NaCl (ALK, Horsholm, Denmark). capacity of purified rPhl p 6

Analysis of the presence of Phl p 6-related allergens in other  rPhl p 6 was overexpressedfn coliBL21 (DE3). A combination
grass species and tissue-specific expression of Phl p 6 of several purification steps yielded pure and solubld pFh(~5

Protein extracts from pollens, leaves, and roots were obtained by homo mng protein/LE. coli culture), which was identified by SDS-PAGE

enizing the tissues in SDS sample buffer (24). Insoluble materials weré&S One of the low molecular mass timqthy grass pollen allgrgens
removed by centrifuging the extracts (10,0809 for 20 min; Sorvall ~ (Fig. 2A). MALDI-TOF analysis of purified rPhp 6 resulted in
RC5C, SS34 rotor). Protein extracts were separated by 14% SDS-PAGEvo mass/charge peaks of 11,790 and 5,896 corresponding with

(25) and blotted onto nitrocellulose membranes (26). Nitrocellulose stripgshe MH* and M2H2" species of the sample, which were in agree-
were probed with a rabbit anti-celery profilin antiserum, RP1 (12), rabbit t with the ded d Pb 6 | | ! 11789 D
anti-rPhl p 6 antiserum, and the latter rabbit's preimmune serum. Bound"€Mt Wi € deduce p 6 molecular mass (11, a).

rabbit Abs were detected with a 1/1000 dilution ‘3fi-labeled donkey rPhl p 6-specific IgE Abs were detected in 128 sera from 171
anti-rabbit Ig antiserum (Amersham, Buckinghamshire, U.K.). patients allergic to grass pollen but not in the sera from 10 non-
allergic individuals. Preabsorption of sera from patients allergic to
grass pollen with rPp 6 led to a great reduction of IgE binding
to a 10—14 kDa moiety in nitrocellulose-blotted timothy grass pol-
Timloth%/79r%slts gg!len grtains were _anh)t/)d;ogslyt;‘]ixed als descfi?e?_ previten extract, indicating that riPlp 6 and natural Php 6 share IgE

ous . ratnin sections were incubated with equal concentrations o . i .

eithgr(rab)bit anti-rPhp 6 Ig (Ig: protein G-purified Ig?raction) or preim- Epltopes. ELISA competition experiments .d.emonstrated that only
mune Ig. Bound rabbit Abs were detected with goat anti-rabbit IgG Abs@ Small percentage<(20%) of Phl p 5-specific IgE could be pre-
coupled to 10-nm-diameter colloidal gold particles (Plano, Wetzlar, Ger-absorbed with rPhl p 6. IgE binding to rPhl p 1, rPhl p 2, and
many) (27). recombinant timothy grass profilin was not reduced after preincu-
bating sera with rPhl p 6. These results identifyf PI6 as amajor

In situ localization of Php 6 by immunogold electron
microscopy

ReSL_”tS o . ) allergen that is distinct from other grass pollen allergens.
Isolation and characterization of cDNAs coding for isoforms/
fragments of Phl p 6 rPhl p 6 folds in a stable alk-helical conformation

