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Abstract

A three-dimensional model of the cellulose-binding domain of the rye-grass pollen allergen Lol pI built by homology modeling is

proposed as a structural scaffold for expansins and other expansin-related proteins. A groove and an extended strip of aromatic and

polar residues presumably account for the cellulose-binding properties of the protein domain. Two of the four predicted T-cell

epitopes readily exposed on the surface of the cellulose-binding domain match with previously reported IgE-binding regions. A close

structural relationship occurs between the cellulose-binding and allergenic properties. � 2002 Elsevier Science (USA). All rights

reserved.
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Grass pollen represents a major cause of immediate
hypersensitivity or type I allergy responses in susceptible
individuals such as allergic rhinitis, conjunctivitis, hives
or seasonal asthma. The impact of type I allergy in in-
dustrialized countries has increased tremendously, es-
pecially in children, and is now becoming a major health
problem. Inhaled pollen, and especially grass pollen,
contribute to allergic disorders in up to 25% of adults
[1]. Various (glyco)proteins have been identified as ma-
jor grass pollen allergens, e.g., allergens of group I [2–4].
In this respect, Lol pI has been characterized as the
major pollen allergen of group I from the rye-grass
(Lolium perenne) [3]. However, allergens belonging to
different groups share a high degree of amino acid se-
quence similarity, e.g., Lol pI from group I and LoI pII
or Lol pIII from group I/II [5], regardless of their origin,
e.g., Lol pI from rye-grass (L. perenne) and Phl p2 from

timothy grass (Phleum pratense) [5]. Consequently, some
cross-reactivity was shown to occur at both the T-cell [6]
and IgE-binding [7] levels, even though rather conflict-
ing results were obtained when comparing natural to
expressed recombinant allergens.

Like other grass allergens, Lol pI belongs to the
b-expansin group [8]. Expansins, which comprises the
two closely related families of a- (unglycosylated) and
b-expansins (glycosylated) [9], consist of medium-size
proteins (�26 kDa), supposed to act as cell wall-loos-
ening proteins involved in the cell enlargement occurring
during the acid growth process in plants [10]. Both types
of expansins are built of a C-terminal cellulose-binding
domain (CBD) associated to an N-terminal domain
which exhibits some sequence similarity with the family-
45 endoglucanases [11]. The CBD would allow expan-
sins to interact with the cellulose microfibrils of the plant
cell wall whereas the endoglucanase domain would be
responsible for the catalytic cleavage of the H-bonds
linking the other cell wall polysaccharides (e.g., hemi-
celluloses) to cellulose [12]. To date, no information is
available on the three-dimensional structure of Lol pI to
account for its unique ambivalent property of being a
potent allergen and a cell wall-loosening agent.
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We propose a structural model for the CBD of Lol pI
as a possible structural scaffold for the CBD of a- and
b-expansins. In addition, our model shows a close
relationship between the predicted T-cell epitopes on
the surface of the protein and the structural features
responsible for the cellulose-binding activity.

Materials and methods

The program ESPript [13] was used to compare the amino acid

sequences of Lol pI to Phl p2 and other a- and b-expansin sequences.

Multiple amino acid sequence alignments were based on Clustal X [14].

The hydrophobic cluster analysis (HCA) [15,16] was performed to

delineate the structurally conserved regions along the amino acid se-

quences of the CBD of Lol pI by comparison with the pollen allergen

Phl p2 used as a model. HCA plots were generated using the program

drawhca of L. Canard (http://www.lmcp.jussieu.fr/�soyer/www-hca/

hca-form.html).

Molecular modeling of the cellulose-binding domain (CBD) of Lol

pI was carried out on a Silicon Graphics O2 R10000 workstation,

using the programs InsightII, Homology, and Discover (MSI, San

Diego, CA, USA). The atomic coordinates of the pollen allergen Phl

p2 of Thymothy grass (Phleum pratense) (RCSB Protein Data Bank

code 1WHO) [17] were used to build the three-dimensional model of

the CBD. Steric conflicts resulting from the replacement or the deletion

of some residues in the CBD were corrected during the model building

procedure using the rotamer library [18] and the search algorithm

implemented in the Homology program [19] to maintain proper side-

chain orientation. Energy minimization and relaxation of the loop

regions were carried out by several cycles of steepest descent and

conjugate gradient using the cvff forcefield of Discover3. The program

TurboFrodo (Bio-Graphics, Marseille, France) was run on the O2

workstation to draw the Ramachandran plot and to perform the su-

perposition of the models. PROCHECK [20] was used to assess the

geometric quality of the three-dimensional models. Cartoons were

rendered using Molscript [21], Bobscript [22], and Raster3d [23].

