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Purification, Structu îal and Immunological
Characterization of a Timothy Grass (Phleum prafense)
Pollen Allergen, Phl g 4, with Gross-Reactive Potential
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Almost 500 mill ion people worldwide suffer from Type
I allergy, a genetically determined immunodisorder
which is based on the production of lgE antibodies
against per se harmless antigens (allergens). Due to
their worldwide distribution and heavy pollen produc-
tion, grasses represent a major allergen source for
approximately 40o/o of allergic patients. We purif ied
Phf p 4, a major timothy grass (Phleum pratensel
pol len al lergen with a molecular mass of  61.3 kDa and
a pl of 9.6 to homogeneity. Circular dichroism spec-
troscopical analysis indicates that Phl p 4 contains a
mixed a-helical/B-pleated secondary structure and,
unlike many other allergens, showed no reversible un-
folding after thermal denaturation. We show that Phl
p 4 is a major allergen which reacts with lgE antibod-
ies of 75o/o oî grass pollen allergic patients (n=150)
and induces basophil histamine release as well as im-
mediate type skin reactions in sensitized individuals.
Phf p 4-specific lgE from three patients as well as two
rabbit-ant; Phl p 4 antisera cross-reacted with aller-
gens present in pollen of trees, grasses, weeds as
well as plant-derived food. Rabbit antibodies raised
against Phl p 4 also inhibited the binding of allergic
patients lgE to Phl p 4. Phl p 4 may thus be used for
diagnosis and treatment of sensitized allergic pa-
tients.
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lntroduction

Type I  a l lergy,  a genet ical ly determined hypersensi t iv i ty
disease, represerrts a major health problem. lt affects
more than 25o/o of the population in industrialized coun-
t r i 6 e  l V a r r  ' l  
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rhiniri;, c<;ri junctivirrs. eri iergrc asthnia and anapnyiac::c
shock)result from the recognition of perse harmless anti-
gens (allergens) by specific lgE antibodies. Allergen ex-
posure induces crosslinking of effector cell (mast cell, ba-
sophi l ) -bound lgE ant ibodies and the subsequent release
of inflammatory mediators (e.9., histamine, leukotrienes)
(Beaven, 1993).

Grass pollen belongs to the most potent and frequent
al lergen source due to the wor ldwide distr ibut ion and
heavy pol ien product ion of  grasses. l t  has been est imat-
ed that at ieast 40% of allergic patients are sensitized
against grass pollen allergens (Freidhoff et al., 1986).
Characterization and standardization of grass pollen al-
lergens by immunochemical ,  proteinchemical ,  and, in
part ,  by molecular c loning techniques resul ted in the def-
init ion of allergen groups which occur as cross-reactive
allergens in different grass species (King et al., 1995; Va-
lenta and Kraft, 1996).

Group 1 allergens with a molecular mass of 30 kDa
represent targets for lgE antibodies in more than 95% of
pat ients al lergic to grass pol lens (Johnson, 1965; Laffer
et  a| . ,1994).  Group 2/3 al lergens of  10 to 1 2kDa molecu-
lar mass are recognized by lgE antibodies of approxi-
mately 600/o of patients allergic to grass pollen (Ansari
et  a l . ,  1989; Dolecek et  a l . ,  1993).  Seventy to 80% of
grass pollen allergic patients react with group 5 allergens
(Matthiesen, 1991 ;  Vrtala et  a l . ,  1993).  Whi le group 6 al-
lergens with a molecular mass of 10 kDa are expressed
only in few grass species (Matthiesen et al., '1993; Pe-
tersen et  a l . ,1995; Vrtala et  a| . ,1999),  group 7 al lergens
represent highly conserved calcium-binding proteins
which occur as cross-reactive allergens in pollens of
most  h igher  p lan ts  (Suph iog lu  e t  a \ . ,1997;  Smi th  e t  a l . ,
1997; Niederberger et  a l . ,  1999; Valenta ef  a/ . ,  1999).
Group 1'1 grass pollen allergens show sequence homolo-
gy with other pollen-specific proteins from trees and
weeds (van Ree et a|.,1995). Profi l ins, which represent
highly conserved eukaryotic actin-binding proteins con-
stitute the group 12 allergens, the probably most cross-



1384 S. Stumvoll et al.

reactive allergens known to date (Valenta et al., 1991,
1993,  1994) .

While many of the grass pollen allergens are well de-
scribed, relatively l i tt le is known about group 4 grass
pollen allergens. Group 4 allergens were first described in
Lolium perenne pollen and named high molecular weight
basic allergens (HMBA) (Ekramoddoullah et al., 1gg3).

Further immunological studíes demonstrated the pres-
ence of group 4 glycoprotein allergens in several grass
species (e.9., ryegrass, Bermuda grass, timothy grass
and orchard grass) (Jaggi et al., 1989; Su et uA, 1991;
Múl ler  et  a| . ,1993; Leduc-Brodard et  a/ . ,  1996).  Crossre-
activity of a monoclonal anti-Phl p 4 antibody with anti-
gens in weed pollens indicated that group 4-related aller-
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Fig. I Characterization of Purified nPhl p 4.
(4 SDS-PAGE analysis of purified natural Phl p 4. Coomassie Blue-stained SDS PAGE containing a molecular mass marker (M), timothy
grass pollen (Phleum pratense)extract (PPE)and purified natural Phl p 4 (nPhl p 4). Molecular masses are displayed in kDa at the left margin.
(B) IEF analysis of puri f ied natural Phl p 4. Coomassie Blue-stained IEF gel containing a standard lso Gel pt Marker (M), t imothy grass
pollen extract (PPE)and purified natural Phl p 4 (nPhl p 4). The pl values are indicated on the left margin.
(C)Glycan detection. Nitrocellulose-blotted timothy grass pollen extract (PPE), purified natural Phl p 4 (nPhl p 4), and transferrin ffrans-
ferrin)were subjected to glycan detection. Molecular masses are displayed in kDa at the left margin.
(D) Mass spectrometrical analysis of purifíed nPhl p 4. The mass/charge is shown on the x-axis. The signal intensity is shown on the
y-axis as percentage of the most intensive sígnal obtained in the investigated mass range.



