
Post-translational modifications influence IgE reactivity to the
major allergen Phl p 1 of timothy grass pollen

A. PETERSEN, G. SCHRAMM, M. SCHLAAK and W.-M. BECKER

Forschungszentrum Borstel, Biochemical and Molecular Allergology, Borstel, Germany

Summary

Background Grass group I consists of very potent allergenic components which are found
in the pollen of all temperate grasses. Several post-translational modifications are predicted
from the cDNA data.
Objective The aim of this study was to identify sequential IgE-binding sites on the
allergen Phl p 1 and to determine their influence on IgE reactivity.
Methods Based on cDNA data and microsequencing results we synthesized overlapping
decapeptides covering the complete Phl p 1 molecule and tested them for immunological
reactivity by means of the PEPSCAN technique. In a dot test we determined the frequency
of IgE reactivities to post-translationally modified structures (hydroxylated proline residues,
carbohydrate structure, and disulphide formations).
Results Screening by overlapping peptides demonstrated an IgE binding site on the 10 N-
terminal amino acids. Comprehensive studies showed that the two hydroxyproline residues
of the native Phl p 1 allergen (at positions 5 and 8) and the N-glycan (at position 9) can result
in an increased IgE reactivity; 3.3% of the sera exclusively bound to the hydroxyproline
bearing peptide, while only 0.4% bound to the proline containing peptide. With regard to
glycosylation, we estimated that 20% of sera recognized protein and carbohydrate epitopes,
while one serum exclusively bound to the glycan. The formation of disulphide bonds has no
detectable effect on the IgE reactivity to Phl p 1.
Conclusion Our results indicate that the post-translational modifications, the carbohydrate
structure and the hydroxylation of proline residues, can enhance the IgE reactivity of Phl p 1.
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Introduction

All the temperate grasses possess the important group I
allergens and the majority (95%) of grass pollen allergic
patients will demonstrate an IgE response to these [1]. For a
better understanding of the specific interaction between an
allergen and the immune response, the precise characteriza-
tion of the IgE-binding epitopes is necessary. For diagnos-
tics and immunotherapy, the use of recombinant allergens
seems to be a promising concept, since they are well-defined
components and can be easily quantified [2]. In initial

studies performed by Esch and Klapper [3,4], Lol p 1, the
major allergen of ryegrass (Lolium perenne) from natural
pollen extract, was isolated and cleaved by use of cyanogen
bromide and trypsin. They identified IgE-reactive fragments
which covered regions of the N- and C-terminus. Unfortu-
nately, the length and the yield of fragments is poorly
controlled by this technique. Since the introduction of
cDNA cloning techniques to the field of allergy research,
a number of allergen sequences has been deduced. We have
used these techniques to elucidate the sequence of Phl p 1
(EMBL/Genebank, accession number Z27090 (1993) [5]), a
major allergen of timothy grass pollen (Phleum pratense).
Until now, grass group I sequence data have been available
for ryegrass (Lol p 1 [6,7]), timothy grass (Phl p 1 [8]),
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velvet grass (Hol l 1 [9]), and canary grass (Pha a 1 [10]).
Their sequences are similar and demonstrate an identity of
> 85% and homology>90%. Using recombinant Hol l 1,
Schrammet al. [9] constructed recombinant fragments and
deduced IgE-reactive epitopes from their immunoreactivity.
This method is especially useful for roughly defining con-
tinuous (sequential) and discontinuous IgE-binding regions
on the allergenic molecule. Ninty-two per cent of grass
group I reactive patients demonstrated IgE binding to the 80
amino acids spanning the C-terminus, while 30–50% bound
to N-terminal fragments of a similar size. Ballet al. [11]
isolated an IgE-reactive hapten consisting of 15 amino acids
by use of an epitope expression cDNA library from
randomly fragmented cDNA coding for Phl p 1.

A disadvantage of the recombinant allergens expressed in
E. coli is their lack in post-translational modifications, e.g.
glycosylations and the correct formation of disulphide
bonds. However, grass group I allergens possess such
structures. The carbohydrate moiety contributes 5% of the
molecular weight and isN-glycosidically bound to amino
acid residue 9 [12]. TheN-linked oligosaccharides are of the
complex-type with a conserved tri-mannosyl core, substi-
tuted with fucosea1,3 bound at the innermostN-acetylglu-
cosamine [13]. This structure is a part of an IgE-binding
epitope [12,13]. The group I allergens contain seven
cysteine residues which partly form intra and intermolecular
disulphide bonds [unpublished data]. Finally, we identified
two hydroxyproline residues in positions 5 and 8 by N-
terminal microsequencing [14]. These findings suggest that
the protein structure of Phl p 1 might be influenced by post-
translational modifications.

