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Abstract

Background: Group 2 and 3 grass pollen allergens are major allergens with high

allergenic activity and exhibit structural similarity with the C-terminal portion of

major group 1 allergens. In this study, we aimed to determine the crystal struc-

ture of timothy grass pollen allergen, Phl p 3, and to study its IgE recognition

and cross-reactivity with group 2 and group 1 allergens.

Methods: The three-dimensional structure of Phl p 3 was solved by X-ray crystal-

lography and compared with the structures of group 1 and 2 grass pollen aller-

gens. Cross-reactivity was studied using a human monoclonal antibody which

inhibits allergic patients’ IgE binding and by IgE inhibition experiments with

patients’ sera. Conformational Phl p 3 IgE epitopes were predicted with the algo-

rithm SPADE, and Phl p 3 variants containing single point mutations in the pre-

dicted IgE binding sites were produced to analyze allergic patients’ IgE binding.

Results: Phl p 3 is a globular b-sandwich protein showing structural similarity to

Phl p 2 and the Phl p 1–C-terminal domain. Phl p 3 showed IgE cross-reactivity

with group 2 allergens but not with group 1 allergens. SPADE identified two con-

formational IgE epitope-containing areas, of which one overlaps with the epitope

defined by the monoclonal antibody. The mutation of arginine 68 to alanine com-

pletely abolished binding of the blocking antibody. This mutation and a mutation

of D13 in the predicted second IgE epitope area also reduced allergic patients’

IgE binding.

Conclusion: Group 3 and group 2 grass pollen allergens are cross-reactive aller-

gens containing conformational IgE epitopes. They lack relevant IgE cross-reac-

tivity with group 1 allergens and therefore need to be included in diagnostic tests

and allergen-specific treatments in addition to group 1 allergens.

Approximately 50% of allergic patients are sensitized to aller-

gens from grass pollen which therefore belong to the most fre-

quently recognized allergen sources (1). Due to heavy pollen

production and release of allergen-bearing submicronic parti-

cles which can intrude in the lower respiratory tract, grasses

do not only induce symptoms of allergic rhinoconjunctivitis
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but can also elicit severe asthma attacks (2, 3). It is therefore

not surprising that grass pollen was among the first identified

allergen sources (4) and that allergen-specific immunotherapy

was conducted for the first time with grass pollen allergens (5).

Using protein chemical and molecular approaches, most of

the relevant grass pollen allergens have been characterized and

their primary structures have been elucidated (6, 7). Group 1,

group 2, and group 3 allergens are major grass pollen aller-

gens against which more than 60% of the grass pollen allergic

patients are sensitized (7). Since the initial purification of these

allergens and the determination of their amino and nucleic

acid sequences (8–10), it is known that group 2 and group 3

allergens are highly similar regarding sequence and three-

dimensional structure to the C-terminal domain of group 1

allergens (11, 12). The three-dimensional structures of Phl p 2

and Phl p 3 were determined by nuclear magnetic resonance

(NMR) and found to be very similar (11, 12). Group 1 aller-

gens belong to a family of evolutionarily closely related pro-

teins, designated as expansins, which are important for the

growth of pollen tubes and are thought to originate from com-

mon ancestor genes (13). In fact, group 1 and group 2/3 aller-

gens are major components in grass pollen with a percentage

weight per total proteins of approximately 0.2 and 5, respec-

tively (14).

Both group 1 and group 2 allergens are major allergens

and, according to clinical provocation test studies in allergic

patients, are highly allergenic and therefore need to be

included in diagnostic tests and allergen-specific forms of

treatment (15, 16). Recently, recombinant group 3 grass pol-

len allergens became available by molecular cloning, but their

IgE cross-reactivity with group 2 and group 1 allergens has

not yet been studied in detail using individual sera from grass

pollen allergic patients (17, 18). Similar as in rye grass (Loli-

um perenne), group 2 and 3 allergens from timothy grass pol-

len, Phl p 2, and Phl p 3 exhibit only modest sequence

identity and highly divergent isoelectric points (8, 9, 18).

Structural similarity and IgE cross-reactivity among group 1,

2, and 3 allergens have not been compared in detail with

respect to their potential relevance for diagnosis and specific

immunotherapy.

Here, we solved the three-dimensional structure of the tim-

othy grass pollen protein Phl p 3 by high-resolution X-ray

crystallography and compared it with the X-ray structures of

Phl p 2 (protein data bank, PDB: 1WHO) and with the

C-terminal domains of Phl p 1 (PDB: 1N10) and two expan-

sin family proteins, Zea m 1 (PDB: 2HCZ) (19) and YoaJ

(PDB: 3D30) (20). Using grass pollen allergic patients’ sera,

IgE cross-reactivity of Phl p 3 with group 1 and group 2

allergens was studied by means of IgE inhibition assays.

Based on the structural comparisons and the IgE cross-reac-

tivity data, we were able to use the recently developed

SPADE algorithm (21) to delineate two major conforma-

tional IgE binding sites of Phl p 3 of which one was found

to overlap with a major IgE binding site determined from the

Phl p 2–IgE complex structure (22). Furthermore, we gener-

ated a panel of 24 Phl p 3 variants containing single point

mutations to further study allergic patients’ IgE recognition.

Our studies identify group 2 and group 3 allergens as a

family of highly cross-reactive allergens containing similar

conformational IgE epitopes which are immunologically

distinct from group 1 allergens despite structural similarity to

them. The high structural and immunological similarity of

group 2 and 3 allergens indicates that these allergens can

replace each other, but not group 1 allergens for diagnosis

and specific immunotherapy.

Methods

Protein expression and purification

Phl p 3 was expressed in Escherichia coli (18) and purified

from the cytosolic fraction using cation exchange chromatog-

raphy (GE Healthcare, Uppsala, Sweden) at pH 8.0 and a

linear salt gradient from 0 to 0.5 M NaCl. The final purifica-

tion step was size exclusion chromatography (Superdex 75

HR 10/30; GE Healthcare) in 25 mM Tris pH 8.0, 150 mM

NaCl. Recombinant Phl p 1, Phl p 2, Phl p 5, and Bet v 1

made without any N- or C-terminal modifications were pur-

chased (Biomay AG, Vienna, Austria). The immunochemical

equivalence of rPhl p 1 and rPhl p 2 with natural group 1

and 2 allergens, respectively, was shown (23). Both rPhl p 2

and rPhl p 3 represented folded nonglycosylated proteins (11,

12, 18). Recombinant Sec c 3 was expressed with a C-termi-

nal His-tag and purified by nickel affinity chromotography to

more than 95% purity. Human serum albumin (HSA) was

bought from Behring (Marburg, Germany). The recombinant

chimeric human Phl p 2-specific mAb containing the variable

region of a human IgE Fab on a human IgG1 constant

region was purified as described (22). YoaJ was kindly sup-

plied by Paulette Charlier (University of Li�ege).

