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EpiSearch algorithm.  Results:  The amino acid sequences of 
the peptides on selected phages differed at only one posi-
tion, occupied by 1 of 2 negatively charged residues. The two 
12-mer sequences bound to 7C11 with similar avidity and 
specificity. There was good concordance between the resi-
dues in the 3D clusters identified from our phage display/
computational method with the co-crystal structural analy-
sis.  Conclusion:  Conformational epitopes may be mapped 
through screening of clones from random peptide phage 
display libraries and EpiSearch.  Copyright © 2011 S. Karger AG, Basel 

 Introduction 

 Hypersensitivity to aeroallergens is a major cause of 
allergic diseases (e.g. asthma, allergic rhinitis and allergic 
conjunctivitis) that affect up to 30% of some populations 
 [1] . Symptoms of rhinitis and asthma due to aeroallergens 
are a major cause of morbidity, lost productivity and in-

 Key Words 

 Bla g 2  �  Cockroach allergen  �  Conformational epitope  �  
EpiSearch  �  Monoclonal antibody  �  Random peptide phage 
display library 

 Abstract 

  Background:  Bla g 2, one of the major cockroach allergens, 
induces a strong IgE response against conformational epi-
topes, and on reexposure, sensitized individuals often dis-
play symptoms of allergic rhinitis and asthma. The aim of the 
current study was to perform a test of the efficacy of a mod-
ified phage display screening, characterization of selected 
phages and an automated algorithm, EpiSearch, in locating 
an important conformational epitope.  Methods:  The mono-
clonal antibody 7C11, which partially inhibits the binding of 
patient IgE antibodies to Bla g 2, was used to screen a ran-
dom peptide phage library. After 3 rounds of panning, 32 
phage clones were isolated and the amino acid sequences of 
their peptides were determined. The relative affinity and 
specificity of the binding of these peptides to 7C11 were test-
ed in ELISAs. The amino acid composition of these peptides 
was then matched with clusters of residues on the surface
of the 3-dimensional (3D) structure of Bla g 2, using our 
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creased health care costs  [2, 3] . The clinical efficacy of 
current pharmaco- and immunotherapy for allergic dis-
eases is limited  [4] .

  Previously, most IgE epitopes were thought to be de-
pendent, at least in part, on the secondary or tertiary 
structures of unique regions of the allergen (conforma-
tional epitopes)  [5–7] . The majority of IgE epitopes have 
been defined in terms of linear sequences of amino acids 
that can bind IgE in vitro. Recent findings that only about 
10% of antibodies raised against intact proteins react with 
any peptide fragment derived from the parent protein 
suggest that the remaining antibodies are directed against 
discontinuous or conformational epitopes  [6, 8] . Previous 
studies using site-directed mutagenesis suggest that the 
loss of even one epitope on an allergen may be sufficient 
to prevent an allergen from activating basophils/mast 
cells  [9] . Such genetically modified allergens have also 
been shown to bind less IgE from patient sera and to be 
less active in acute hypersensitivity skin tests than their 
wild-type counterparts  [10] . However, the process of de-
signing such mutants is currently largely empirical.

  Immune complexes that induce basophil/mast cell de-
granulation consist of at least five molecules on the outer 
surface of the cells: at least two IgE molecules, usually of 
different antibody specificity, bound to two different  � -
chains of Fc �  receptors I, and an allergen with at least two 
epitopes recognized by the IgE molecules. While the 
crystal structures of complexes containing the interact-
ing portions of the Fc �  receptor I and IgE molecules have 
been resolved  [11, 12] , much less is known about the 
structural requirements for specific allergens to partici-
pate in the formation of activating complexes. The 3-di-
mensional (3D) structures of approximately 70 allergens 
have been determined by X-ray crystallography or nucle-
ar magnetic resonance techniques, and are listed in the 
Structural Database of Allergenic Proteins  [13] , whereas 
more than 1,000 allergens are listed in the World Health 
Organization International Union of Immunological So-
cieties Allergen Nomenclature (www.allergen.org)  [14] . 
However, the locations of IgE-binding sites have only 
been established for a few allergens of known structure. 
Establishing the repertoire of a large number of IgE epit-
opes may enhance our understanding of the structural 
requirements for allergens to complete the pentameric 
complexes necessary to activate basophils and mast cells.

  The most definitive approach to elucidating the struc-
ture of conformational epitope(s) of an allergen is by crys-
tallographic analysis of allergen-antibody complexes  [15–
20] . This approach is not always available to investigators 
and can be laborious and time consuming. Another ap-

proach is to use phage display of random peptides and IgE 
antibodies from allergic donors, in combination with 
computational approaches, to determine important con-
formational epitopes  [21–23] . However, the phage display 
approach has not been validated by comparison with the 
co-crystal structure in a blind test. We have recently 
modified the method for isolating and confirming the 
reactivity of phage-expressing random peptides and cou-
pled this with a fully automated computational method, 
EpiSearch (http://curie.utmb.edu/episearch.html)  [24] . 
The algorithm uses the peptide sequences obtained from 
the phage display experiment as input and ranks all sur-
face-exposed patches on the antigen according to the fre-
quency distribution of similar residues. The program al-
lows mapping of a single peptide or a set of peptides onto 
the antigen structure, and the results of the calculation 
can be visualized on an interactive web server.

  We describe here a validation of the combination of 
these two approaches by mapping a conformational epi-
tope on Bla g 2, using the monoclonal antibody (mAb) 
7C11 as a surrogate for the human IgE antibody. The re-
sults from these experiments were validated by compar-
ing the individual amino acids of Bla g 2 we identified 
with those residues that were shown by X-ray co-crystal-
lography to be involved in the interaction of the same 
mAb with Bla g 2  [19] .