Defining epitopes on allergens is difficult because they
often depend on tertiary structure (discontinuous epitopes).
These discontinuous epitopes can only be determined by
highly sophisticated methods such as X-ray structure ana-
lysis and cocrystallization with antibodies. For defining
continuous epitopes the PEPSCAN technique [15] is
suitable.

In several studies continuous IgE-reactive epitopes were
determined successfully by use of overlapping synthetic
peptides. For example, in ovalbumin and hazelnut pollen
allergen Cor a 1 IgE-binding epitopes were harboured,
respectively, in the protein regions aa 1–10 and 29–34
[16,17]. We synthesized overlapping decapeptides of the
Phl p 1 derived from the cDNA [5] and protein sequencing
data [14] then screened for epitopes of human IgE. One IgE-
reactive epitope was detected at the N-terminus consisting
of 10 amino acids. Interestingly, the existence of two
hydroxyproline residues within this region of the natural
Phl p 1 allergen can evoke or enhance the IgE reactivity.
Additionally the detection of post-translationally modified
structures by patients’ IgE was determined, to assess the
importance of such modifications.

Materials and methods

Patient sera

For the identification of IgE-reactive proteins we used sera
provided by the Medical Clinic in Borstel (Dr U. Lepp and
Dr A. Bufe) and the Department of Allergology of the J.W.
Goethe Medical University in Frankfurt (Dr R. Wiewrodt).
The sera had to fulfil certain criteria: They had to have a
specific IgE CAP score$ 4 (Pharmacia CAP System;
Pharmacia Diagnostics AB, Uppsala, Sweden) and the
Western blotting result had to be positive against Phl p 1.

To determine the frequency of IgE reactivity to post-
translationally modified structures, we screened sera drawn
from volunteer blood donor with undefined allergic history.
These sera were kindly provided by the Institute for Immu-
nology and Transfusion Medicine (Medical University of
Lübeck).

Preparation of pollen extract

One gram of timothy pollen (ARTU Biologicals, Lelystad,
The Netherlands) was suspended in 55 mL of 0.1 M
NH4HCO3 buffer (pH 8.0) and incubated at room tempera-
ture for 30 min with agitation. After centrifugation for
30 min at 17 000g (4 8C) the supernatant was dialysed
against double-distilled water. After lyophilization the
extract was stored at 48C until use.

Nucleotide sequence accession number

For the epitope mapping synthetic peptides were con-
structed according to the nucleotide sequence data of
pPHLPI.p4, which had been submitted to Genebank/
EMBL Data Library, accession number Z27090 (1993).

Computer analyses

Sequence data were analysed on GeneWorks and PCGENE
software (Intelligenetics, Geel, Belgium) and on DNASIS-
and PROSIS-Software (Pharmacia LKB Biotechnology,
Uppsala, Sweden). The antigenic index was calculated
according to the Jameson and Wolf algorithm [18].

Pepscanning

To determine B-cell epitopes on the Phl p 1 we used the Pin
technology [15] (Multipin non-cleavable peptide synthesis
kit for B-cell epitope scanning, Chiron Mimotopes Peptide
Systems, Clayton Victoria, Australia).

Synthesis of peptides to pins

Decapeptides with an increment of three amino acids were

316 A Petersenet al.

q 1998 Blackwell Science Ltd,Clinical and Experimental Allergy, 28, 315–321



synthesized to activated polypropylene pins with a spacer
consisting of 1,6-diaminohexane andb-alanine utilizing
9-fluorenylmethoxycarbonyl amino acids (Fmoc).

Immunoscreening

The immunoscreening was performed by a Pin ELISA
according to the manufacturer’s instruction with some
modifications. After a blocking step the pins were washed
and then incubated with individual patient sera (1:20) over-
night. The binding of the monoclonal antibodies and
patients’ IgE was demonstrated by alkaline phosphatase
labelled mouse antihuman IgE (1:2000) (Allergopharma,
Reinbek, Germany). p-Nitrophenyl phosphate (1 mg/mL in
0.1 M TBS; pH 9.5) was used as the substrate and absor-
bance was measured at 405 nm after a 1 h incubation period.