Recombinant variants of Phl p 3 containing point mutations

of individual residues in the predicted epitopes of Phl p 3 were

generated using a site-directed mutagenesis kit (Stratagene,

CA, USA). Primers for the point mutants are listed in Table S1

in the Supporting Information. The PCR products were subcl-

oned in the pPROEX-1 vector containing sequences coding for

a 6-histidine N-terminal tag and a tobacco etch virus (TEV)

cleavage site. Mutations were verified by DNA sequencing of

each plasmid construct (Agowa genomics, Berlin, Germany).

rPhl p 3 mutants were expressed in E. coli BL21 (DE3) cells in

500 ml liquid Luria-Bertani medium containing 100 mg/l

ampicillin. Recombinant proteins were purified by affinity

chromatography using His-trap HP columns (GE Healthcare)

and size exclusion chromatography using Superdex 75 HR 10/

30 (GE Healthcare; see supporting information).

Phl p 3 crystallization and structure determination

For crystallization, recombinant Phl p 3 in 25 mM Tris pH

8.0, 150 mM NaCl, was concentrated to 13.4 mg/ml and

polyethylene glycol 3350 was used as precipitant. A Phl p 3

crystal was flash frozen in liquid nitrogen, and a data set col-

lected to 1.8 �A at the X12 beamline (DESY, Hamburg). The

structure was solved by molecular replacement (24) using

Phl p 2 (PDB: 1WHO, unpublished) as search model. The

model was refined to 1.8 �A, containing residues from 1 to 100
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for all four molecules. The data (coordinates and diffraction

data) were deposited in the protein data bank and were

assigned the PDB-ID 3FT1. Details of the structure solution,

model building, and refinement are summarized in the sup-

porting information methods section and in Table S2.

Structural analysis and comparisons

The software PROMOTIF (25) was used for identifying

prominent secondary structural elements like bulges and well-

ordered loops in the protein crystal structures. The Phl p 3

structure was searched against all protein structures in the

protein data bank using DALI (26) and VAST (27). FAST

(28) and CLUSTALW (29) were used to calculate the root

mean square deviation and sequence identity between related

structures and their corresponding sequences, respectively.

Solvent accessibility values for amino acids in the protein

structure were calculated by ASAview (30) using a probe

radius of 1.4 �A.

Phl p 3–IgE Fab complex and Sec c 3 Modeling

Sec c 3 from rye (C. Lupinek and R. Valenta, unpublished

data) was modeled with Modeller V9.4 (31) using the Phl p 3

crystal structure (Chain A) as template. The Sec c 3 sequence

was aligned to the Phl p 3 sequence using T-coffee (32). In each

run of Modeller, ten models were generated and the model

with least DOPE score was selected. Models were evaluated by

the program ERRAT (33). The Phl p 3–IgE Fab complex was

modeled based on the Phl p 2–IgE Fab cocrystal structure

(PDB: 2VXQ). The Phl p 3 molecule (Chain A) was aligned

with Phl p 2 in the Fab complex and docked with the IgE Fab

molecule using the RossetaDock server (34).

Epitope prediction using SPADE

To predict IgE epitopes for Phl p 3, a pairwise structural

comparison of Phl p 3 was performed using the program

SPADE (21) with available structures that exhibit high

sequence identity (i.e., Phl p 2, Phl p 1-C, and YoaJ-C,

where the latter structures represent the C-terminal domain

of the respective proteins). Based on the results of the IgE

inhibition experiments, Phl p 2 and Sec c 3 were found to be

highly cross-reactive to Phl p 3, while no significant cross-

reactivity (CR) was measured to Phl p 1-C. In the absence of

a Sec c 3 structure, we based our SPADE prediction solely

on the surface similarity between Phl p 3 and Phl p 2, using

a formal CR weight of 1.0, and patches with a surface simi-

larity value of 60% or larger were taken into consideration.

Prior knowledge of experimentally determined antigen–anti-
body complexes (35, 36) was used to choose a cut-off value

for solvent-accessible surface areas to obtain predicted

epitopes within the range of 600 to 1000 �A2.

Circular dichroism (CD) analysis

For secondary structure analysis, CD measurements were

performed at room temperature on a Jasco J-715 spectropo-

larimeter (JASCO Europe s.r.l., Cremella, Italy) using quartz

cuvettes with path lengths of 0.2 mm or 1.0 mm. Thermal

denaturation was recorded over a temperature range from

25°C to 95°C using a Julabo F25 heating and cooling water

bath (Seelbach, Germany) and a scan rate of 60°C/h. All

samples were prepared in 10 mM Tris-HCl pH 7.5, 50 mM

A B

C

E

D

Figure 1 Crystal structure of Phl p 3 and comparison with Phl p 2

and Phl p 1. (A) front view and (B) back view. The strands are

labeled A–H according to the Ig fold; the front sheet consists of

strands H, A, B, E, and D (yellow), and the back sheet consists of

strands C’, C, F, and G (magenta). Connecting loops are shown in

blue. (C) Superposition of Phl p 3 (blue) and Phl p 2 (orange), (D)

Superposition of Phl p 3 and Phl p 1–C-terminal domain (magenta),

(E) Superposition of Phl p 3 and YoaJ–C-terminal domain (red).

Structural representations throughout the manuscript were pre-

pared with PyMOL (53).
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Na2SO4, 1% glycerol, except for E24A, which was in 50 mM

TrisHCl pH 7.5, 0.1 M NaCl.

Antibody and IgE binding assays, IgE inhibition experiments

The IgE binding capacity of purified proteins was determined

by a RAST-based assay using nitrocellulose-dotted nondena-

tured proteins (37) (see supporting information) and by IgE

ELISA, and IgE ELISA competition (see supporting infor-

mation). Binding of the chimeric Phl p 2-specific human

IgG1 mAb and of allergic patients’ IgE to purified allergens

and variants was also measured by ELISA as described (38,

39).

Results

High-resolution crystal structure of Phl p 3

This is the first detailed description of a high-resolution

crystal structure of a group 3 pollen allergen. Phl p 3 is a

globular b-sandwich protein formed by two closely packed

b-pleated sheets which are in face-to-face arrangement, vir-

tually leaving no place for a cavity (Fig. 1A,B). The overall

shape of the molecule is ellipsoidal with approximate

dimensions 38 9 22 9 23 �A. The front b-sheet (HABED)

and the back b-sheet (C’CFG) are separated by a distance

of ~15 �A, measured as the distance between the central

strands of the front and the back sheet (i.e., strands B and

F). Phl p 3 consists of five and four antiparallel beta

strands belonging to the front and back b-sheet, respec-

tively. The two b-sheets adopt a twist angle of 30° which is

a common feature in immunoglobulin fold structures (40).

The overall fold is similar to immunoglobulin h-type fold

with an extra C-terminal strand resulting in packing of N-

terminal and C-terminal ends close to each other. Apart

from Phl p 3 bearing a high structural similarity to Phl p 2

(group 2 allergen) and to the C-terminus of Phl p 1 (group

1 allergen), it also has a close resemblance to the D2

domain of maize expansin EXPB1, which forms part of the

proposed glycan-binding stretch (19). The strands are con-

nected by loops of variable sizes which are very well

ordered and clearly visible in the electron density. The loops

form protruding surface patches with high solvent accessibil-

ity due to the twisted beta sheet conformation. Protruding

loop regions have been shown to contain conformational

epitopes in the hyaluronidase–Fab complex structure (41).