Six cDNA clones (c142, c223, c171, c121, ¢233, and c146) codindg he far-UV CD spectrum of purified riPp 6 (Fig. 2B) indicates
for Phl p 6 isoforms/fragments were isolated from a timothy grasghat the protein contains a considerable amount-bielical sec-
pollenAgt11 library with serum IgE from a patient allergic to grass ondary structure. The spectrum is characterized by two broad min-
pollen (Fig. 14). The sequences of the described clones have beeimums at 208 nm and 220 nm and a maximum at 191 nm. The
deposited in the GenBank database (accession numbers: Y16958&condary structure prediction (Figd)lis in good agreement with
Y16960). The deduced amino acid sequence dbpFh(clone 142)  the CD measurements, as it indicates predomiaghnelical sec-
contained a 28-aa hydrophobic leader peptide. A molecular massndary structure content. The unfolding transition of Irpt6 is
of 11.8 kDa and an isoelectric point of 5.5 was calculated for themonophasic and is highly cooperative, with a melting point of
mature Php 6 (clone 142) protein, which starts with a glycine 61°C. At 85°C, rPhp 6 assumes a random coil conformation, with
residue and shows a high content of alanine residues (20.9%) (Fig. typical minimum at 200 nm. r®Pfp 6 shows a high degree of
1A). The computer-aided secondary structure analysis of Phl p olding reversibility, evident from the cooling curve profile (Fig.
indicates a predominant helical content; the calculation of solven2C) and the far-UV spectrum recorded at 20°C after cooling from
accessibility predicts that many of the N-terminal amino acids are85°C (Fig. B).
solvent exposed, whereas most of the C-terminal amino acids ap- . . .
peared buried (Fig.A). A search for sequence motifs revealed the _rPhI P 6 induces d_ose-dependt_ent ba_sophn h|ste_1m|ne release and
presence of one potential N-linked glycosylation site (NAS: aminoimmediate type skin reactions in patients allergic to grass pollen
acids 15-17), one N-terminal myristoylation site (GKAT: amino Purified rPh p 6 induced specific and dose-dependent histamine
acids 1-4), two cAMP-dependent protein kinase phosphorylatiomelease from basophils of a patient allergic to grass pollen (Fig.
sites (KATT: amino acids 2-5; KYKT: amino acids 33-36), and 3A). rPhl p 5, which represents a highly active grass pollen aller-
two peroxisomal targeting sequences (GKA: amino acids 1-3gen (Ref. 14, R. Valenta and S. Flicker, unpublished data), induced
SKA: amino acids 54-56). The deduced Ph6 amino acid se- maximal release already at a lower concentration compared with
quence displayed identity with a recently submitted Pt6 se-  rPhl p 6. rPhl p 6, rPhl p 5, and timothy grass pollen extract in-
quence (15) and similarities with the N-terminal portions of groupduced immediate type skin reactions in four patients allergic to
5 grass pollen allergens (FigAL grass pollen, but not in the nonallergic individuals (Table I; Fig.

. ) o 3B). Although no reactions to NaCl were observed, histamine in-
The Phl p 6 Nterminus is relevant for IgE binding duced wheal reactions in all individuals tested (Table I; FB). 3
Nitrocellulose-bound B-galactosidase-fused complete (c223, . )
c142), N-terminally truncated rPip 6 (c171, c121, ¢233, and Group 6 allergens represent pollen-specific proteins
c146) and, for control purposeg;galactosidase alone were ex- Although major groups of grass pollen allergens occur in pollens
posed to serum IgE from nine grass pollen allergic individuals andf most grass species (4), group 6 allergens were reported to occur
a nonallergic person (Fig.B). The results obtained showed that exclusively in timothy grassR. pratensg pollen (15). A rabbit
the two complete Phl p 6 isoforms and a Phl p 6 fragment lackinganti-rPH p 6 antiserum cross-reacted with group 5 allergens in
only four of the N-terminal amino acids strongly bound IgE from nitrocellulose-blotted pollen extracts from various monocéts (
all patients tested that were allergic to grass pollen, and that thpratenseL. perenneS. cerealeT. sativum A. sativa P. commu-
IgE binding capacity of the partial P 6 clones decreased de- nis) between 25 and 28 kDa (FigAdlane 2. Phl p 6 or Phl p
pending upon the number of amino acids that were absent from thé-related allergens at 11 kDa were detected exclusively in pollens
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A lane 2. Profilin was detected in all three tissues-&t4 kDa (Fig.
4B, lane 1).