gens may be even present in other higher plant species
that are unrelated to grasses (Fischer et a\.,1996). Addi-
tional support for the importance of group 4 allergens
came from immunoblotting studies indicating that the
majority of grass pollen allergic patients contained lgE
ant i -group 4 ant ibodies (Laffer et  a| . ,1996a).

ln the present study we report on the purif ication,
structural and immunological characterization of natural
Phl p 4. Folding, secondary structure contents and ther-
mal stabil ity of purif ied Phl p 4 were studied by circular
dichroism (CD) spectroscopy. The isoelectric point of
pure Phl p 4 was determined by isoelectric focusing. In
addition, we raised rabbit antisera against purif ied Phl p 4
to investigate the presence of Phl p 4-related allergens in
pollens of trees, grasses, weeds as well as in plant-de-
r ived food. Using pur i f ied Phl  p a for  lgE immunoblot  inhi-
bit ion experiments we characterized plant allergens con-
taining cross-reactive lgE epitopes. The prevalence of
lgE recognition of purif ied Phl p 4 was determined using
i50 sera from timothy grass pollen allergic patients and
we studied ihe irrf iuerrue of periodate treatrner.rt on lgE
recognition of Phl p 4. The allergenic activity of purif ied
Phl p 4 was investigated in vitro by basophil histamine re-
lease experiments and in vivo by skin prick testing.

The fact  that  Phl  p 4 inhibi ted lgE binding to related al-
lergens in plant-derived food and that a rabbit anti-Phl p
4 antiserum cross-reacted with antigens in tree, grass
and weed pol lens as wel l  as in f ru i t  and vegetables indi-
cates that Phl p 4 represents a plant allergen with cross-
reactive potential. We discuss the usefulness of purif ied
Phl p 4 for the diagnosis and, perhaps, treatment of sen-
sit ized allergic patients.

Results

Purif ied Natural Phl p 4 Represents a Basic Protein
with a Molecular Mass of  61.3 kDa

Purif ied natural Phl p 4 migrated in SDS-PAGE as a single
band with an apparent molecular weight in the range of
55-60 kDa (Figure 1A: lane 'nPhl  p 4 ' ) .  Timothy grass
pollen extract contained several prominent Coomassie
Blue-stained bands in the molecular mass range of group
1/5 allergens (28-35 kDa), group 2/3/6/12 allergens
(10-1a kDa) and group 4 al lergens (50-60 kDa; Fig-
ure 1A: lane'PPE') .A pl  of  9.6 was est imated for pur i f ied
Phl p 4 by IEF whereas most t imothy grass pollen pro-
teins represented acidic proteins (Figure 1B). Purif ied
natural Phl p 4 exhibited a positive reaction in the glycan
detection reaction which was however much less pro-
nounced than that of the positive control (transferrin) and
timothy grass pollen extract (Figure 1C). The molecular
mass of purif ied Phl p 4 was determined by mass spec-
troscopy to be 61.3 kDa (Figure 1D).  The amino acid
composition determined for Phl p 4 is displayed in
Table 1. lt shows that asparlic acid (1 0.2%o), glycine
(8.9%), alanine (8.7%) and valine (8.0%\ were the most
frequently occuring amino acids.
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Table 1 Amino Acid Composit ion of puri f ied npht p 4.

A.mino acid nPhl  p  4

Aspadic acid
Threonine
Serine
Glutamic acid
Prol ine
Glycine
Alanine
Valine
lvlethioninc
lsoleucine
Leucine
Tyrosine
Phenylalanine
His t id ine
Lysine
Tryptophan
Arginine

10.2%
4 .5%
5.8%
7.6%
7.9%
8.9%
8.7%
8.0%
L  i : / D

5 . 7 %
7 .5%
5 . 2 %
4.8%
2 . 1 %
6.8%
0.0%
4.2%

Phl p 4 Consists of Mixed ct-Helical/B-Pleated
Secondary Structure and Aggregates lrreversibly
after Thermal Denaturation

The far-ultraviolet circular dichroism spectrum of purif ied
Phl p 4 indicates that the protein contains a mixed a-hel-
ical/B-pleated secondary structure (Figure 24). The
spectrum recorded at 20'C is characterized by two
broad minima at  208 nm and 216 nm (Figure 2A).  Ther-
mal unfolding of Phl p 4 was monitored as change in ob-
served ell ipticity (O) at 208 nm (Figure 2B). The unfold-
ing transition of Phl p 4 appears to be monophasic and
highly cooperative with a melting point of approximately
52"C. When heated above 70'C the protein aggregates
as evident from the far UV CD spectrum recorded at B0'C
(Figure 28) and at 2O'C after cooling from 80'C (Fig-
ure 2B). The far-UV spectrum recorded at B0 "C presents
features of a protein aggregate (broad minimum in the
range between 200-230 nm) which is retained in the
spectrum recorded at 20'C after cooling from 80"C. In
addi t ion,  the cool ing f rom 80'C monitored at  208 nm
yielded a flat curve indicative of unchanged spectral fea-
tures of aggregated Phl p 4 (Figure 2B). The analysis of a
Phl p 4 sample at 4 prrr instead of 10 UM gave similar re-
sults and thus argues against a concentration depend-
ence of the aggregation (data not shown).

Phl p 4 Represents a Major Timothy Grass Pollen
Allergen Containing Periodate-Sensitive lgE
Epitopes

The prevalence of lgE recognition of Phl p 4 was deter-
mined using sera from 150 timothy grass pollen allergic
patients. lmmunocaps were prepared from purif ied natu-
ral Phl p 4 and recombinant t imothy grass pollen aller-
gens (rPhl  p 1,  rPhl  p 2,  rPhl  p 5,  rPhl  p 6,  rPhl  p 7,  rPhl  p
11, rPhl p 12) to allow quantitative CAP RAST lgE anti-
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body measurements. We found lhat73% of the sera con-
tained Phl p 4-specific lgE antibodies. pht p 4 and rphl p
1 (87% reactive sera) belonged to the most frequenily
recognized timothy grass pollen allergens. The frequency
of lgE recognition of the other allergens was as follows:
rPhl p 2: 47Yo; rPhl p 5: 67%o; rPhl p G: ST%o; rphl p Z:
11%;  rPh l  p  11 :27Yo and rPht  p  12 :21%.