The loops connecting strands AB, CC’, EF, and GH form

a cap for the hydrophobic core of the protein. The solution

structure of Phl p 3 (12) exhibits a close overall structural

similarity to the X-ray structure (Table S3), but large devia-

tions at the N-terminal end (due to the His-tag fusion used

for the NMR structure) and in the loop regions. The largest

differences between the solution structure (model 1 of PDB:

2JNZ) and chain A of the crystal structure occur in the

two loops regions AB (residues S12–L17) and EF (residues

S57–P60), which actually represent a major part of the IgE

epitope 2 (see section ‘Prediction of conformational IgE epi-

topes’).

Structural similarity of Phl p 3 with group 2, group 1

allergens, and expansins

We compared the available high-resolution structures of the

group 1, 2, and 3 pollen allergens and of the expansin fam-

ily. The pairwise sequence alignment showed high similarity

(57.3% identity) between the group 2 and group 3 allergens

(Fig. 2A, Table S3) and a lower, but still significant similar-

ity to the C-terminal domains of group 1 pollen allergens

(Phl p 1 and Zea m 1; 30.5–26.8% identity) and the C-termi-

nal domain of the bacterial expansin YoaJ (20.6% identity).

Zea m 1 was included into the structural comparison but not

used in the epitope prediction because IgE cross-reactivity

between Zea m 1 and Phl p 3 was not analyzed. The Phl p 3

structure determined at 1.8 �A was compared with the group

2 allergen Phl p 2 (PDB: 1WHO, 1.9 �A; Fig. 1C), the group

1 allergen Phl p 1 (PDB: 1N10, 2.9 �A; Fig. 1D) and the bac-

terial expansin YoaJ from Bacillus subtilis (20) (PDB: 3D3O,

1.9 �A; Fig. 1E). Structural superimposition of the 3D struc-

tures of all five proteins yielded root mean square deviations

between 1.2 and 1.9 �A using all Ca atoms. The structural

alignment of the five different proteins shows a close relation

between Phl p 3 and Phl p 2 and a higher deviation between

Phl p 3 and the C-terminal domains of expansin proteins

(Table S3). Thus, the structural similarity between these pro-

teins correlates well with the sequence identity. The overall

alignment of the structures shows a well-conserved Ig-like

fold with only minor differences in the loop regions

(Fig. 1C–E).

Allergic patients’ IgE cross-reacts with group 2 and group 3

allergens but not with group 1 allergens

Figure 3A shows IgE reactivities of five representative grass

pollen allergic patients with rPhl p 1, rPhl p 2, and rPhl p 3.

Each of the sera showed IgE reactivity to group 2 and 3

allergens (i.e., Phl p 2, Phl p 3) and to the group 1 allergen

(i. e., Phl p 1) from timothy grass but not with the expansin-

like Bacillus subtilis protein YoaJ or the negative control,

HSA (Fig. 3A). Four patients reacted also with rPhl p 5,

which is considered to be structurally and immunologically

unrelated to group 1, 2, and 3 grass pollen allergens (42).

Figure 3B and Fig. S1 show the results of IgE cross-reac-

tivity studies performed with sera from 13 grass pollen aller-

gic patients. Despite the structural similarities between Phl p

1, Phl p 2, and Phl p 3, no relevant cross-reactivity was

found between Phl p 1 and Phl p 2 as well as between Phl p

1 and Phl p 3. Neither Phl p 2 nor Phl p 3 caused an inhibi-

tion of IgE binding to Phl p 1 nor vice versa did Phl p 1

inhibit IgE binding to Phl p 2 or Phl p 3 in a substantial

manner (Fig. 3B, Fig. S1). Phl p 3 inhibited IgE binding to

Phl p 2 and vice versa, albeit a bit less. We noted some inhi-

bition of IgE binding to Phl p 2 and Phl p 3 by Phl p 5,

whereas Bet v 1 did not inhibit IgE binding to any of the

grass pollen allergens. Likewise, none of the grass pollen

allergens blocked IgE binding to the unrelated birch pollen

allergen, Bet v 1. Each of the allergens strongly inhibited IgE

binding to itself (Fig. 3B, Fig. S1).
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Mapping of a major Phl p 2 IgE epitope to the structures of

Phl p 3 and Phl p 1

The structure of a 1 : 1 Phl p 2–IgE–Fab complex has been

determined by X-ray crystallography (22). The IgE epitope

was a conformational epitope of 876.0 �A2 containing mainly

residues on the planar surface of the four-stranded antiparallel

b-sheet of Phl p 2. We used the superposition of Phl p 3 and

Phl p 2 to map this IgE epitope onto the Phl p 3 structure

(Fig. 2B). This epitope exhibits a similar size and largely coin-

cides with epitope 1 predicted with the program SPADE (21).

Whereas the Phl p 2–IgE epitope is centered entirely on the

b-sheet (C’CFG), the predicted epitope contains additional

residues in the loops connecting the strands C–C’ and E–F.

The Phl p 2–IgE epitope was also mapped onto the Sec c

3 structural model and onto the less homologous C-terminal

domain of Phl p 1. Furthermore, the electrostatic potentials

of all four proteins were calculated and mapped onto the sur-

face, highlighting the experimental IgE epitope (Fig. 4). This

comparison shows that the electrostatic charge distribution is

highly similar in the epitope area between Phl p 3, Sec c 3,

and Phl p 2 in spite of the highly different charge distribu-

tions between group 2/3 pollen allergens in general. Phl p 2

is highly acidic (pI 4.6), whereas the compared group 3 aller-

gens are basic (Phl p 3: pI 8.9 and Sec c 3: pI 7.9). The high

similarity of the epitope regions between these three cross-

reactive allergens is also underlined by the fact that of the

eleven residues involved in direct contacts with the human

A

B C D

Figure 2 Sequence alignment and epitope prediction: (A) The pro-

teins were aligned using CLUSTALW (54), and the identities

between the compared allergens representing group 1, group 2, and

group 3 pollen allergens are indicated: yellow (identity in all three

groups), orange (identity between group 3 and group 2), and blue

(identity between group 1 and group 2 or between group 1 and group

3). Residues with identity between group 2 and group 3, but a non-

conservative change in group 1, are marked with an asterisk (*). ‘0’

marks residues in the Phl p 3 structure with a solvent exposure

>50%. The secondary structure elements (SS) as observed in the Phl

p 3 crystal structure and the predicted epitopes (PRED: Epitope

1 = red boxes, Epitope 2 = blue boxes) and the experimental epi-

topes (EXP_APP: pink boxes) are aligned to the sequence. (B–D)

The epitopes are displayed as semitransparent surface patches, and

the residues contained in this epitope are shown in stick representa-

tion and labeled. (B) The experimental IgE binding epitope derived

from the structure of the Phl p 2–IgE complex and mapped onto the

Phl p 3 structure is shown in purple, where only the direct contacts

(H-bonds, van der Waals contacts) to the antibody are shown. (C–D),

The two epitopes predicted by the program SPADE, based on the

structural similarity of Phl p 3 and Phl p 2, epitope 1—red and epi-

tope 2—blue.
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IgE mAb, all are identical except for two conserved amino acid

changes between rPhl p 3 and Phl p 2, namely E41 to D39

and R76 to K75, respectively (Fig. 4E). In contrast, mapping

of the experimental Phl p 2 epitope onto the Phl p 1–C struc-

ture results in a surface patch which exhibits a very different

charge distribution resulting from seven changes of the

mapped residues, four out of which are nonconservative

changes. Two of these lead to a significant change of the local

electrostatic potential due to the charge reversal of E42 in

Phl p 3 to K186 in Phl p 1 and from V78 to E222, respectively.