GRASP was used to calculate the molecular surfaces of the CBD of

Lol pI. The electrostactic potentials were calculated and displayed with

GRASP using the parse3 parameters [24]. The solvent probe radius

used for molecular surfaces was 1.4�AA and a standard 2.0�AA-Stern layer

was used to exclude ions from the molecular surface [25]. The inner

and outer dielectric constants applied to the protein and the solvent

were, respectively, fixed at 4.0 and 80.0 and the calculations were

performed keeping the ionic strength equivalent to 0.150M NaCl. No

even distribution of the net negative charge of the carboxylic group of

negatively charged residues was performed between their two oxygen

atoms, prior to the calculations. The surfaces occupied by the most

exposed residues predicted as possible IgE-binding epitopes were

calculated with the GRASP program.

Epitopes susceptible to interact with T-cells have been predicted

along the amino acid sequences of Lol pI, Phl p2, and other expansins

using the Epitope prediction program (http://bioinformat-

ics.leeds.ac.uk/prot_analysis/Epitope.html).

Results and discussion

Owing to the high percentages of both identity (41%)
and similarity (64%), the C-terminal amino acid stretch
151–247 of Lol pI shares with the pollen allergen Phl p2
amino acid sequence (Fig. 1) and the accurate assign-
ment of the strands of b-sheet on the corresponding
HCA plots (Fig. 2), a three-dimensional model of this

Fig. 1. Amino acid sequence alignment of a-expansins (At-EXP2 from Arabidopsis thaliana, Cs-EXP1 from Cucumis sativus), b-expansins (Os-EXPB

from Oryza sativa, Lol pI), and Phl p2 (allergen from Phleum pratense) performed with ESPript [1]. Identical or structurally homologous (according

to the Risler’s matrix [42]) residues occurring in the cellulose-binding domain are in white letters in black boxes and in letters open boxed, re-

spectively. Identical residues of the catalytic domains are shadded gray and conserved cysteins are indicated by asterisks *. The two basic RR signals

occurring between the CBD and the putative endoglucanase domain are black boxed. Secondary structure elements of Phl p2 and of the cellulose-

binding domain of Lol pI are indicated by arrows above and under the sequences, respectively. Strands of b-sheet forming the S1-sheet (b1, b2, b4,
b5, and b8) and the S2-sheet (b3, b4, b6, and b7) of both proteins are numbered.
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CBD could be built by homology modeling from the
X-ray coordinates of Phl p2.

The modeled CBD of Lol pI consists of two b-sheets
S1 and S2 arranged into a b-sandwich structure (Fig. 3).
b-sheets S1 and S2 comprise 5 (b1:5–9; b2:17–22; b4:47–
49; b5:53–56; and b8:92–94) and four strands (b3:32–38;

b4:44–46; b6:65–72; and b7:76–80), respectively. In fact,
the fourth strand of b-sheet is kinked and its N-terminal
part (residues 44–46) belongs to b-sheet S2 whereas its
C-terminal part (residues 47–49) constitutes the b-sheet
S1. A similar fold occurs in other proteins belonging to
the immune system and possessing an Ig-like domain
[26].

Although no direct evidence is yet available on the
precise location of the cellulose-binding domain of Lol
pI, LoI pI shares in this respect some striking structural
similarities with other cellulases, characterized from
bacteria [27–32], actinomycetes [33] or fungi [34]. All
these proteins possess a typical jelly-roll b-sandwich
structure and exhibit an exposed planar surface, pre-
sumably responsible for the binding of crystalline cel-
lulose. As proposed for the scaffoldin subunit Cip of the
cellulosome of Clostridium thermocellum [29], the CBD
corresponds to a linear strip of aromatic and polar
residues, which extends on a few b-strands forming the
flattened face of the b-sandwich. At the opposite side,
the b-strands forming the incurved face of the b-sand-
wich delineate a groove, which mainly consists of aro-
matic residues, which could interact with soluble
cellulose. Lol pI similarly exhibits a linear strip of both
polar (Asp25, Lys38, Thr67, Arg69, Glu79, and Glu81)
and aromatic residues (Phe66 and Tyr70) on its planar
surface and a groove rich in aromatic residues (Phe6,
Tyr16, Tyr23, and Trp50) on its opposed face (Fig. 4).
Most of the aromatic and hydrophilic residues located in
the strip and the groove are well conserved in other
expansins and especially in b-expansins. Both regions
could be involved in the binding of Lol pI and other
expansins to cellulose.

Fig. 2. Comparison of the HCA plots of Phl p2 (A) and the CBD of

Lol pI (B). The eight strands of b-sheet (numbered 1–8) occurring

along the polypeptide chain of Phl p2 are shadded gray and and their

structural counterparts are delineated along the polypeptide chain of

LoI pI. Glycine (r), proline (H), threonine (�), and serine (�) are

represented by special symbols.