Previous data and glycan detection provided evidence
that Phl p 4 may contain carbohydrates (Fischer et al.,
1996; Figure 1C). To investigate whether lgE binding to
Phl p 4 may be dependent on glycosylation, ELISA plate-
bound Phl p 4 was subjected to periodate treatment pri-
or to incubation with patients lgE antibodies (Figure 3).
Periodate treatment led to a significant reduction of lgE
binding to Phl p 4 in the range o'f 20%-A6%. Serum 1 ex-
hibited a 86% reduction of lgE reactivity to periodate-

treated Phl p 4, whereas sera 4, 5 and sera2,3 showeo a
SOVo and 2oo/o reduction of lgE reactivity, respectively.
Serum 6 from a non-allergic individual did not display sig-
nificant lgE reactivity to Phl p 4 (Figure 3). tgE binding to
purified non-glycosylated E. coli-expressed birch pollen
allergens (rBet v 1, rBet v 2)was not affected by periodate
treatment when tested under identical conditions as phl
p 4 (data not shown).

Phl p 4 ls a Plant Allergen with Cross-Reactive
Potential

Cross-reactivity of Phl p 4 with allergens from other plant
species was studied in two types of experiments. First,
we investigated whether purified phl p 4 can inhibit lgE
binding of allergíc patients to cross-reactive allergens

220 230
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240 z c u

Z U 3 0 4 0 5 0 6 0 7 0 8 0
Temperature (oC)

Fig.2 Far-Ultraviolet Circular Dichroism Analysis of Purif ied Natural phl p 4.
(A)Far-UV CD spectrum of puri f ied Phl p 4 at20"C (continuous l ine), B0"C (dotted l ine)and 20'C after cool ing from B0"C (dashed t ine).
Spectra are expressed as observed ellipticity (O, y-axis) over a given range of wavelengths (x-axis).
(B) Thermal unfolding of Phl p 4 fol lowed by circular dichroism. The observed el l ipt ici ty (O, y-axis) was monitored at 20g nm durinq
heating (sol id l ine) from 20 "c to 80'c (x-axis) and cool ing from g0.c (dotted l ine).
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Fig. 3 Inf luence of Periodate Treatment on lgE Recognit ion of Natural Phl p 4.
Magnitude of lgE reactivi ty (y-axis: optical density) of sera from 5 grass pol len al lergic patients (1 -5) and a non-atopic person (6)to
ELISA plate-coated Phl p 4 after (white bars) or without (black bars) periodate treatment.
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Fig. 4 Purif ied Natural Phl p 4 Inhibits lgE Binding to Nitrocel lulose-Blotted Timothy Grass Pollen (A)and Celery Tuber (B) Extract.
Serum samples from a patient with combined grass pol len and celery al lergy (panels 1), from two patients with grass pol len al lergy (pan-
els 2, 3)and a non-atopic person (panels 4) were preincubated with BSA (lanes a), Phl p 4 ( lanes b) or rBet v 2 ( lanes c) and exposed to
nitrocel lulose-blotted t imothy grass pol len and celery tuber extract. Bound lgE antibodies were detected with 1'2s11-labeled anti-human
lgE antibodies and visual ized by autoradiography. Molecular masses are indicated in kDa at the left  margins.

from other plants (Figure 4), and second, we tested if rab-
bit antibodies raised against purif ied Phl p 4 cross-react
with allergens from other plants (Figure 5A-D).

The lgE inhibit ion experiments are exemplif ied for t imo-
thy grass pollen and celery extracts using representative
Phl p 4-reactive sera (i.e., serum from one patient with
combined grass pollen and plant food allergy (Figure 4,
panels 1) and sera from two patients with grass pollen but
no plant food allergy (Figure 4, panels 2-3). Preincubation
of the three sera with Phl p 4 (lanes b) led to a significant re-
duction (panel 1) or complete (panels 2, 3) abolishment of
lgE binding to a band of approximately 55 - 60 kDa in tim-
othy grass pollen extract (Figure 44). Serum derived from a
patient with combined pollen plant food allergy (Figure 48,
panels 1) displayed lgE reactivity to bands between
40 - 69 kDa and at 1 3 kDa in celery extract (Figure 48, lane
a). Preincubation of this serum with Phl p 4 strongly inhibit-

ed lgE binding to the 40 - 69 kDa components and pread-

sorption with birch profi l in abolished lgE binding to the 13
kDa band (Figure 4A,B; lane c). Serum from a non-atopic
individual (Figure 4A,B; panels 4)did not display lgE reac-
tivity to timothy grass pollen or celery extract. These re-
sults demonstrate that Phl p 4 contains cross-reactive epi-
topes as well as grass pollen-specific epitopes. Similar
observations (i.e. cross-reactive and species-specific
recognition) were made when sera from 25 Phl p 4-reactive
patients were analyzed (data not shown).

ln the second type of cross-reactivity experiments we
used two rabbit antisera which were raised against purified

Phl p 4 to test for cross-reactivity with various pollen and
plant food extracts. Figure 5A demonstrates the specificity
of the anti-Phl p 4 antisera which reacted exclusively with
Phl p 4 but not with other important timothy grass pollen
(Phl p 1, Phl p 2, Phl p 5, Phl p6, Phl p 13) orcross-reactive
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Fig. 5 Detection of Phl p 4-Cross-Reactive Epitopes in Plant pollen and Food.
(A) Specificity of rabbit anti-nPhl p 4 antisera. ELISA plate-coated allergens from timothy grass pollen (npht p 4, rphl p 1, rphl p 2, rphl
p 5, rPhl p 6, rPhl p 13), birch pol len (rBet v 1, rBet v 2: bírch profi l in) as well  as control proteins (BSA: bovine serum albumin, HSA: hu-
man serum albumin, transferrin)were exposed to the rabbit anti-nPhl p 4 antisera (black bars) and the correspondrng preimmune sera(white bars). The upper pad of the figure displays results obtained for the rabbit antiserum used in this study and the lower part shows
the results for a second anti-Phl p 4 antiserum from another rabbit. The OD (optical density) values displayed at the y-axis correspono
to the amount of bound antibodies.
(B-D)Cross-reactivi ty of a rabbit anti-nPhl p 4 antiserum with antigens in plant polten and plant-derived food. A rabbit antiserum raised
against purified nPhl p 4 (lanes l)and the corresponding preimmune serum (lanes P) was incubated with nitrocellulose-blotted pollen
extracts (panel B: alder, birch, chestnut, cypress, elm, hazel, hornbeam, oak; panelC: olive, plane, poplar, timothy grass, mugwon, rag-
weed) and plant food extracts (panel D: apple, carrot, celery, hazelnut, kiwi, peach). Bound rabbit antibodies were detected with an [rzs|1-labeled donkey anti-rabbit lg antiserum and visualized by autoradiography. Molecular masses are indicated on the left margins.
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Fig. 5 (continued)