In fact, the human IgE mAb which was used for the deter-

mination of the structure of the Phl p 2–IgE complex (22)

bound to Phl p 3 and Sec c 3, but not to Phl p 1 (data not

shown).

Prediction of conformational IgE epitopes

To predict cross-reactive IgE epitopes, we combined struc-

ture-based surface comparison with the obtained immunolog-

ical cross-reactivity data in the program SPADE (21), which

uses the geometrical and physico-chemical similarity of the

cross-reactive and noncross-reactive surfaces rather than

sequence homology and solvent accessibility as the basis for

the predictions. We found high CR between Phl p 3 and

A

B

Figure 3 (A) IgE reactivities of sera from five grass pollen allergic

patients (patients 1–5) or buffer alone with dotted recombinant

grass pollen allergens [rPhl p 1, 2, 3, 5, an expansin-like protein of

Bacillus subtilis (YoaJ)], and, for control purposes, human serum

albumin (HSA) are shown. (B) IgE cross-reactivity. Sera from thir-

teen grass pollen allergic patients were preincubated with grass

pollen allergens (Phl p 1, Phl p 2, Phl p 3, and Phl p 5), birch pollen

allergen (Bet v 1) or with buffer alone (no inhibitor; x-axes) before

exposure to allergens (top: Phl p 1, Phl p 2, Phl p 3, Phl p 5, and

Bet v 1). Displayed are allergen-specific IgE reactivities as percent-

ages of binding compared with uninhibited conditions (no inhibitor)

in the form of box plots with whiskers representing 10–90 percen-

tiles (y-axes).
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Phl p 2, and no CR between Phl p 3 and the proteins

belonging to the expansin family (Phl p 1 and YoaJ). There-

fore, we have used the crystal structures of Phl p 3 and

Phl p 2 with a CR weight of 1.0 between these two proteins.

This approach yielded two conformational epitopes which

occupy two opposite sites on the Phl p 3 surface (Table 1).

The first epitope (Fig. 2C) is predicted to cover a solvent-

accessible surface (SAS) area of 922.0 �A2 and contains

sequentially distant residues belonging to the b-strands C, C’,
F, and G and the connecting loops between these b-sheets
(E34, R36, H38, G39, S40, E41, E42, W43, P64, R68, D80,

and E81). The second epitope (Fig. 2D) also contains discon-

tinuous sequence stretches comprising the AB loop (connect-

ing strands A and B), the EF loop and two residues from the

GH loop (Q9, K10, G11, S12, D13, K15, S57, S58, K59,

P60, I89, and G90). This epitope covers a SAS area of

994.0 �A2 and consists almost exclusively of loop regions.

Thus, the two predicted epitopes together cover approxi-

mately one-third of the whole allergen surface which is

5759.9 �A2. The predicted epitope 1 overlaps with the epitope

defined by the human Phl p 2-specific IgE mAb (22), which

cross-reacts with Phl p 3 and Sec c 3.

To determine whether the accuracy of the epitope predic-

tion is dependent on the method of structure determination

(i.e., crystallography or NMR), we included the minimum-

energy NMR models of Phl p 3 and Phl p 2 in the SPADE

predictions (Table S5). The comparison of structures from

different sources (X-ray vs NMR, free allergen vs complex,

etc.) in the presence of conformational flexibility and

induced-fit antibody is made possible by two SPADE algo-

rithms, the side-chain standardization and the multilocal

backbone superposition (21). Under this premise, the epitope

determined experimentally from the Phl p 2-IgE complex (22)

was taken as bench mark for the accuracy of the predictions.

Using the NMR structures as well as the X-ray structures of

A B C D

E

Figure 4 Electrostatic surface potential of the experimental

epitope. Electrostatic charge distribution (units � 15 kbTec
�1; kb,

Boltzmann’s constant; T, temperature in K; ec, charge of an elec-

tron) was calculated for the structures and mapped onto the

surface representing the experimental epitope derived from

Phl p 2–IgE complex. The experimental epitope area is shown as

nontransparent surface while the rest of the surface has a transpar-

ency level of 0.5, partly covering the cartoon representation of the

proteins. (A) Phl p 3 structure (this work), (B) Sec c 3 model

(generated by Modeller based on Phl p 3 structure), (C) Phl p 2

(protein data bank, PDB: 1WHO), (D) the C–terminal domain of Phl

p 1 (PDB: 1N10). All structures are oriented according to A. (E)

Residues involved in the experimental Phl p 2–IgE epitope by direct

contacts (H – bonds and van der Waals contacts) and the equiva-

lent residues in the Phl p 3, Sec c 3 and Phl p 1 structures are

listed and numbered according to the Phl p 3 sequence. Differ-

ences in the mapped epitope regions are highlighted; conservative

changes are boxed and nonconservative changes are circled.

Table 1 Structural parameters and amino acid residues of the epi-

topes predicted by the similarity approach

Epitopes Epitope 1 Epitope 2

Residues E34, R36, H38,

G39, S40, E41,

E42, W43, P64,

R68, D80, E81

Q9, K10, G11,

S12, D13, K15,

S57, S58, K59,

P60, I89, G90

Solvent-accessible area (51) 922 �A2 994.0 �A2

Average accessibility (52) 56.3% 66.1%

Average excess similarity* 70.0% 68.1%

*SPADE (21).
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Phl p 3 and Phl p 2 in pairwise structural comparisons, we

observed that a comparable specificity (correct residues out

the total number predicted) could be obtained in both cases.

The observed sensitivity (ratio of correctly predicted residues

from the experimental epitope) was 9% higher in the case of

the X-ray structures (Table S5).

Single point mutations identify the crucial residue for binding

a blocking human mAb but have no strong effects on allergic

patients’ polyclonal IgE recognition

Next, we generated 24 point mutants in the two predicted

epitopes. Of the 24 mutants, twelve point mutants (epitope

patch 1: E34A, H38A, G39A, S40A, E42A, R68A, and

D80A; epitope patch 2: D13A, S57A, S58A, K59A, and

I89A) could be purified and were classified as stable accord-

ing to SDS-PAGE (Fig. 5A). A survey of the fold integrity

showed that at room temperature most mutants retained a

fold similar to the wt-Phl p 3, except for the construct G39A,

which is partly unfolded (Fig. 5B).