Phip 1
Phl p 2
Phlp 5
Phlp 6
Profilin

Immunelectron microscopic localization of IRh6 in timothy
grass pollen

Timothy

' l Marker

200—

69— i Using postembeddingimmunogold electron microscopy, rabbit anti-
6= rPhl p 6 Abs bound to the numerous polysaccharide (P-) particles,
' which fill much of the interior of a mature timothy grass pollen

grain (Fig. £). The greatest accumulation of gold particles was
- observed on sectioned surfaces of the P-particles, indicating that
‘ Phl p 6 ispresent on rather than in the P-particles. Little (cytosol,
exine) or no (mitochondria, intine) anti-rAh 6 immunoreactivity
was observed in other parts of the pollen grain. Likewise, almost
no gold particles were detected in the amyloplasts. This localiza-
tion pattern, taken together with our finding that a rabbit anti-rPhl
p 5 antiserum failed to label the P-particles (data not shown), ex-
cludes the possibility that the immunolabeling of the P-particles
resulted from the presence of cross-reactive group 5 allergens.
Control experiments performed with preimmune Ig yielded only a
few nonspecifically adsorbed gold particles (Fi@)4

30— - i
21—

14—
kDa —

w

Discussion

Approximately 40% of allergic patients display immediate type
symptoms after contact with grass pollen (3). We have isolated
cDNAs coding for isoforms and fragments of a major timothy
A B S B B A grass pollen allergen, designated Phl p 6l |PI& represents an
190 200 210 220 230 240 250 11.8-kDa protein allergen that is recognized by IgE Abs of 75% of
Wavelength (nm) patients allergic to grass pollen. The prevalence of IgE recognition
of rPhl p 6 isthus in accordance with that reported earlier for
C N — natural Phl p 6, indicating that carbohydrate moieties do not play
I ] a relevant role in the recognition of Pp 6 by IgE (28, 29). In
agreement with the peptide sequence data obtained for natural Phl
p 6, we found that the deduced amino acid sequence of rPhl p 6
shows a high degree of sequence homology with the N-terminal
portions of group 5 grass pollen allergens, a family of 25- to 35-
kDa major grass pollen allergens (29, 14). Due to the presence of
an N-terminal hydrophobic leader peptide,| Ph6 represents an
independent allergen, rather than a group 5 allergen fragment. In
agreement with the proposal of other authors, who analyzed a Phl
p 6-encoding cDNA clone (15), we suggest that group 5 and group
6 allergens may have evolved from common ancestor genes sim-
ilar to what was described for group 1 and group 2/3 grass pollen
allergens (30). The assumption thatl Ph6 belongs to an inde-
pendent group of grass pollen allergens is also supported by our
FIGURE 2. A, Purity of recombinant timothy grass pollen allergens. finding that Php 6 shares few cross-reactive IgE epitopes with
Coomassie brilliant blue-stained, SDS-PAGE-containing purified, recom+ roup 5 allergens and no epitopes with other grass pollen allergens.
binant timothy grass pollen allergens (Phlp 1, Phlp 2, Phip 5, Phip 6, andry o hrediction of solvent accessibility indicated that many of the
timothy grass pollen profilin) and natural timothy grass pollen extractphI p 6 N-terminal amino acids are solvent exposed, whereas most

(Timothy) are shown. M, molecular mass mark&andC, CD analysisB, . . . . .
Far-UV CD spectra of rPhl p 6, expressed as mean residue elliptijty ( of the C-terminal amino acid residues appeared to be buried. Al-

(y-axis), were recorded in the wavelength range displayed o-thes at though not proof, this finding is in agreement with data obtained

20°C (solid line), at 85°C (dotted line), and at 20°C after cooling from from the IgE epitope mapping experiments, which indicate that the

85°C (dashed line)C, Thermal denaturation and cooling of purified rPhl p protein N terminus is critically involved in IgE recognition. How-

6 monitored at 220 nmxfaxis, temperature in degrees Celsiysaxis, ever, it is equally possible that the N terminus itself represents a

apparent fraction of the folded protein). dominant IgE epitope, or that deletion of the N terminus affects
conformational Php 6 IgE epitopes.