birch pollen (Bet v 1, Bet v 2: birch profi l in) allergens
(Figure 5A, black bars). Neither of the two Phl p 4-specific
antisera reacted with bovine or human serum albumin or
with a glycosylated control protein (transferrin). In this con-
text it is notewofthy that although Phl p 4 and Phl p 13 rep-
resent impoftant timothy grass pollen allergens with almost
identical molecular weight (Suck et a|.,2000b), the purif ica-
tion protocoldeveloped in our study delivered pure Phl p 4
which did not give rise to antibodies against Phl p 13. No
significant reactivity of the rabbits preimmune serum with
any of the allergens was noted (Figure 5A, white bars).

As exemplif ied for one of the two rabbit anti-Phl p 4 an-
tisera, we found that the immune sera (lanes l) but not the
preimmune sera (lanes P) cross-reacted with several
bands ín nitrocellulose-blotted pollen extracts from unre-
lated trees (alder, birch, chestnut, cypress, elm, hazel,
hornbeam, oak, olive, plane, poplar), weeds (mugwort,
ragweed) as well as plant-derived food (apple, carrot,

P I

peach

r ) t
t - t

celery, hazelnut, kiwi, peach) (Figure sB-D). Although
raised against the pure 61.3 kDa Phl p 4 preparation, we
noted that the rabbit antiserum reacted with several
bands between 21-96 kDa in timothy grass pollen ex-
tract and cross-reacted with components between
14-96 kDa in some of the plant extracts investigated
(Figure 58-D). These results confirm that Phl p 4-homol-

ogous proteins/allergens are expressed in mature pollen

of a variety of botanically unrelated higher plants, includ-
ing monocotyledonic and dicotyledonic species, as well
as in some plant-derived foods, mainly fruits.

Rabbit Anti-Phl p 4 Antibodies Specifically Inhibit the
Binding of Allergic Patients' lgE to Phl p 4

Whether rabbit anti-Phl p 4 antibodies bind to or close to
epitopes recognized by lgE antibodies of allergic patients
was studied by lgE immunoblot inhibition experiments. Ni-
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trocellulose-blotted Phl p 4 and, for control purposes, an
immunologically unrelated grass pollen allergen, the major
timothy grass pollen allergen, Phl p 2, were preincubated
with rabbit anti-Phl p 4 antibodies and, for control purpos-
es, with rabbit preimmune antibodies. Subsequenily, blot-
ted allergens were exposed to patients lgE antibodies. We
found that rabbit anti-Phl p 4 (Figure 6, lanes l) but not the
preimmune antibodies (Figure 6, lanes P) inhibited lgE
binding of three out of the four patients (Figure 6, 1 -3) to
Phl p 4 but not to the unrelated allergen, Phl p 2. lgE binding
of patient 4 to Phl p 4 was not significanfly inhibited by the

rabbit anti-Phl p 4 antibodies. Serum from a non-allergic
patient (Figure 6, panel 5; negative control) did not exhibit
lgE reactivity to any of the two blotted allergens.

1 , .

Phl p 4 Induces Dose-Dependent Histamine Release
and lmmediate Type Skin Reactions in Sensitized
Allergic Patients

The allergenic activity of Phl p 4-specific lgE antibodies
was investigated by basophil histamine release as well as
skin test experiments (Figure 7A,8, C;Tabie 2). Incr-rbation
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Fig. 6 A Rabbit Anti-Phl p 4 Antiserum Inhibits Al lergic Patients lgE Binding to Pht p 4.
Nitrocel lulose str ips containing nPhl p 4 and rPhl p 2 were preincubated either with the preimmune serum (P) or the immune serum (l) of a phl
p 4-immunized rabbit. Strips were then exposed to sera from grass pollen allergic patients ('1 - 4) or to serum from a non-atopic person (S).
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Fig.7 Biological Activi ty of nPhl p 4.
(A' B) Purif ied natural Phl p 4 induces specif ic basophil  histamine release. Granulocytes from a grass pol len al lergic patient containing
Phl p 4-specif ic lgE (A) and from a non-atopic individual (B)were incubated with various concentrat ions of puri f ied natural phl p 4 (t) or
a monoclonal anti-human lgE antibody (O) (x-axis). The percentage of histamine release is displayed on the y-axis. Results represent
mean values of triplicate determinations.
(C) Purifíed nPhl p 4 induces immediate type skin reactions in sensitized patients. Two grass pollen allergic patients containing phl p 4-
specifíc lgE antibodies (A, B) and a non-atopic individual (C) were skin prick tested with various concentrations of purified nPhl p 4, with
timothy grass pollen extract, sodium chloride (NaCl)and histamine (Hist). The wheal areas were surrounded with a ball point pen.
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Table 2 Induct ion of  lmmediate Type Skin React ions by Pur i f ied nphl  p 4.

Indiv idual Mean wheal  d iameter (mm)

nPh l  p  4  concen t ra t i on

B0 pglpl  40 l tg lp l  20 1tg/1t l  10 pglp l  5 pgiu i  2.5 gg/y- t l  1.251tg/1t l Histamine

5.0
8 .5
0

5 .0
7 .5
U

5 .0
5 .5
0

4 .5
4 .5
0

2 . 0
2 . 5
0

t . u
I  z . J

U

0
0
0

0
n

0

0 5.0
t t  h  h

0  5 .5

of granulocytes from a grass pollen allergic patient con-
taining Phl p 4-specific lgE antibodies with Phl p 4 induced
dose-dependent histamine release starting at 10-a ;rglrnl
(Figure 7A). No histamine release was observed when
granulocytes from a non-atopic individual were exposed
to Phl p 4 (Figure 7B). Anti-human lgE antibodies induced
basophilhistamine release from basophils of the atopic as
wellas non-atopic individual (Figure 7A, B).