The Phl p 3 derivatives containing single point mutations

in epitope patch 1 and 2 were compared with the Phl p 3

allergen regarding IgE reactivity using sera from 15 grass

pollen allergic patients (Fig. 6A, Fig. S2). Most of the point

mutations had only subtle effects on allergic patients’ IgE

binding. Only point mutants R68A (predicted epitope 1),

D13A, and S57A (predicted epitope 2) showed a marked

mean reduction of ~70%, 60%, and 50% of patients’ IgE

reactivity, respectively. The effects of mutations on the bind-

ing of the human mAb to Phl p 3 were very clear (Fig. 6B).

With the exception of the mutation R68A, which completely

abolished the binding of the mAb, none of the other muta-

tions of amino acid residues, neither in epitope patch 1 nor

in patch 2, affected its binding (Fig. 6B).

Discussion

Here, we determined the high-resolution crystal structure of

the major timothy grass pollen allergen Phl p 3 and per-

formed an in-depth structural comparison of Phl p 3 with

homologous group 2 and group 1 grass pollen allergens. Fur-

thermore, the IgE recognition of Phl p 3 and its CR with

group 2 and group 1 grass pollen allergens was studied.

Despite the fact that Phl p 3 and Phl p 2 show only modest

sequence homology and a highly divergent isoelectric point

(pI Phl p 2: 4.6; pI Phl p 3: 8.9), we found that the three-

dimensional structure of both allergens is highly similar and

that there is variable cross-reactivity of allergic patients’ IgE

between the two allergens. This indicates that group 2 and 3

allergens represent a family of cross-reactive allergens, which

may replace each other for diagnosis and allergen-specific

immunotherapy. Despite high structural similarity of the

C-terminal domain of Phl p 1 with the structures of group 2

and 3 allergens, no relevant IgE CR was observed demon-

strating that for diagnosis and allergen-specific immunother-

apy group 2 or 3 allergens are needed as independent major

A

B

Figure 5 Biophysical characterization of Phl p 3 mutants. (A) Gen-

erated mutants of Phl p 3 were loaded on to a 12.5% nonreducing

SDS gel. Marked lanes show 1–Phl p 3, 2–E34A, 3–H38A, 4–S40A,

5–G39A, 6–E42A, 7–R68A, 8–D13A, 9–D80A, 10–S57A, 11–S58A,

12–K59A, 13–I89A, and 14–Phl p 2. (B) Circular dichroism spectra

of Phl p 3 and the corresponding mutants plotted. x-axes: wave-

length range, y-axes: CD signal expressed as mean-residue elliptic-

ity (hmre). The left and right panels correspond to mutations in

epitope 1 and epitope 2, respectively.
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allergens in addition to group 1 allergens. The structural

comparison of group 2, 3, and 1 allergens indicated that the

lack of IgE CR may result from a few amino acid changes

occurring in the IgE epitopes, which may introduce consider-

able local changes in charge, polarity, hydrophobicity, hydro-

gen binding capacity, or bulkiness of side chains.

As the three-dimensional structures of Phl p 3, Phl p 2,

and Phl p 1 as well as experimental data regarding IgE cross-

reactivity between these molecules were available, we were

able to use a newly developed algorithm, SPADE (21) to pre-

dict conformational IgE binding sites. In fact, several pro-

grams exist for the prediction of conformational epitopes.

There are algorithms based on different principles such as

accessible surface area (conformational epitope prediction,

CEP) (43), hydrophilicity, surface curvature (ElliPro) (44), or

a combination of these (DISCOTOPE) (45). All these

approaches use only one structure (i.e., the target allergen

itself or a highly homologous protein structure) for the epi-

tope prediction. By contrast, SPADE (21) is based on the

structural and immunological comparison of two or more

allergens belonging to the same structural family. In this

way, topological criteria as well as biophysical properties

such as hydrogen bonding, electrostatic surface potential,

and hydrophobicity are included in the discrimination pro-

cess. Using SPADE two cross-reactive IgE epitope-containing

areas of 922 and 994 �A2, respectively, could be predicted on

Phl p 3 and Phl p 2 (Fig. 2C,D). The size of the predicted

areas was well within the range observed for antibody–anti-
gen interactions. The accuracy of the prediction was con-

firmed by the fact that the first epitope-containing area

overlaps to a large extent with the experimental IgE binding

site determined by solving the structure of the complex

between Phl p 2 and a corresponding human IgE-derived

antibody, which strongly inhibited even the polyclonal IgE

binding of allergic patients to Phl p 2 (22) (Fig. 3B). SPADE

was able to delineate 77% of the experimental epitope area

(584.0 �A2 out of 756.8 �A2), which was derived from the

Phl p 2–IgE complex by mapping the interface area onto the

Phl p 3 structure. The prediction was further confirmed by

the fact that the IgE mAb defining epitope 1 cross-reacted

with Phl p 3. When the first epitope area was mapped onto

group 3, 2, and 1 allergens, a very similar charge distribution

A

B C

Figure 6 Effects of single point mutations in epitope patch 1 and

2 on antibody binding. (A) IgE reactivities (y-axis: % IgE binding

compared with rPhl p 3) of fifteen grass pollen allergic patients to

Phl p 3 mutants (x-axis) as box plots with whiskers representing

10–90 percentiles. (B) Reactivity of Phl p 2, Phl p 3, and Phl p 3

mutants (x-axis) with the Phl p 2-specific mAb determined by

ELISA. The y-axis displays the percentages of reactivity to Phl p 2

calculated from the optical density values (means of tripli-

cates � SD). The dotted horizontal line indicates the binding of Phl

p 2. (C) The Phl p 3–IgE Fab complex model depicts the putative

interactions of R68 with spatially close residues of Phl p 3 (green),

the heavy chain (blue) and the light chain (magenta) of the Fab mol-

ecule. Interacting residues are shown in stick presentation and

labeled (H-bonds in dashed lines, bond lengths in �A).
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was observed between group 3 and group 2 allergens

(Fig. 4A–C). Contrarily, the charge distribution was quite

different on the equivalent surface patch of the Phl p 1–C-
terminal domain due to the changes of two side chains

involving charge reversal (E to K and the change from a

hydrophobic to a charged amino acid V to E; Fig. 4D). Two

other nonconserved changes involve variation in bulkiness

and hydrophobicity (F to A and N to T). Therefore, the

highly conserved nature of the experimental epitope area 1

between group 3 and group 2 allergens explains the high

cross-reactivity between these groups, whereas the significant

changes exemplified by the changes in charge distribution

may explain the missing cross-reactivity between group 2/3

and group 1 allergens.

The second predicted IgE binding area is a rather elon-

gated surface patch involving several interstrand loops and

corresponds to a high extent to the conformation seen in

IgG–allergen complexes, for example, Bet v 1–IgG (46), or

hyaluronidase-IgG (41). In each of these complexes, the epi-

tope consisted of a loop region of the allergen protruding

into the binding site of the variable Fab domain.