The expression of Rip 6 in E. coli yielded large amounts of
from P. pratenseand P. pratensis Although a putative N-glyco- soluble and folded recombinant protein that contained an almost
sylation site was found in the amino acid sequence deduced froraxclusivea-helical secondary structure. Thehelical fold of Phl
the Phl p 6 cDNA sequence, the comparable molecular massgs6 is a further confirmation that there are no common structural
observed for natural Pip 6 and rPhl p 6 exclude heavy glycosyl- features that predispose a certain protein to behave as an allergen.
ation of natural Php 6 (Figs. 22 and 4\). Rabbit anti-rPhp 6 Abs ~ Although Php 6 isvery likely an alla-helical protein, Bet v 1, the
strongly reacted with Rip 6 at 11 kDa innitrocellulose-blotted = major birch pollen allergen (31) and Bet v 2, birch profilin (32)
timothy grass pollen but not with leaf or root extracts (Fi®, 4 have a mixedxg fold. As revealed by CD spectroscopic analysis,

[©]1x 102 (deg- cm?- dmol )

0.8 [

Fraction Folded
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timothy
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Histamine

FIGURE 3. A, rPhl p 6 induces basophil histamine release. Granulocytes from a patient allergic to grass pollen were incubated with various concen-
trations &-axis) of purified rPhp 6 (triangles), Php 5 (points), or an anti-IgE mAb (squares). The percentage of histamine released into the supernatant
is displayed on thg-axis. Results represent the means$D) of triplicate determination®, Induction of immediate type skin reactions with rPhl p 6

in sensitized allergic patients. Two patients allergic to grass pollen @\r(d HP b)) and a nonallergic individual (S\&)) were pricked on their forearms

with increasing concentrations of rAh6 and rPhl p 5 asvell as with histamine and timothy grass as indicated.ifthe wheal area was surrounded with

a ballpoint pen.

rPhl p 6 shares with other immunologically unrelated pollen aller-allergens is high expression in pollen tissue. The fact that most of
gens (e.g., Bev 1 (33), Ba v 2 (6, 32)) the remarkable intrinsic the plant allergens characterized so far are expressed predomi-
tendency to refold into a stable conformation after denaturationnantly in mature pollen may therefore be interpreted as a footprint
Another feature that is shared bylh6 and other important plant of sensitization via the respiratory tract (34).
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Table I. Immediate type skin reactivity to rPhl p 6

Phl1p6 (10 Phip6 (100 Phip5 (10 Phip5 Timothy

Individual pg/ml) pg/ml) ng/ml) (100 ng/ml) Grass Histamine NaCl

Patients allergic to grass pollen

HP 5 16.5 55 13 16 55 0

SF 0 13 2 11 8 7 0

CS 0 12 5 8.5 12 9 0

LW 25 10.5 5 13 9 55 0
Nonallergic individuals

SV 0 0 0 0 0 6 0

SS 0 0 0 0 0 7.5 0

By immunogold electron microscopy, Ph 6 was primarily  fore respirable allergen-carriers that bringl Ph6 in immediate
localized on the P-particles of mature pollen. P-particles are smaltontact with the bronchial mucosa. A P-particle-linked intrusion of
polysaccharide-containing bodies that represeB®% of the con-  Phl p 6 into the deeper respiratory tract would thus explain the high
tents of the dormant pollen grain and, during pollen germinationprevalence (75%) of sensitization against this allergen, although
transfer material into the growing pollen-tube wall (35, 36). Theonly a few grass species?( pratense P. pratensi} contained
occurrence of Fhp 6 on theP-particles may be of clinical rele- rabbit anti-rPhl p 6-reactive moieties in the low (10—12 kDa) mo-
vance, as P-particles could act as small-sized.b ) and there-  lecular mass range.

A ' B

timothy grass

Phleum Lolium Secale Poa Triticum Avena Phragmites
pratense perenne cereale pratensis sativum sativa communis pollen leaves roots

12 12 12 12 12 12 12

_ _ - 123 123 123

69 — jnf [ [ - - - - ided - -
46— - - - -5 z
so-| | - ‘ - B - o - =y - N

- e @ - 30 — ' ’ -
21— ~ _ _ 21 i N -
14 — = - - - = - - _l. -
kDa ‘[ ‘ 14— ‘. : -l