Next we performed skin test experiments in two addi-
tional patients containing Phl p 4-specific lgE antibodies
and in another non-atopic person (Figure 7C; Table 2). In
both Phl p 4-sensitized allergic patients, purif ied Phl p 4
elicited significant immediate skin reactions already at a
concentration of 5 pglml. No immediate type skin reac-
tions were induced by Phlp 4 in the non-atopic person up
to a concentration of 80 pg/ml. Timothy grass pollen ex-
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tract induced skin reactions in the two grass pollen aller-
gic patients but not in the non-atopic person. Histamine
induced immediate skin reactions in all three individuals
tested (Figure TC,Table 2).

Discussion

We presented here the purification and characterization
of a major t imothy grass pollen allergen, Phl p 4, with
cross-reactive potential. Using conventional chromatog-
raphy we were able to purify mill igram amounts of Phl p 4
from timothy grass pollen extracts. The purif ication pro-
cedure developed allowed to obtain pure Phl p 4 without
Phl  p 13, a t imothy grass pol len al lergen with a molecular
weight s imi lar  to Phl  p 4 (Suck et  a\ . ,2000b).  Pur i f ied Phl  p
4 represents a 61.3 kDa glycoprotein with a characteristic
basic pl of approximately 9.6. The basic pl represents one
of the characteristic features of group 4 allergens which
have been detected in rnany grass species (Ekramod-
ocLr l lah et  a: . ,1983; Su er al . ,  1991 ;  Leduc-srodard ei  aí . ,
1996). Purif ied Phl p 4 was recognized by the majority of
grass pollen allergic patients and therefore represents a
major grass pollen allergen. We previously noted that Phl
p 4 may contain carbohydrates and attributed the pro-
teins remarkable resistance against proteolytic digestion
to a protective role of the protein-bound carbohydrate
moit ies (Fischer et  a\ . ,1996).  Here we showed that Phl  p 4
yields a weak positivity in the glycan detection reaction
and that periodate treatment reduces the lgE binding ca-
pacity of Phl p 4, suggesting that carbohydrates either
play a role regarding the correct assembly of peptide lgE
epitopes or, as has been proposed by other authors,
themselves may represent target structures for lgE anti-
bodies (Mari et a/., 1 999). In this context it is noteworlhy
that the pur i f ied 61.3 kDa Phl  p 4 al lergen inhibi ted lgE
binding to several  bands ranging between 25-60 kDa in
timothy grass pollen extract and in the range of 40-69
kDa in celery extract, We also found that rabbit anti-Phl p
4 antisera cross-reacted with several bands in pollen and
plant food extracts. There are several explanations for
these observations: f irst, it is possible that glycosylation
or other posttranslational modifications may influence the
electrophoretic mobil ity of Phl p 4. The immunoreactive
bands that were smal ler than the pur i f ied Phl  p 4 molecule
(61.3 kDa)may represent degradation products or protein
subunits. Alternatively, it is possible that the Phl p 4 mole-
cule contains cross-reactive carbohydrate epitopes
which inhibi t  lgE binding to other glycoproteins and can
give rise to rabbit antibodies which cross-react with car-
bohydrate moieties on other glycoproteins.

Regardless whether the peptide backbone or the at-
tached carbohydrate moieties of Phl p 4 represent the
epitopes recognized by the cross-reactive lgE and rabbit
antibodies, our data indicate that purif ied Phl p 4 con-
tains cross-reactive epitopes. This assumption is sup-
ported by two types of experiments: first, we found that
purif ied Phl p 4 could inhibit lgE binding to related aller-

gens in other plant species as exemplif ied for a celery al-
lergen of comparable molecular weight. Second, we
demonstrate that rabbit anti-Phl p 4 antisera which inhib-
ited binding of allergic patients lgE to Phl p 4, also- cross-
reacted with antigens in pollen extracts from a wide
range of botanically unrelated plants (trees, weeds) as
well as with antigens from a variety of plant-derived food
(vegetables, fruits). Our contention that the cross-reactiv-
ity of the rabbit anti-Phl p 4 antiserum used for all exper-
iments in this study is primarily due to Phl p 4-derived
epitopes is supported b5r our finding that the antiserum
cir i  not  reacl  wi th other highly immunogenic and/or abun-
dant t imothy grass pol len al lergens (e.9. ,  Phl  p 1,  Phl  p 2,
Phl  p 5,  Phl  p 6,  Phl  p 13),  h ighly cross-react ive birch
pollen allergens (Bet v 1 , Bet v 2) or other control proteins
(BSA, HSA, transferrin) (Figure 54. upper part).A second,
independent ly raised ant i -Phl  p 4 ant iserum exhibi ted a
similar reactivity profi le (Figure 54, lower parl).

Al though we found that Phl  p 4 contains also non-
cross-reactive epitopes oLrr data suggest that it may play
a role as a cross-reactive aiiergen in the pathogenesis '; i