We have studied the applicability of SPADE for 3D struc-

tures determined by various techniques (X-ray and NMR)

and employed NMR models of both Phl p 3 and Phl p 2 for

epitope predictions. In fact, given these minimum-energy

models, the SPADE prediction result is similar and, with

respect to the benchmarking against the experimental epi-

tope, only moderately less accurate than the crystal structure-

based prediction. In general, SPADE has been developed

mostly on crystal structures (and some minimum-energy

NMR models), and therefore, it currently relies on a parame-

terization optimized for these. However, the program does

technically allow for the inclusion of multiple NMR models

from the same allergen. An NMR ensemble contains more

information than a single representative (minimal-energy or

average model) and the consideration of conformational flex-

ibility, as reflected by multiple structural states, might in a

certain context describe the dynamic features of epitopes

more realistically.

To further study IgE recognition of Phl p 3, we engineered

24 Phl p 3 mutant proteins containing single point mutations

in the two IgE epitope-containing areas. The mutants were

made to change residues contained in the two predicted epi-

tope-containing areas without changing the overall fold and

the spatial arrangement of the other surface-exposed residues.

In fact, eleven of the 24 single mutants exhibited a reason-

ably preserved fold at room temperature and could be puri-

fied as intact proteins to study IgE recognition. Although the

crystal structure of the Phl p 2-IgE Fab complex indicated

that several residues in Phl p 2 which were conserved in Phl

p 3 contribute to the direct interaction between the allergen

and the IgE Fab, only one mutant, R68A, completely abol-

ished the mIgE binding. In a model of the Phl p 3–mIgE–
Fab complex, this residue is placed in the center of the

epitope and completely buried by the Fab ligand. R68 forms

several important interactions (H-bonds as well as hydropho-

bic and cation-p-stacking interactions) to both light chain

(L_S91) and heavy chain (H_G101, H_Y102) of the IgE–Fab

molecule (Fig. 6C), as they were also observed in the Phl p

2–Fab complex (22). In unbound Phl p 3, R68, apart from

being involved in crystal packing, forms cation-p interactions

with W43 and hydrogen bonds to E34, interactions which

are conserved in the Fab complex.

Alterations of allergic patients’ IgE binding to Phl p 3

caused by the single point mutations were less pronounced

than the effect of the R68 mutation on the binding of the

monoclonal IgE, but the R68 mutation still caused an

approximately 70% mean inhibition of allergic patients’ IgE

binding. The accuracy of the IgE epitope prediction by

SPADE was confirmed by the fact that mutations D13 and

S57 in the second predicted area also reduced allergic

patients’ IgE binding (mean reduction approximately 60%

and 50%, respectively). The other point mutations had little

or no effects on allergic patients’ IgE binding. There are at

least two explanations for the latter result which are mutually

nonexclusive. The first possibility is that due to the polyclo-

nality of the IgE response, allergic patients contain a variety

of IgE antibodies, which can bind in close vicinity to each

other and thus in high density to the epitope-containing area.

This explanation is supported by findings made for several

other allergens, demonstrating that there is high density bind-

ing of several IgE antibodies toward surface-exposed patches

on the allergens (47–50). It is also expected for polyclonal

antibodies that they show a variability of cross-reactivity

and/or reactivity due to epitope diversity. Another explana-

tion would be that the high-affinity binding of IgE antibodies

requires simultaneous interaction with several amino acid

residues. In this case, single point mutations may not be suf-

ficient to fully abolish the binding and may rather lead to a

decrease in affinity/avidity without complete loss of binding.

Besides analyzing the structure and IgE recognition of two

major grass pollen allergen groups required for diagnosis and

treatment, our study also highlights a feature of the allergen-

IgE interaction. It shows that the allergen–IgE complex for-

mation can tolerate considerable changes in the side-chain

chemistry which may have implication for the development

of hypoallergenic allergen derivatives for allergen-specific

immunotherapy.
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Figure S1. IgE cross-reactivity. Sera from thirteen grass pol-

len allergic patients (patients 1–13) were pre-incubated with

grass pollen allergens (Phl p 1, Phl p 2, Phl p 3, Phl p 5), birch

pollen allergen (Bet v 1) or with buffer alone (without inhibi-

tor; different colours) before exposure to allergens (from top to

bottom: Phl p 1, Phl p 2, Phl p 3, Phl p 5, Bet v 1).

Figure S2. Effects of single point mutations in epitope patch

1 and 2 on IgE binding.

Figure S3. Superposition of the four molecules present in the

asymmetric unit of Phl p 3 cyrstal structure (3FT1).

Table S1. Primers used for generating alanine point mutants

of Phl p 3 are listed according to the residues in the predicted

epitopes.

Table S2. Crystallographic properties, data collection and

refinement statistics of Phl p 3.

Table S3. The root mean square deviation of the protein

structures in �A used in this study was calculated by FAST (8)

(upper right, shaded and underlined).

Table S4. Thermal stability (Tm) and SS-calculations of the

Phl p 3 and generated mutants.

Table S5. Pair-wise structural comparison of Phl p 3 and Phl

p 2 models determined by NMR and X-ray crystallography.

Data S1. Methods.
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Supporting Information

Methods

Generation, expression and purification of Phl p 3 mutants

Point mutations of individual residues in the predicted epitopes of Phl p 3 to alanines were generated

using a site-directed mutagenesis kit (Stratagene, California, U.S.A). Primers for the point mutations

are listed in the TABLE S1. The PCR product was subcloned in to the pPROEX-1 vector containing a

6-histidine N-terminal tag and a TEV cleavage site. Mutations were verified by DNA sequencing of

each plasmid construct (AGOWA genomics, Berlin, Germany).

rPhl p 3 mutants were expressed in E.coli BL.21 cells in 500 ml liquid Luria-Bertani medium

containing 100mg/l ampicillin. Cells were grown to an OD600 of 0.6 before the expression of the

recombinant protein was induced by adding 1mM isopropyl-β-thio-galactopyranoside. After the

incubation for four hours at 37°C the cultured cells were harvested by centrifugation (15 min, 1760 g,

4°C) and stored at -20°C. For the purification the pellets were resuspended in 30 ml of 20 mM Tris-

HCl, 0.5 M NaCl, 20 mM imidazole, 1 mM phenylmethylsulfonyl fluoride (PMSF), pH 7.4 and

sonicated (Bandelin, Berlin, Germany) for five minutes at 100% Power (Pulse 50%). Supernatants

containing soluble recombinant proteins were obtained by centrifugation of the homogenates at

8200 g for 30 min at 4°C. His-tagged proteins were purified with 5ml or 1ml His-trap HP columns

(GE Healthcare, Uppsala, Sweden) and bound protein was eluted with elution buffer containing 20

mM Tris-HCl, 0.5 M NaCl, 250 mM imidazole, pH 7.4, in a linear gradient. Fractions containing the

protein were pooled and concentrated to 300 – 500 µl with Amicon Ultra Centrifugal Filter MWCO