Automated peptide synthesis

In order to obtain higher yields, the peptides of interest
(IPKVPPGPNITA and IPKVpPGpNITA) were synthesized
on a 9050 Peptide Synthesizer (Millipore Corporation,
Bedford, USA). Subsequently, peptides were purified by
reverse phase HPLC and the sequences confirmed.

ELISA testing

For a detailed investigation of patients’ IgE binding, we
performed ELISA tests with the synthesized peptides
coupled to the microtitreplate.

Microtitreplates (MaxiSorp, Nunc, Roskilde, Denmark)
were pretreated by soaking in a solution of 0.05% (v/v)
glutardialdehyde in 0.1 M carbonate buffer, pH 9, following
which, they were thouroughly washed and dried. After
incubating the plates overnight with 100mL of antigen
dilution (20mg/mL in 0.1 M carbonate buffer, pH 9.6) per
well, they were washed and blocked with TBS buffer
containing 1% (v/v) goat serum. Patient sera (diluted 1:5
in TBS-buffer; pH 7.4) were incubated for 2 h at room
temperature. Further steps were performed as for
immunoscreening.

ELISA inhibition assays were performed under the same
conditions, except the patient sera were preincubated with
serial dilutions of inhibitors (to final concentrations of 0.1–
500mg/mL) for 2 h, before the samples were transferred to a
peptide-coated microtitreplate.

Dot blotting

Screening for IgE reactivity to post-translationally modified
structures was performed by dot blotting onto CNBr-acti-
vated nitrocellulose strips [19]. To study the influence of
disulphide formations affinity purified Phl p 1 was pre-
treated with reducing buffer (containing 60 mM

dithiothreitol and 280 mM iodacetamide) or non-reducing
sample buffer (without dithiothreitol) at a concentration of
1mg/ml. To investigate carbohydrate recognition we used
affinity purified Phl p 1 [14], chemically deglycosylated
pollen extract (by trifluoromethane sulphonic acid) [12],
recombinant Phl p 1 from expression inE. coli [5], phos-
pholipase A2 (PLA2) from bee venom, horseradish perox-
idase (HRP), and ovalbumin (Sigma-Aldrich Chemie,
Deisenhofen, Germany) at concentrations of 1mg/mL. The
two proteins PLA2 and HRP were used, because they have a
similar carbohydrate structure to Phl p 1 [12,13]: these
possessN-linked oligosaccharides of the complex-type
with a conserved tri-mannosyl core, substituted with
fucose in the case of PLA2 and fucose and xylose in HRP
and Phl p 1. The glycoprotein ovalbumin lacks substitutions
and was used as a control. The influence of hydroxylated
proline residues was investigated using the peptides P and P0

(refer to ELISA testing) at concentrations of 4mg/mL and
comparing their IgE reactivities.

For immunological detection we used primary and sec-
ondary antibodies as described under immunoscreening.
The binding patterns were visualized by a substrate solution
consisting of 0.033% (w/v) nitro blue tetrazolium chloride
and 0.017% (w/v) 5-bromo-4-chloro-3-indolyl phosphate
potassium salt (Serva, Heidelberg, Germany) in 0.1 M Tris
buffered saline (pH 9.5) [20].

Results

Determination of IgE-reactive epitopes by PEPSCAN

To identify IgE-reactive epitopes, we used individual
patient sera that had shown positive results to Phl p 1 by
Western blotting. Prior to use patient sera were depleted of
IgG antibodies by adsorption to protein A sepharose.

A clear signal was determined at the N-terminal decapep-
tide, with a threefold absorbance over the background (Fig.
1). Since the proline residues at amino acid position 5 and 8
are post-translationally hydroxylated in natural Phl p 1, we
synthesized the corresponding decapeptide with
hydroxyproline residues and tested them for IgE reactivity.

Figure 1 shows the reactivity of two individual patient
sera (G 53 and G 22) and one healthy control (NS) for the
modified (hydroxyproline bearing peptides, 10 – 30) and the
unmodified N-terminal decapeptides (1–17). G 53 reacts
strongly to the first peptide (10) giving a 30% greater signal
than the unhydroxylated peptide (1).

Influence of hydroxyproline residues on IgE reactivity

Patient sera were screened in an ELISA to estimate the
importance of the N-terminal epitope and to study
the modulating effect of hydroxyproline residues.
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Dodecapeptides of the Phl p 1 N-terminus were synthesized
that differed only at positions 5 and 8, possessing either
proline (P) or hydroxyproline residues (P0).