the oral allergy syndrome, a complex of symptoms de-
noting the simultaneous occurrence of food allergy in pa-
tients suffering from pollen allergy (Ortolani et al., 1 9BB).
In this context it is of note that in contrast to other cross-
react ive plant al lergens (e.9. ,  Bet v 1,  Bet v 2)which refold
after thermal denaturation, Phl p 4 remained aggregated
(Ebner et  a l . ,  1995; Laffer et  a l . , '1996b; Mit termann et  a l . ,
1998).  Assuming that Phl  p 4-homologous food al lergens
behave in a s imi lar  way i t  is  possible that  these molecules
belong to those thermolabile food allergens which report-
edly loose lgE reactivity after extensive cooking (Vieths
et al., 1997). So far two cross-reactive pollen allergens
could be ident i f ied as el ic i tors of  the oral  a l lergy syn-
drome:they comprise the major birch pol len al lergen, Bet
v 1,  a possible pathogenesis-related protein which re-
portedly exhibi ts RNAse act iv i ty (Brei teneder et  a l . ,  1989;
Bufe ef  a/ . ,  1 996) and plant prof i l ins,  represent ing ubiqui-
tous act in-binding proteins (Valenta et  a l . ,  1991, 1999).
Due to their conserved biological function both allergens
can occur s imultaneously in pol len and somatic plant t is-
sues and thus can be responsible for  a l lergic react ions in
pol len al lergic indiv iduals when they ingest plant-der ived
food (Valenta et a/., 1996). Similar as described for Bet v
1 and profi l in-mediated cross-reactivit ies we found that
Phl  p 4 contained more lgE epi topes than the homolo-
gous plant food proteins: Not all Phl p 4-reactive sera
cross-reacted with plant-derived food (e.9. celery) indi-
cating that these patients were primarily sensitized
against grass pollens. The fact that Phl p 4 contains
cross-reactive as well as monocot-specific epitopes may
also be the reason why cerlain monoclonal antibodies
raised against grass group 4 allergens cross-reacted only
with monocot group 4 allergens but not with tree- or
weed pollen-derived homologues (Leduc-Brodard et al.,
1996) whereas other group 4-specific antibodies cross-
reacted with homologous allergens in weed pollens (e.9.
ragweed; Fischer et al., 1996).



Phl p 4 is clearly different from a recently characterized
timothy grass pollen allergen, Phl p 13, which exhibits a
simifar molecular weight in SDS-P,qGE (Suck et al.,
2000a) for several reasons: f irst, unlike Phl p 13 (pl
6-7.5),  i t  exhibi ts a basic pl  of  approximately 9.6 (Pe-
tersen et  a\ . .2001).  Second, the amino acid composi t ion
determined for Phl p 4 is different from that of Phl p 13
and third, both rabbit anti-Phl p 4 antisera did not cross-
react with Phl p 13 (Figure 5A).

Our contention that purif ied Phl p 4 may be used for al-
lergy diagnosis is supported by the fact that it was possi-
ble to prepare sufficient amounts of Phl p 4 to prepare
immunocap tests for in vitro allergy diagnosis. Further-
more, Phl  p 4 bound speci f ical ly lgE ant ibodies in other
lgE assays. elicited specific and dose-dependent hista-
mine release as well as immediate type skin reactions in
sensitized patients. Phl p 4 may thus be used for compo-
nent-resolved in vitro as well as in vivo diagnosis of grass
pol len al lergy (Valenta et  a\ . ,1999).  lgE compet i t ion ex-
periments with purif ied Phl p 4 may allow to identify pa-
iienis whc surfer frcnl c' lnrbinec grass poilerr-fcod aller-
gy due to cross-sensitization to Phl p 4-related allergens.
Precise diagnosis of sensitization to Phl p 4 may then
represent the basis for patient-tailored specific im-
munotherapy with the pur i f ied al lergen.

Mater ia ls and Methods

Characterization of Allergic Patients, Antibodies,
A!lergen Extracts

Patients allergic Ìo grass pollen were characterized by case his-
tory indicative of seasonal grass poll inosis, determination of
serum lgE antibodies specific for t imothy grass pollen extract
(RAST, Pharrnacia) and recombinant t imothy grass pollen aller-
gens as well  as by skin prick test ing (Niederberger et a/. ,  1998).
Antisera against Phl p 4 were produced by immunization of two
rabbits with the purif ied Phl p 4 protein. A total of four subcuta-
neous and intramuscular inject ions were administered over a
period of 13 weeks, the f irst comprising 300 prg of protein in Fre-
und's complete adjuvant and the remaining with '100 pg of pro-
tein in Freund s incomplete adjuvant. The two rabbits used were
selected from a larger number based on the absence of de-
tectable antibody reactivi ty to grass pol len prior to immuniza-
t ion. lmmunizations were carr ied out in Sweden under an ethical
review board approval. The specif ici ty of the rabbit anti-Phl p 4
antisera was confirmed by demonstrating lack of reactivity to
purif ied t imothy grass pol len, birch pol len al lergens and other
control proteins (BSA, HSA, transferr in) by ELISA. nPhl p 4, re-
combinant  Phlp  1 ,  rPh l  p  2 , rPhl  p  5 .  rPh l  p  6  (Vr la la  e ta l . ,  1996,
1999) and rPh! p 13 (Swoboda and Valenta, unpublished) from
timothy grass pollen as well as rBet v '1 and rBet v 2 from birch
pollen (BIOMAY Vienna, Austr ia) were coated to ELISA plates
(Nunc, Roski lde, Denmark) in PBS at a concentrat ion of 1 pglml
overnight al4'C. Plates were washed and blocked as described
(Vrtala et a\. .1996) and exposed to the rabbit anti-Phl p 4 anti-
serum and, for control purposes, to the rabbits preimmune
serum, both di luted '1 :100 in TBST, 0.5% (w/v\ BSA overnight at
4 "C. After washing, bound rabbit antibodies were detected with
an alkaline phosphatase-conjugated goat anti-rabbit lg anti-
serum (Dianova, Hamburg, Germany) di luted 1:1000 in TBST,
O.5% (w/v) BSA. After washing, the colour reaction was started
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with alkal ine phosphatase substrate (Sigma, St. Louis, USA)and
the optical densities corresponding to the amount of bound an-
tibodies were determined in an ELISA reader (Dynatech, Denk-
endorf, Germany). Results were measured in duplicates and are
expressed as means with less than 5oó error.