Fig. 3. (A) Ribbon diagram of the modeled CBD of Lol pI showing the two b-sheets S1 (strands 1, 2, 4 [corresponding to b5 in Fig. 1], 5 and 8,

colored black) and S2 (strands 3, 4 [corresponding to b4 in Fig. 1], 6 and 7, colored light gray) arranged in a b-sandwich structure. Loops, turns, and

coil structures are colored gray. (B) Upper view showing the b-sandwich formed by the two b-sheets S1 (black) and S2 (light gray). The N- and C-

terminal ends of the polypeptide chain are indicated.
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Interestingly, an exposed two-basic residue RR
cleavage signal almost constantly occurs between the so-
called catalytic (CD) and the cellulose-binding domain
(CBD) of Lol pI and other a- and b-expansins (Fig. 1)
that could allow the CBD to become proteolytically
separated from the catalytic domain, once this latter
domain has been correctly positioned to attack the cel-
lulose-hemicellulose junction and the separation of both
polymers is completed. If occurring in planta, such a
proteolytic step could induce some modulation in the
cell wall-loosening activity of expansins during the plant
development.

Four distinct epitopic regions are predicted to occur
on the surface of the CBD of Lol pI. They correspond to
the amino acid stretches 9–24 (b2 and loop connecting
b1–b2), 28–38 (b3 and parts of loops interconnecting
b2–b3 and b3–b4), 50–63 (b5 and parts of loops inter-

connecting b4–b5 and b5–b6), and 66–80 (b6, b7 and
their connecting loop). They mainly consist of exposed
and rather confluent loops and strands of b-sheet (Fig.
5). Interestingly, some of these predicted T-cell epitopes
(e.g., b6 and b7) are localized in the flattened regions of
the b-sandwich, supposed to be involved in the recog-
nition of cellulose by the CBD of Lol pI. In this respect,
the allergenic properties would be closely structurally
associated to the cellulose-binding properties of Lol pI
and expansin-related proteins. The third stretch 50–63
(WGAVWRIDTPDKLT) predicted as a T-cell epitope,
which gave the higher score in the prediction program,
coincides with the determinant (ESWGAVWRIDTPDK
LTGPFT) of Lol pI recognized by human leukocyte
antigen class II-restricted T-cells of individuals allergic
to rye-grass pollen [3]. The fourth stretch 66–80
(FTVRYTTEGGTKSEV) predicted as another T-cell

Fig. 4. Ribbon diagrams of the modeled CBD of Lol pI showing the location of the groove (A) and the strip of polar and aromatic residues (B)

possibly involved in the binding of cellulose. Strands of b-sheet forming the S1 (colored black) and the S2 (colored light gray) sheets are numbered,

and polar and aromatic residues distributed into the groove and along the strip are labeled and represented in gray ball-and-sticks.

Fig. 5. Location of the predicted T-cell epitope regions (black) on the ribbon diagram of the CBD of Lol pI (A) and Phl p2 (B). Strands of b-sheet are
numbered and both proteins are oriented as in Fig. 3. The N- and C-terminal ends of the polypeptide chain are indicated.
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epitope partly coincides with the 29 C-terminal residues
of Lol pI (VRYTTEGGTKSEVEDVIPEGWKADTSY
SAK) recognized as an IgE-binding region [2,35]. Epi-
tope mapping of IgE on recombinant Lol pI has shown
that the major IgE-reactive epitope mapped to the
C-terminus [36] that roughly corresponds to the CBD of
the allergen. The C-terminal region 216–240 (EGGTKS
EVEDVIPEGWKADTSYSAK) of Lol pI has also been
recognized as an IgE- and IgG-binding epitope [37] and
binding of rabbit IgG directed against this determinant
was shown to reduce �50% the Lol pI-mediated hista-
mine release from human basophils [38]. In this respect,
the predicted epitopes susceptible to interact with IgE
antibodies correspond to the less restricted stretches
9–16 (EKASNPNY), 28–32 (GDVVA), 50–55 (WGAV
WR), and 69–80 (RYTTEGGTKSEV), which are suf-
ficiently exposed on the molecular surface of Lol pI. The
first three stretches mainly cluster on strands b1 and b2
forming the S1 sheet of LoI pI whereas the last extended
stretch covers strands b6 and b7 of the S2 sheet of LoI
pI (Fig. 6). Among these putative IgE-binding epitopes,
stretch 2 displays a more pronounced electronegative
character (result not shown).

Rather similarly located T-cell epitopes can be pre-
dicted on the surface of Phl p2 (Fig. 4) and other
modeled CBD of expansins (results not shown). In this
respect, the predicted stretch 41–52 (WVAMTKGEGG
VW), corresponding to a loop formed by the two short
b4 strands (see Fig. 1) which contains two conserved
tryptophan residues (Trp41 and Trp52), has been pro-
posed as a complementary surface for IgE recognition
on the basis of both sequence conservation and surface
exposition [26]. The Ig-like three-dimensional fold of the
cellulose-binding domain of the Lol pI allergen strik-
ingly resembles those of and Der f2 [39] and Der p2

[40], the main group 2 mite allergens. Two over three
antibody epitopes (stretches 94–101 and 111–116) have
been recently identified on the C-terminal region of Der
p2 [41], which is somewhat reminiscent of the location of
T-cell epitopes on Lol pI.
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