kDa L

C | ' D

FIGURE 4. Tissue-specific expression of Phl p &, Nitrocellulose-blotted grass pollen extracts from various monocots were probed with rabbit
preimmune Igl@ne 1) or rabbit anti-rPhp 6 Ig (lane 3. B, Comparable amounts of nitrocellulose-blotted protein extracts from timothy grass pollen, leaves,
and roots were incubated with rabbit anti-profilin lgr(e 1), rabbit anti-Php 6 Ig (lane 2, or rabbit preimmune Igléne 3. C and D, Ultrastructural
localization of Phl p 6. Ultrathin sections of timothy grass pollen were stained with rabbit drgi€hg (C) and with rabbit preimmune 1gX). Bound

rabbit Abs were detected with a gold-conjugated goat anti-rabbit Ig antiserum (gold pattiblesk dots). Arrows indicate Plp 6 immunoreactivity on

the P-particles. E, exine; |, intine; P, P-particle; M, mitochondria. The bars represent250
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TheE. coli-expressed purified riPp 6 allergen reacted with IgE
Abs of the majority of patients allergic to grass pollen and induced,
basophil histamine release as well as immediate type skin reac-
tions. It may therefore be used for in vitro as well as in vivo (skin
test) diagnoses of grass pollen allergy. Our finding that deletion o
the N-terminal portion of Php 6 dramatically reduced the IgE
binding capacity of the allergen may lead to the construction of
hypoallergenic Plhp 6 deletion mutants that may be used for spe-
cific immunotherapy of grass pollen allergy with reduced anaphy-
lactic side effects. Recently, the bacterial expression of two hy-
poallergenic fragments comprising amino acids 1-74 and amin
acids 75-160 of the major birch pollen allergen, Bet v 1, was
reported (23). The recombinant hypoallergenid Bd fragments
contained most of the Bet v 1-specific T cell epitopes (23) and,
upon immunization of animals, induced Abs that blocked IgE
binding to the complete Ber 1 wild-type molecule (S. Vrtala and
R. Valenta, unpublished data). Our data obtained fdmpPh pro-
vide good evidence that it may be possible to use a similar strategy
to produce a hypoallergenic N-terminally truncated & version
that as such or in combination with a C-terminally truncated Phl p
6 molecule could be used for immunotherapy of Phl p 6-sensitized
individuals.

In conclusion, we have produced a major timothy grass polle
allergen, Phl p 6, as a recombinant molecule useful for the in vitro
and in vivo diagnosis of grass pollen allergy. Hypoallergenic de-
letion variants of Php 6 may be used for specific immunotherapy 2
of grass pollen allergy.

Acknowledgments

This work is dedicated to Dr. John Heslop-Harrison, a scientific pioneer in
the field of pollen biology. We thank Dr. John Seymour (Pat) Heslop-

Harrison for critically reading the manuscript. The skillful technical assis- 24.

tance of U. Malkus and G. Kiefermann is gratefully acknowledged. We

also thank Dr. Philip Deviller for providing us with the rabbit anti-celery 25-

profilin antiserum (RP1).

26.

References

1. Kay, A. B. 1997 Allergy and Allergic Disease8lackwell Science, Oxford, U.K.

2. Segal, D. M., J. D. Taurog, and H. Metzger. 1977. Dimeric immunoglobulin E
serves as a unit signal for mast cell degranulatroc. Natl. Acad. Sci. USA
41:457.

3. Freidhoff, L. R., E. Ehrlich-Kautzky, J. H. Grant, D. A. Meyers, and D. G. Marsh. »g.

1986. A study of the human immune responskdbum perennérye) pollen and
its componentsl.ol p I andLol p Il (rye | and rye II).J. Allergy Clin. Immunol.
78:1190.

4. Niederberger, V., S. Laffer, R. Fohl, D. Kraft, H. Rumpold, S. Kapiotis,
R. Valenta, and S. Spitzauer. 1998. IgE antibodies to recombinant pollen aller-
gens (Phlp 1, Phl p 2, Phl p 5, and Bet v 2) account for a high percentage of grasg,
pollen-specific IgEJ. Allergy Clin. Immunol. 101:258.

5. Valenta, R., and D. Kraft. 1995. Recombinant allergens for diagnosis and therapy
of allergic disease<Curr. Opin. Immunol. 7:751.