Table 1 depicts the IgE reactivity of 14 individual patient
sera, which had been selected because of their positive
reaction to Phl p 1 by Western blotting. Sera of 10 healthy
donors were taken to determine the mean value and the
standard deviation for background reactivity. (A positive
reaction was defined as being threefold greater than that of
the negative controls.) The IgE reactivity differs for both the
P0 and P peptides. One serum (F 11) bound to both peptides,
while two other sera (G 626, G 34) showed a positive
reaction only with peptide P0. Ovalbumin was used as the
negative control.

In order to directly compare the IgE-binding activity of
the peptides P and P0 we performed an ELISA inhibition test.

Figure 2 shows the results of the test for patient serum F
11: Inhibition of the binding of patient’s IgE was tested by
increasing concentrations of the potential inhibitors, pollen
extract (g6, positive control), ovalbumin (negative control),
and the peptides P and P0. Inhibition by P0 was observed at
concentrations which were one hundredth that of P.

Screening for IgE binding to post-translationally modified
regions of Phl p 1

A total of 274 grass group I reactive individuals was
analysed for their recognition of post-translational modi-
fied structures. In order to identify epitopes generated by
disulphide formations we used affinity purified Phl p 1
under nonreducing vs reducing conditions. Binding to the
hydroxylated proline residues was investigated by compar-
ing the reactivities between peptides P0 and P. IgE binding
to the carbohydrate moieties was determined by use of the
following antigens: natural affinity purified Phl p 1 and the
glycoproteins phospholipase A2 from bee venom and horse-
radish peroxidase, which have similar carbohydrate structures,
while recombinant Phl p 1 fromE. coli and TFMS-
deglycosylated Phl p 1 lack the carbohydrate residues.

Figure 3 shows a part of the screening results. From the
274 sera tested no differences in IgE reactivities were
observed between affinity purified Phl p 1 treated under
reduced and non-reduced conditions. Thus the disulphide
bridges in Phl p 1 do not alter the IgE binding. Twelve
(4.4%) recognized the N-terminal dodecapeptides P and/or
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Fig 1. Epitope mapping of patients’ IgE using overlapping decapeptides of the Phl p1 N-terminal sequence (increments of 3 amino acid
residues). 10–30, decapeptides synthesized according to protein sequencing data (containing hydroxyproline residues in the corresponding
positions); 1–17, decapeptides synthesized according to cDNA sequence data (without post-translational modifications). G 53 and G 22,
sera of grass pollen allergic individuals; NS, healthy control.



P0. Nine sera exclusively bound to the hydroxyproline
bearing peptide, while only one serum detected the unmo-
dified peptide P. Two sera recognized both peptides. With
regard to reactivity towards the carbohydrate moiety we
determined one serum (0.4%) that exclusively bound to
samples containing glycosylated Phl p 1 and also to PLA2

and HRP which have similar carbohydrate chains (Fig. 3, PS
3). Fifty-seven sera (20.8%) recognized epitopes on the
carbohydrate moiety and on the protein backbone. (216 sera
(78.8%) detected epitopes only on the protein structure.)

In summary, the post-translational modifications at the N-
terminus of Phl p 1, two hydroxylated proline residues and
one N-glycan, clearly enhance the IgE reactivity.

Discussion

The aim of our study was to precisely define continuous
epitopes on the major grass pollen allergen Phl p 1, which is
a prerequisite for gaining a deeper insight into the antigen-
antibody-interaction. According to van Regenmortel [21] at
least 15 amino acid residues of the antigen are involved in
antigen-antibody-binding as determined by X-ray studies.
On the other hand ELISA shows that only 5–8 amino acids
are functionally necessary to enable antibody binding. In
preliminary tests we used two monoclonal antibodies direc-
ted against Phl p 1 and we were able to harbour their
epitopes on a length six amino acids (data not shown).

Therefore, we concluded that a length of 10 amino acids
seems suitable for epitope scanning. Since the peptides are
coupled via a spacer of 1,6-diaminohexane andb-alanine to
the polypropylene pins, no steric hinderance of the amino
acids located at the carboxy end of the peptides should
occur. Compared with the epitope mapping strategies of
Esch and Klapper [3,4] and Schrammet al. [9], respectively,
using natural or recombinant fragments of group I allergens,
the advantages of the pepscanning technique are the precise
identification of continuous epitopes, since peptides of each
length and sequence can be synthesized.