Pure pollens from alder (Alnus glutinosa), birch (Betula verru_
cosa/, c h estn ut (Ae s c u I u s h i p p o casta n e u m ), cypress (Cypressus
sempervirens), elm (Ulmus campestris), hazel (Corytus aveltana),
hornbeam (Carpinus betulus), oak (Quercus robur), olea (Otea
europaea), plane (Platanus acerifolra), poplar (Poputus alba),tim-
othy grass (Phleum pratense), mugwort (Artemisia vulgaris) and
ragweed (Ambrosia elatior) were obtained from Allergon AB
(Vàlinge. Sweden) and storecJ a.t 4 "C until use. Fresh apples, car-
rots, celery, hazelnuts, kiwis and peach were bought from the lo-
calmarket. Aqueous extracts from pollens were prepared by ho-
mogenizing pol lens in water containing 5 mn,l PMSF using an
ultraturrax (lKA, Stauffen, Germany) for two minutes. The ex-
tracts were centrifuged at 5000 g in an SS34 rotor (Sorvall,
DuPont) for 30 minutes at 4'C (Sorval l ,  RCSB) to remove insolu-
ble part icles. The protein contents in the supernatants were de-
termined using a BCA kit  (Pierce, Rockford, lL) and the extracts
were stored at -20'C until use. Plant food extracts were pre-
pared bV homogenizing 8.4 grams fresh materiai in 2ù rrr l  SDS-
PAGE sample ouîîer (Laemmli,  1970) using an ultraturrax. fne
homogenates were extracted by boi l ing for 10 minutes and in-
soluble pafi icles were removed by centr i fugation as described
for the aqueous pol len extracts. Protein contents and quali ty of
extracts were analyzed by SDS-PAGE and Coomassie Blue
sta in ing (Bradford,  1976;  F l ing,  19BO).

Purification of Phl p 4

Natural Phl p 4 was purif ied from aqueous t imothy grass pol len
ex:ract using a combination of ion exchange chromatography
and size exclusion chromatography. Two hundred g of t imothy
grass pol len (Al lergon AB) was suspended in 2 l i ters of dist i l led
water and agitated 2 hours at room temperature. Coarse debris
was removed by '10 min centr i fugation at 2000 g aI 4 "C and the
supernatant careful ly decanted into fresh centr i fuge bott les. The
extract was then clari f ied by centr i fugation for 15 min at 35 000
g at 4oC, fol lowed by passage of the supernatant through an
MF-Mil l ipore Type RA 1.2 pm f i l ter. Purif icat ion of Phl p 4 was
performed using three chromatographic steps. First,  the clear
extract was loaded onto a XK50/20 column (143 ml bed volume)
containing SP Sepharose C-50 (Pharmacia Biotech, Uppsala,
Sweden) at a rate of 5 ml/min. The column was washed with
500 ml 50 mv NaPOo, pH 7.0. The elut ion was done with a l inear
gradient of 0- 0.5 u NaCl in 50 mH,t NaPOo, pH 7.0, over two col-
umn volumes. Phl p 4 was found to elute in a peak centered at
180 mv NaCl in the gradient. Fractions which according to SDS-
PAGE analysis contained Phl p 4 were pooled and the volume
was reduced to 1/o using an Amicon cel l  (PM-30 membrane).
Size exclusion chromatography was pedormed using Superdex
75 ppg in XK50/100 column (1760 ml bed volume) (Pharmacia
Biotech). The column was equil ibrated with 0.15 t ' , t  NaCl and the
concentrated pool was loaded at 10 ml/min. Elut ion was carr ied
out with 0.15 v NaCl at the same f low rate. Two major elut ion
peaks resulted and analysis by SDS-PAGE revealed that Phl p 4
was present at the slower side of the high molecular weight
peak. Fractions containing Phl p 4 were pooled and concentrat-
ed 10 fold using an Amicon cel l  (PM-30 membrane). In order to
remove last impurit ies, the size exclusion chromatography step
was repeated identically.

Laser desorption mass spectra of Phl p 4 were acquired in a
linear mode with a time-of-flight Compact MALDI ll instrument
(Kratos, Manchester, UK), operating at 20 kV acceleration volt-

. l
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age and equipped with a nitrogen UV laser (337 nm, pulse dura-
tion 3 ns) (PíCHEM, Graz, Austria).

The amino acid composit ion of Phl p 4 was determined with a
Beckman Analyzer (Beckman Instruments, Inc., Ful lerlon, USA)
W. M. Keck Foundation Biotechnology Resource Laboratory,
New Haven, USA).

SDS-PAGE, lsoelectric Focusing (lEF), Glycan Detection

Allergen extracts were separated by 10% SDS-PAGE (Fl ing,
1986). A Rainbow Marker (Amersham, Buckinghamshire, UK)
was used as molecular weight standard. lsoelectr ic focusing
was performed using a Mult iphor l l  electrophoresis and Arnpho-
l ine PAGplate (pH 3.5-9.5) as recommended by the rnanutac-
turer (Pharmacia Biotech). Six hundred pg of t imothy grass
pollen extract and 20 pg purif ied nPhl p 4 were subjected to IEF
using an Marker with a pH range from pH 3.S-9.3 (pharmacia
Biotech) and, in certain experiments, a marker with a pH range
from 3 -10.2 (FMC BioProducts, USA)as standards.

Glycan detection of nitrocel lulose- (Schleicher & Schuell ,  Das-
sel,  Germany) blotted proteins was carr ied out with a DIG-
Glycan detection kit  (Boehringer, Mannheim, Germany) using
transferrin as a positive eontrol exactly a.ccording to the manu-
facturer'c orotocoi.

Circular Dichroism Analysis of Purif ied Natural phl p 4

Circular dichroism (CD)spectra were recorded on a Jasco J-710
spectropolarimeter fitted with a Jasco PTC-34BW| peltier-type
temperature controlsystem and interfaced with a Fisons HMKE
GH water. The instrument was cal ibrated with a 0.1% aqueous
solut ion of d-1O-camphor-sulphonic acid. Results were ex-
pressed as observed el l ipt ici ty (O) at a given wavelength. Far ul-
traviolet CD spectra were recorded at 20"C, B0'C and ZA"C af-
ter cool ing from B0'C. Spectra were recorded with 0.1 nm
resolut ion and resulted from averaging 10 scans. The f inal spec-
tra were corrected by subtracting the corresponding base line
spectrum obtained under identical condit ions. Thermal denaru-
rat ion of nPhl p 4 was monitored using a 2 mm cuvette (Hellma),
by recording the observed el l ipt ici ty at a f ixed wavelength
(208 nm) while heating at 50 "C/h with a computer-control led cir-
culat ing water bath. The reversibi l i ty of the unfolding process
was checked by measuring the restoration of the CD signal after
cool ing (50 "C/h) to the start ing temperature (20'C). Al l  measure-
ments were performed in MilliQ water, pH 7.2 at a protein con-
centrat ion of 10 pu, using a 2 mm path-length quarlz cuvette
(Hellma).