6. Valenta, R., M. Duchee, K. Pettenburger, C. Sillaber, P. Valent, P. Bettelheim,
M. Breitenbach, H. Rumpold, D. Kraft, and O. Scheiner. 1991. Identification of
profilin as a novel pollen allergen: IgE autoreactivity in sensitized individuals.
Science 253:557. 32

7. Seiberler, S., O. Scheiner, D. Kraft, D. Lonsdale, and R. Valenta. 1994. Char-
acterization of a birch pollen allergen, Bet v 3, representing a novel class6f Ca

binding proteins: specific expression in mature pollen and dependence of patiené&

IgE binding on protein-bound &. EMBO J. 13:3481.
8. Shcherban, T.Y., J. Shi, D. M. Durachko, M. J. Guiltinan, S. J. McQueen-Mason,

M. Shieh, and D. J. Cosgrove. 1995. Molecular cloning and sequence analysis 0¥4-

expansins—a highly conserved, multigene family of proteins that mediate cell wall
extension in plantsProc. Natl. Acad. Sci. USA 92:9245.

9. Bufe, A., G. Schramm, M. B. Keown, M. Schlaak, and W. M. Becker. 1995. 35.

Major allergen Phl p 5b in timothy grass is a novel pollen RN&¥eBS Lett.
363:6.

10.
L. A. Bursill. 1997. Major grass pollen allergen Lp 1 binds to diesel exhaust
particles: implications for asthma and air pollutid@in. Exp. Allergy 27:246.

11.

17.

18. Devereux, J., P. Haeberli, and O. Smithies. 1984. A comprehensive set of analysis

19.

20.

23.

27.

29.

31.

Knox, R. B., C. Suphioglu, P. Taylor, R. Desai, H. C. Watson, J. L. Peng, and36.

CHARACTERIZATION OF A MAJOR TIMOTHY GRASS POLLEN ALLERGEN, Phl p 6

Suphioglu, C., M. B. Singh, P. Taylor, R. Bellomo, P. Holmes, R. Puy, and
R. B. Knox. 1992. Mechanism of grass pollen-induced asthraacet 339:569.

12. Vallier, P., C. Dechamp, R. Valenta, O. Vial, and P. Deviller. 1992. Purification

and characterization of an allergen from celery immunochemically related to an
allergen present in several other plant species: identification as a pr6fiin.
Exp. Allergy 22:774.

EB. Vrtala, S., M. Susani, W. R. Sperr, P. Valent, S. Laffer, C. Dolecek, D. Kraft, and

R. Valenta. 1996. Immunologic characterization of purified recombinant timothy
grass pollen Rhleum pratenge allergens (Phl p 1, Phl p 2, Phl p 5).
J. Allergy Clin. Immunol. 97:781.

14. Vrtala, S., W. R. Sperr, |. Reimitzer, R. van Ree, S. Laffer, W.-Dlléiu

P. Valent, K. Lechner, H. Rumpold, D. Kraft, et al. 1993. cDNA cloning of a
major allergen from timothy gras®fileum pratengepollen: characterization of
the recombinanPhl p V allergen.J. Immunol. 151:4773.

95. Peterson, A., A. Bufe, G. Schramm, M. Schlaak, and W. M. Becker. 1995. Char-

acterization of the allergen group VI in timothy grass pollen (Phl p 6): cDNA
cloning of Php 6 and structural comparison to grass grougnt. Arch. Allergy
Immunol. 108:55.

6. Sambrook, J., E. F. Fritsch, and T. Maniatis. 19@8lecular cloning: A Labo-

ratory Manual.Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY.
Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequencing with chain-
terminating inhibitorsProc. Natl. Acad. Sci. USA 74:5463.

programs for the VAXNucleic Acids Res. 12:387.

Thompson, J. D., D. G. Higgins, and T. J. Gibson. 1994. CLUSTAL W: improv-
ing the sensitivity of progressive multiple sequence alignment through sequence
weighting, position-specific gap penalties, and weight matrix chdlceleic Ac-

ids Res. 22:4673.