3000 (Millipore, Vienna, Austria). Further purification of the concentrated sample was achieved by

size exclusion using a Superdex 75 HR 10/30 (GE Healthcare, Uppsala, Sweden) with 50 mM Tris-

HCl, 100 mM NaCl, pH 7.5 at a flow rate of 0.6 ml/min. Protein purity was confirmed by SDS-PAGE

and concentration was analyzed by UV absorption at 280 nm (NanoDrop ND-1000, peQLab,

Erlangen, Germany).
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Because of solubility problems during purification of the mutants W43A and P64A the purification

protocol was changed as follows: Pellets were resuspended in 45 ml 50 mM Tris-HCl, 0.5 M NaCl,

20mM imidazole, 1mM phenylmethylsulfonyl fluoride (PMSF), 3.0M Guanidine Hydrochloride

(GdnHCl) pH 7,5 and sonicated like described above. The protein was loaded on a His-trap HP 5 ml

column (GE Healthcare, Uppsala, Sweden) equilibrated in the same buffer. On-column refolding was

performed with a reverse gradient 3 M to 0 M GdnHCl in the otherwise identical buffer and the

protein was eluted with an imidazole gradient (20 mM to 250 mM) as described for the soluble

mutants.

Phl p 3 crystallization, structure determination and refinement

Phl p 3 crystallized in two crystal forms, both of which were obtained with the micro-batch method by

mixing equal volumes of protein solution and 0.2M NaCl, 0.1M Bis-Tris pH 5.5, 25% w/v PEG 3350.

One of the crystal forms belonged to space group P21 and contained 4 molecules in the asymmetric

unit. The Phl p 3 structure was solved by molecular replacement (1) using the program PHASER (2)

which performs a six dimensional search. Phl p 2 (PDB entry: 1WHO) was used as search model with

a sequence identity of 57.29% to Phl p 3. The Phl p 2 model was modified by changing non-identical

residues to alanines. The top solution had a Log-likelihood gain of 1745.9 and was used for

subsequent model building and refinement. Following rigid body refinement with REFMAC5 (3) the

model sequence was changed to the Phl p 3 target sequence in all four chains and the model was

submitted to automatic building with ARP/wARP (4) and PHENIX Autobuild (5). This procedure was

able to build most of the main chain residues except in regions 22-30 and 66-76, which represent

loops. Alternating cycles of manual building in COOT (6) and refinement using both REFMAC5 and

PHENIX including TLS refinement gave clear electron density for the missing residues. Solvent

molecules were added after refinement of the complete protein chain residues 1-100 including three

extra residues (Q98, E99 and F100) at the C-terminus as compared with the deposited sequence

(UniProt: Q69B42). The four molecules in the asymmetric were refined independently. The final
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model was refined to a resolution of 1.8 Å, contains residues from 1-100 and exhibits Rcryst/Rfree values

of 17% and 22.8%, respectively (TABLE S2).

IgE inhibition and dot blot

Two microliter aliquots containing 500 ng of either rPhl p 3, rPhl p 3 point mutants, rPhl p 1, rPhl p 2,

rPhl p 5, YoaJ or, for control purposes, rBet v 1 and HSA in PBS were dotted onto nitrocellulose

strips. The membranes were blocked with buffer A (43mM Na2HPO4, 7mM NaH2PO4, 0.5% v/v

Tween 20, 0.5% w/v BSA, 0.05% w/v NaN3) and incubated overnight at 4°C with sera from  grass

pollen allergic patients, diluted 1:5 in buffer A, or with buffer A alone. Subsequently, the strips were

washed with buffer A and incubated overnight at room temperature with 125I-labelled anti-human IgE

antibodies (BSM Diagnostic, Vienna, Austria) which had been diluted 1:10 in buffer A. The

membranes were washed and air-dried. Bound anti-IgE was visualised by autoradiography (Kodak X-

Omat, Rochester, U.S.A).

For assessment of IgE cross-reactivity IgE ELISA inhibition assays were performed similarly as

described (7). Allergens (300 ng per well) were dissolved in coating buffer (0.1 M Bicarbonate

buffer, pH 9.6) and coated to Nunc Maxisorp plates at 4°C overnight. Coated plates were blocked

with blocking buffer (2% BSA in PBS containing 0.05% v/v Tween 20) for three hours at room

temperature. Patients sera were titrated in pilot experiments for IgE reactivity to the invidividual

allergens and diluted appropriately (1:2, 1:5 or 1:10) for inhibition studies in PBST. Diluted sera were

pre-incubated with each of the inhibitors (Phl p 1, Phl p 2, Phl p 3, Phl p 5 and Bet v 1) or HSA as

negative control at a concentration of 10 µg/ml overnight at 4°C with constant agitation. After

washing, coated plates were incubated with pre-adsorbed sera at 4°C overnight. Bound IgE was

detected using an alkaline phosphatise-labelled mouse anti-human IgE (BD Pharmingen, Austria).

IgE reactivity of sera to rPhl p 3 and rPhl p 3 mutants was performed by IgE ELISA using 500 ng of

purified proteins for coating of Nunc Maxisorp plates. Coated plates were incubated with diluted
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patients sera (1:10) and bound IgE was detected as described above. Results represented means of

triplicate ELISA determinations. Both IgE reactivities (percentages of IgE binding to wildtype

allergen for mutants) and inhibition data (percentages of IgE binding of allergen-adsorbed compared

to non-inhibited samples) were displayed as box plots with whiskers representing 10 – 90 percentiles.
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Mutant Primer

E34A 5’–CGCGGAGGTGGCGCTCCGGCAGC– 3’

R36A 5’–GGAGGTGGAGCTCGCGCAGCACGGCTCC– 3’

H38A 5’–GGAGCTCCGGCAGGCCGGCTCCGAGGAG– 3’

G39A 5’–CCGGCAGCACGCCTCCGAGGAGT– 3’

S40A 5’–GGCAGCACGGCGCCGAGGAGTGG– 3’

E41A 5’–GCACGGCTCCGCGGAGTGGGAGC– 3’

E42A 5’–CGGCTCCGAGGCGTGGGAGCCCC– 3’

W43A 5’–CGGCTCCGAGGAGGCGGAGCCCCTGACG– 3’

P64A 5’–GCCGCTCGTTGGCGCCTTCAACTTCCG– 3’

R68A 5’–GGCCCCTTCAACTTCGCCTTCATGTCCAAGGG– 3’

D80A 5’–GAGGAACGTCTTCGCCGAGGTCATCCCCA– 3’

E81A 5’–GAACGTCTTCGACGCGGTCATCCCCACCG– 3’

Q9A 5’–GGTGACCTTTACTGTGGCGAAGGGTTCCGACCCC– 3’

K10A 5’–GACCTTTACTGTGCAGGCGGGTTCCGACCCCCAAG– 3’

G11A 5’–TTTACTGTGCAGAAGGCTTCCGACCCCAAGAAG– 3’

S12A 5’–ACCTTTACTGTGCAGAAGGGTGCCGACCCCAAG– 3’