lmmunoblott ing, lgE lmmunoblot Inhibit ion Experiments

Allergen extracts were separated by preparative SDS-PAGE and
blotted onto nitrocel lulose (Schleicher & Schuell)  f iowbin et ar.,
1979). Nitrocel lulose str ips were blocked twice for 5 minutes and
once for 30 minutes in buffer A (50 mv sodium phosphate, pH
7.5,0.5%;o v/v Tween-21,0.syo w/v BSA, 0.05% w/v NaN3). After
blocking, str ips were reacted overnight aI4'C with human sera
d i lu ted 1:10 in  buf ferA,  the rabbi t  ant i -Ph l  p  4  ant iserum or the
corresponding rabbits preimmune serum di luted 1:2000 in buffer
A. Membranes were washed in buffer A and bound rabbit anti-
bodies were detected with a 1'tul1-labeled donkey anti-rabbit lg
antiserum (Amersham). Bound human lgE antibodies were de-
tected with [ '2511-labeled anti-human lgE antibodies (pharmacia).
lgE immunoblot inhibit ion experiments were performed by prein-
cubating one ml al iquots of 1:5 in buffer A di luted sera overnight
at 4 "C with 5 ;lg nPhl p 4, or with 5 pg rBet v 2 or, for control pur-
poses, with 5 ;rg BSA. Buffer A was added to the preadsorbed
sera to yield 2ml of a 1 :10 di lut ion of which one ml was exposed

to nitrocellulose-blotted timothy grass pollen and 1 ml to celery
extract, respectively. Bound lgE was detected with 1:'10 diluted

[tzsl]- ls$slsi anti-human lgE antibodies (Pharmacia).

lgE lmmunobtot Inhibit ion Experiments with Rabbit
Antisera

Purif ied Phl p 4 and for control purposes, an immunological ly
unrelated t imothy grass pol len al lergen (recombinant Phl p 2: 10
kDa)were blotted onto nitrocel lulose (1 pg al lergen/cm) (Schle-
icher & Schuell) .  Nitrocel lulose str ips containing the purif ied al-
lergens were then preincubated either with a rabbit anti-Phl p 4
antiserum or, for control purposes, with the corresponding
preimmune serum, di luted 1:2000 in buffer A at 4'C overnight.
Str ips were then washed 3 t imes in buffer Afor 20 minutes and
exposed to 1:10 in buffer A di luted sera from grass pol len al ler-
gic patients or, for control purposes, with serum from a non-
atopic person overnight at 4"C. Nitrocel lulose str ips were
washed again in buffer A and bound lgE antibodies were detect-
ed wi th  [1251] - labe led ant i -human lgE ant ibod ies (Pharmacia)and
visual ized by autoradiography.

E!-!SA Experiments, Periodate Treatment. Innnnunocaps

ELISA plates were coated with 100 plzwell  of puri f ied nPhl p 4
(10 pglml in PBS, pH 6.8) overnight at 4"C. Plates were then
washed twice with 200 ;r l  Tris-buffered sal ine containing 0.05%
(v/v) Tween-20 I|BST) per well and blocked with 200 pl TBST
containing 1% BSA for 2 h at room temperature to block non-
specif ic protein binding sites. Wells were then incubated with
'100 pl lwel l  of 50 mn,l NaAc (pH 4.5) with and without 10 mr,,r sodi-
um m-periodate (Sigma) for t  h at room temperature and then
washed f ive t imes with 200 pl TBST. Wells were then incubated
with '100 pl of sera from Phl p 4 al lergic patients and from a non-
atop ic  inCiv idual  (d i lu ted .1 :5  in  TBST conta in ing 1% BSA) in  du-
pl icates overnight at 4'C. Bound lgE antibodies were detected
with an alkal ine phosphatase-conjugated monoclonal anti-hu-
man lgE antibody (Pharmingen, San Diego, USA) as described
(Niederberger et al. ,  1998). The optical density corresponding to
the amount of bound lgE antibodies was determined in an ELISA
reader (Dynatech, DenkendorJ. Germany) and is displayed as
mean of dupl icate determinations with an error of <5oA.

Experimental immunoOAP tests were prepared by covalent
immobil izat ion of puri f ied Phl p 4 onto activated cel lulose at a
concentrat ion chosen to achieve an adequate l inear measuring
range and a background for negative sera adequately below the
conventional cut-off value of 0.35 kUA/L. Assay controls and
calculat ion of stat ist ical parameters attest ing to the quali ty of the
assays were performed using standard assay system routines
and software (Pharmacia Diagnostics). Quanti tat ive CAP RAST
lgE determinations were performed on a UNICAP instrument
(Pharmacia). Serum samples containing specif ic lgE values of
>0.35 kUA/L were considered oosit ive.

Histamine Release Assays and Skin Prick Testing

Heparinized blood samples were obtained from a grass polten
al lergic patient containing lgE antibodies to Phl p 4 and from a
non-atopic individual by venipuncture after informed consent
had been given. Granulocytes were prepared by dextran sedi-
mentation and incubated with various doses of ouri f ied nPhl o 4
as well  as with anti-human lgE antibodies as previously de-
scribed (Valent et a\. ,1989). Histamine released in the cel l- free
supernatant was measured by radioimmunoassay ( lm-
munotech, Marsei l le, France). Total histamine was determined
after freeze thawing of cells. Results are displayed as mean val-
ues of triplicate determinations.
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Skin prick tests were performed on the individuals forearms as
described (Vrtala et a\.,1997). Individuals were pricked with 20 pl
aliquots of PBS containing ditferent concentrations (1 pglml,
5 pglml, 10 ;rglml, 20 pg/mt, 40 pg/mt, 80 pglml) of puri f ied phl p
4. For control purposes, histamine, NaCl and t imothy grass
pollen extract (ALK, Horsholm, Denmark) were used. The skin
reactions were recorded 20 min after testing by photography
and by transferr ing the bal l  point pen-surrounded wheal area
with a scotch tape to paper. The mean wheal diameter (DM, in
mm)was determined as foltows: py=(D1 +DZ)/2. D1 and D2rep-
resent the maximal longitudinal and transversal diameters rn
mm, respectively.
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