Rost, B., and C. Sander. 1993. Prediction of protein secondary structure at better
than 70% accuracyl. Mol. Biol. 232:584.

rEl. Ball, T., S. Vrtala, W. R. Sperr, P. Valent, M. Susani, D. Kraft, and R. Valenta.

1994. Isolation of an immunodominant IgE-hapten from an epitope expression
cDNA library: dissection of the allergic effector reactiah. Biol. Chem. 269:
28323.

. Valent, P., J. Besemer, M. Muhm, O. Maijdic, K. Lechner, and P. Bettelheim.

1989. Interleukin 3 activates human blood basophils via high-affinity binding
sites.Proc. Natl. Acad. Sci. USA 86:5542.

Vrtala, S., K. Hirtenlehner, L. Vangelista, A. Pastore, H.-G. Eichler, W. R. Sperr,
P. Valent, C. Ebner, D. Kraft, and R. Valenta. 1997. Conversion of the major
birch pollen allergen, Bet v 1, into two nonanaphylactic T cell epitope-containing
fragments: candidates for a novel form of specific immunotherdg®lin. Invest.
99:1673.

Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of the
head of bacteriophage THature 227:680.

Fling, S. P, and D. S. Gregerson. 1986. Peptide and protein molecular weight
determination by electrophoresis using a high molarity tris buffer system without
urea.Anal. Biochem. 155:83.

Towbin, H., T. Staehelin, and J. Gordon. 1979. Electrophoretic transfers of pro-
teins from polyacrylamide gels to nitrocellulose sheets: procedure and some ap-
plications.Proc. Natl. Acad. Sci. USA 76:4350.

Grote, M., C. Dolecek, R. van Ree, and R. Valenta. 1994. Immunogold electron
microscopic localization of timothy grasPlfleum pratensepollen major aller-
gens Php 1 and Phl p 5 after anhydrous fixation in acrolein vagoHistochem.
Cytochem. 42:427.

Lowenstein, H. 1978. Isolation and partial characterization of three allergens of
timothy pollen.Allergy 33:30.

Matthiesen, F., L. Friberg, M. Olsen, and H. Lowenstein. 1993. Purification and
characterization of th&hleum pratensdtimothy) pollen allergen Phl p 6. In
Molecular Biology and Immunology of Allergerd. Kraft and A. Sehon eds.
CRC Press, Boca Raton, pp. 189-191.

. Dolecek, C., S. Vrtala, S. Laffer, P. Steinberger, D. Kraft, O. Scheiner, and

R. Valenta. 1993. Molecular characterizationRifl p Il, a major timothy grass
(Phleum pratengepollen allergenFEBS Lett. 335:299.

Gajhede, M., P. Osmark, F. M. Poulsen, H. Ipsen, J. N. Larsen, R. J. van Neerven,
C. Schou, H. Lowenstein, and M. D. Spangfort. 1996. X-ray and NMR structure
of Bet v 1, the origin of birch pollen allergyNat. Struct. Biol. 3:1040.

. Fedorov, A. A,, T. Ball, R. Valenta, and S. C. Almo. 1997. Crystal structure and

IgE epitope mapping of birch pollen profilin: the molecular basis for allergen
cross-reactivity Structure 5:33.

Laffer, S., L. Vangelista, P. Steinberger, D. Kraft, A. Pastore, and R. Valenta.
1996. Molecular characterization of Bip 1, a monoclonal antibody that modulates
IgE binding to birch pollen allergen, Bet v 1. Immunol. 157:4943.

Valenta, R., and D. Kraft. 1996. Type | allergic reactions to plant-derived food:
a consequence of primary sensitization to pollen allergénallergy Clin. Im-
munol. 97:893.

Heslop-Harrison, J., and Y. Heslop-Harrison. 1982. The growth of the grass
pollen tube: characteristics of the polysaccharide particles (“P-particles”) asso-
ciated with apical growthProtoplasma 112:71.

Heslop-Harrison, J., Y. Heslop-Harrison, and J. S. Heslop-Harrison. 1997. Mo-
tility in ungerminated grass pollen: association of myosin with polysaccharide-
containing wall-precursor bodies (P-particleSex. Plant Reprod. 10:65.