D13A GCAGAAGGGTTCCGCCCCCAAGAAGCTGG– 3’

K15A 5’–AGGGTTCCGACCCCGCGAAGCTGGTGCTGG– 3’

S57A 5’–TGTGGGAGGTGAAGGCCTCCAAGCCGCTCG– 3’

S58A 5’–GGAGGTGAAGAGCGCCAAGCCGCTCGT– 3’

K59A 5’–AGGTGAAGAGCTCCGCGCCGCTCGTTGGCC– 3’

P60A 5’–GAAGAGCTCCAAGGCGCTCGTTGGCCC– 3’

I89A 5’–CCCCACCGCCTTCTCGGCCGGCAAAACCTACAAA– 3’

G90A 5’–CCGCCTTCTCGATCGCCAAAACCTACAAACC– 3’

Table S1. Primers used for generating alanine point mutants of Phl p 3 are listed according to the

residues in the predicted epitopes.
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Crystal/unit cell geometry

PDB ID 3FT1

Space Group P21

a (Å) 46.06

b (Å) 74.44

c (Å) 56.69

β (deg) 104.59

Data collection

Resolution (Å) 30.0-1.80 (1.83-1.80)a

Molecules (asymmetric unit) 4

Total reflection intensities
observed

129596

Unique observations 34485

Average redundancy 3.75 (3.4)

Data completeness 99.8% (96.6%)

Rmerge
b 7.3% (37.2%)

I/σ(I) 16.09 (2.52)

Refinement

Rwork
c/Rfree

d 17.0/22.2

FOM 0.796

No. of atoms

Protein 3807

Water 571

B-Factor (Å2)

Protein (main/side chain) 15.69/19.00

Water 31.81

Ligand (CL-) 25.28

R.M.S deviation

Bond length (Å) 0.014

Bond Angles (°) 1.55

Ramachandran Outliers None

Residues in favored region 98.5 %

Residues in allowed region 100 %

Table S2. Crystallographic properties, data collection and refinement statistics of Phl p 3.
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a The highest resolution shell is shown in parenthesis, as reference for high-resolution completeness
and Rmerge.

b Rmerge = ∑hkl∑i|Ii(hkl) - ‹I(hkl)›| / ∑hkl∑iIi(hkl).

c Rwork = ∑||Fo| - |Fc|| / ∑|Fo|, where |Fo| is the observed and |Fc| the calculated structure factors.

d Rfree is the same as Rwork calculated with a randomly selected test set of 5.0% of all reflections that
were never used in the refinement calculations.
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RMSD /

Identity

Phl p 3 – X-
ray

Phl p 3 –
NMR

Phl p 2 Phl p 1 _ C Zea m 1 _ C YOAJ_ C

Phl p 3 – X-
ray

* 0.881 1.218 1.358 1.681 1.909

Phl p 3 –
NMR

100 * 1.404 1.639 1.750 1.980

Phl p 2 57.29 57.29 * 1.570 1.643 1.701

Phl p 1 _ C 30.5 30.5 40 * 1.461 1.569

Zea m 1 _ C 26.80 26.80 36.45 54.73 * 1.882

YOAJ_ C 20.61 20.61 19.79 20.0 21.42 *

Table S3. The root mean square deviation of the protein structures in Å used in this study was

calculated by FAST (8) (upper right, shaded and underlined). Sequence identity of the protein

sequences in percentage was obtained by CLUSTALW (9) (lower left).
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Thermal Stability SS caclulation

Tm [°C] Helix [%] Strands [%] Unordered [%] Total [%]
Phl p 3 53.3 3 40 55 98

Epitope 1
E34A 53.4 3 39 57 99
H38A 53.9 2 41 55 98
G39A 48.8 1 39 57 97
S40A 50.9 2 42 54 98

E42A* 53.3 4 31 64 99
R68A 40.5 2 38 59 99
D80A 54.8 3 40 55 98

Epitope 2
D13A 48.2 2 43 54 99
S57A 56.8 3 41 56 100
S58A 53.2 3 37 58 98
K59A 44.2 4 39 56 99
I89A 54.9 1 38 60 99

Table S4. Thermal stability (Tm) and SS-calculations of the Phl p 3 and generated mutants. All

proteins are prepared in buffer 10 mM Tris-HCl pH 7.5, 50 mM Na2SO4, 1% Glycerol, except for
*E42A, which is prepared in 50 mM Tris-HCl pH 7.5, 0.1M NaCl.
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Comparison Pair Epitope residues SAS Average
accessibility

Average excess
similarity

Sensitivity
(No of residues
predicted from
experimental

epitope)

Specificity
(Correct
residues

predicted out
of total

predicted
residues)

Phl p 3 (X-ray) to
Phl p 2 (X-ray)

DST- 60%

E34, R36, H38,
G39, S40, E41,
E42, W43, P64,
R68, D80, E81

922 56.3 70.0 6/11

(54.5 %)

6/12

(50 %)

Phl p 3 (NMR) to
Phl p 2 (NMR)

DST – 55%

V33, E42, W43,
G63, F65, F67,
N77, F79, D80,

I83

553 41.6 61.3 5/11

(45.5%)

5/10

(50%)

Table S5: Pair-wise structural comparison of Phl p 3 and Phl p 2 models determined by

NMR and X-ray crystallography. Conformational epitope residues were listed as

determined by SPADE using structural models which were determined either by X-ray

crystallography or NMR. Experimentally determined epitope based on Phl p 2 – IgE Fab

co-crystal structure consists of residues E34, R36, E41, E42, W43, R68, R76, N77, V78,

F79, D80. DST – difference-similarity threshold.
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Supplementary Figure 1: IgE cross-reactivity. Sera from thirteen grass pollen allergic patients

(patients 1-13) were pre-incubated with grass pollen allergens (Phl p 1, Phl p 2, Phl p 3, Phl p 5),

birch pollen allergen (Bet v 1) or with buffer alone (without inhibitor) (different colours) before

exposure to allergens (from top to bottom: Phl p 1, Phl p 2, Phl p 3, Phl p 5, Bet v 1). Displayed are

allergen-specific IgE reactivities as OD values (means of triplicates +/- SDs) (y-axes) for the patients

(x-axes).
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Supplementary Figure 2: Effects of single point mutations in epitope patch 1 and 2 on IgE binding.

Displayed are IgE reactivity as absolute O.D values (means of triplicates +/- SDs) (y-axes) for fifteen

grass pollen allergic patients to Phl p 3 mutants (x-axis).
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Supplementary Figure 3: Superposition of the four molecules present in the asymmetric unit of Phl

p 3 cyrstal structure (3FT1). The three molecules of the Phl p 3 (chains B, C, and D) are aligned to

chain A and presented in the wall-eyed stereo. The strands are labelled A to H according to Figure 1

(see main text) and loops connecting the strands are labelled 1 to 8 (Top panel). The table lists the

RMSD values of the loops of chains B, C, and D to chain A (reference) as well as the overall RMSD

values of chains B, C and D to chain A (Bottom panel).
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