For the determination of IgE-binding epitopes we used
short peptides. We assume that it is not the complete, natural
protein but its’ immunoreactive fragments that play an
important role in the allergic reaction. Under physiological
conditions the pollen grains release their contents after
contact with the nasal mucosa. The released components
are then denaturated and cleaved into IgE-reactive peptides
by various enzymes of the nasal secretion [22], before they
reach the mast cells. Therefore, the structure of these
peptides differs from that of the complete, natural protein
in the pollen grains. Thus, the relevant B-cell epitopes are
the antigenic structures on these fragments. Whether these
epitopes already exist on the complete natural allergen
molecule, and ‘survive’ denaturation and fragmentation
and remains as a stable IgE-reactive epitope depends on
the structure. Cryptic epitopes on the other hand are inac-
cessible in the natural molecule but become accessible for
antibodies after denaturation and/or fragmentation. By
SDS-PAGE the protein conformation is disrupted. Since
nearly all of the grass pollen allergic patients can be
detected by Western blotting, continuous IgE-reactive epi-
topes should be present on the Phl p 1 molecule. However,
during blotting a partial renaturation of the proteins might
occur [23].

We identified one epitope covering the N-terminus of
Phl p 1 (aa 1–10: IPKVPPGPNI). The peculiarity of this
structure is the 3 proline residues in a close proximity.
Since each proline residue forms a kink in the protein
conformation, this part of the Phl p 1 molecule seems to be
very striking. Besides its unique structure, N-terminal
sequences are often antigenic [24], presumably their acces-
sibility enables antibody attachment. According to
Schrammet al. [9] 26% of the group I reactive patients
recognized a recombinant fusion protein of the 30 amino
acid N-terminus. Interestingly, the Phl p 1 N-terminus
bears some post-translational modifications as identified
by protein sequencing [14]: two hydroxylated proline
residues at positions 5 and 8 and one glycosylation site
at position 9 to which a glycan of about 2 kDa is con-
jugated. These modifications change this part of the mole-
cule to a more hydrophilic structure. As shown by the
screening, the carbohydrate structure is recognized by 20%
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Table 1. Effect of hydroxylated proline residues on the IgE
reactivity of individual patient sera determined by ELISA. The
N-terminal proline containing peptide P (IPKVPPGPNITA) and
the hydroxyproline containing peptide P0 (IPKVpPGpNITA) were
used as antigens. The results of ten healthy controls are given as
mean values and standard deviation. Strong IgE reactivities
(> threefold increase in absorbence) are indicted in bold.

Serum Ovalbumin P P0

10 healthy controls 0.1906 0.095 0.1416 0.037 0.1436 0.032
G 626 0.275 0.160 0.696
F 38 0.248 0.214 0.209
W 0.227 0.109 0.386
G 34 0.257 0.139 0.464
F 14 0.219 0.223 0.413
G 56 0.208 0.184 0.210
F 11 0.193 0.433 1.824
G 961 0.204 0.147 0.139
G 540 0.197 0.180 0.161
G 53 0.250 0.258 0.332
F 9 0.230 0.343 0.358
G 638 0.202 0.200 0.199
G 625 0.215 0.168 0.157
F 3 0.217 0.245 0.227



of the Phl p 1 reactive individuals. Previously, we [13]
were able to show that this carbohydrate moiety bears an
a1,3-fucosylation to the innermost N-acetylglucosamine, a
carbohydrate configuration which is quite common and
known for its IgE-binding reactivity.

Although we determined the partial formation of intra and
intermolecular disulphide bonds in Phl p 1 (data not shown),
these modifications showed no effect on the IgE reactivity.
This is in contrast to allergens like Lol p 11 [25], where the
disulphide bonds form important B-cell epitopes.

The carbohydrate structure and the hydroxylated proline
residues contribute to the IgE reactivity of the Phl p 1 N-
terminus. However, this region was not predicted as anti-
genic binding site, neither by the algorithm of Hopp and
Woods [26] nor by the calculations according to Jameson
and Wolf [18]. Since the reliability of such determinations is
only 50–60% [27] and both calculations do not consider
variations caused by post-translational modifications. There-
fore, the influence of such structures on the allergenicity
must be examined.

In conclusion, our studies indicate that single post-trans-
lational modifications can alter the IgE reactivity of aller-
gens or just short peptides. This has to be taken into account,

when recombinant allergens are used for diagnostics and
immunotherapy.
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