  Materials and Methods 

 Biopanning of a 12-mer Phage Display Library 
 The Ph.D.-12-mer random peptide library (NEB, Ipswich, 

Mass., USA) was used in this study. This library displays 2.7  !  
10 9  unique 12-amino acid peptides fused to the pIII minor coat 
protein of the M13 filamentous phage. Three successive rounds of 
biopannings were performed with anti-Bla g 2 mAb 7C11  [19]  as 
the capture reagent on protein G beads (NEB), as described in the 
manufacturer’s manual with modifications. In brief, protein G 
magnetic beads were washed with 0.1% Tween-Tris-buffered sa-
line (T-TBS; 50 m M  Tris-HCl, pH 7.5, 150 m M  NaCl) and incu-
bated with blocking buffer [0.1  M  NaHCO 3 , pH 8.6, 5 mg/ml bo-
vine serum albumin (BSA), 0.02% NaN 3 ] for 1 h at 4   °   C to reduce 
nonspecific binding sites. In the first round of biopanning, an 
aliquot of 1.5  !  10 11  plaque-forming units (PFUs) of phage were 
precleared by incubation for 20 min at room temperature with 
mouse IgG mAb 6G-2 of unrelated specificity  [25]  bound to pro-
tein G beads. Unbound phages were then incubated with 300 ng 
of purified mAb 7C11 for 20 min at room temperature. This mix-
ture was incubated for 15 min at room temperature with the BSA-
blocked and washed protein G beads. The phages that did not bind 
to the antibody-coated beads were washed away with T-TBS. The 
phages weakly bound to mAb 7C11 were eluted with 0.2  M  glycine-
HCl, pH 4.0, containing 1 mg/ml BSA. The phages that remained 
bound to the 7C11-coated beads were eluted with 0.2  M  glycine-
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HCl, pH 2.2, containing 1 mg/ml BSA by rocking gently for 10 
min. Eluted fractions were neutralized immediately with 1  M  Tris-
HCl, pH 9.1 to pH 7.0, and cultured on Luria-Bertani plates. The 
PFUs in the eluted fractions were titered with 1  � l of the eluate on 
Luria-Bertani plates containing 20  � g/ml tetracycline. The phage 
in the pH 2.2 eluate was amplified in  Escherichia coli  (E. coli) 
ER2738 at 37   °   C for 4.5 h. Three rounds of this panning procedure 
were carried out, applying the same PFUs of total phage in each 
round. The mAb concentration in the subsequent panning rounds 
was decreased 10-fold from that used in the previous round to se-
lect for the phage that bound to 7C11 with the highest affinity.

  Amplification and Purification of the Selected Phage 
 Thirty-two individual plaques from the pH 2.2 elution frac-

tion from the third round of panning were randomly picked and 
amplified by infecting a log-phase culture of  E. coli  ER2738 by 
shaking at 37   °   C for 5 h. The cultures were centrifuged and the 
phage-containing supernatants were collected and precipitated 
by incubation with 20% (wt/vol) polyethylene glycol 8,000 (Sig-
ma, St. Louis, Mo., USA) and 2.5  M  NaCl overnight, according to 
the NEB protocol. The supernatant was removed by centrifuga-
tion and the phage pellet was suspended in 1 ml TBS and stored 
at 4   °   C.

  Nucleotide Sequencing 
 Phage single-strand DNA was extracted as recommended in 

the NEB manual. The purified phage DNA was sequenced with 
–96g III primer 5 � -HOCCC TCA TAG TTA GCG TAA CG-3 �  
(NEB) by 3100 Capillary Automated DNA Sequencers (Applied 
Biosystems, Carlsbad, Calif., USA) at the Biomolecular Research 
Facility, University of Texas Medical Branch. The amino acid se-
quences of the peptides were deduced from the nucleotide se-
quence.

  Phage ELISA for Assessing the Relative Affinity of Binding of 
Phage Clones to mAb 7C11 
 After 3 rounds of selection, the enrichment and specificity of 

the phage clones were evaluated by ELISAs. Briefly, 3 dilutions 
(10 7 , 10 9  and 10 11  in 100  � l) of phage particles in T-TBS were add-
ed to microtiter wells, coated with 10  � g/ml purified anti-Bla g 2 
mAb 7C11 and incubated overnight at 4    °    C. The wells were 
washed, and bound phage were detected with horseradish perox-
idase-labeled mouse anti-M13 phage antibody (Amersham, Pis-
cataway, N.J., USA), followed by incubation with  o -phenylenedi-
amine dihydrochloride. The absorbance was determined using
a SoftmaxPro 4.0 plate spectrophometer (Molecular Devices, 
Sunnyvale, Calif., USA). A nonspecific streptavidin-binding 
phage clone was used as a negative control.

  Assessing the Specificity of Binding of Phage Clones to
mAb 7C11 
 Inhibition ELISAs were performed to determine the degree to 

which cloned phage inhibited the binding of recombinant Bla g 2 
(rBla g 2) to solid-phase mAb 7C11. Briefly, ELISA plates were 
coated with 10  � g/ml mAb 7C11 in 0.125  M  borate buffer, pH 8.5. 
After washing the wells, selected phage clones bearing the pep-
tides were added to duplicate wells at concentrations of 1  !  10 8 –
10 15  PFU/ml in T-TBS and incubated overnight at 4   °   C. Unlabelled 
rBla g 2 protein was used as a positive control, and a streptavidin-
specific phage was used as a negative control. Wells were washed 

and incubated with 20 ng/ml biotin-labeled rBla g 2 on ice. Bound 
rBla g 2 was detected by incubation with horseradish peroxidase-
conjugated streptavidin, followed by  o -phenylenediamine dihy-
drochloride.

  Sequence Alignment 
 Sequences from the clones were aligned with the Bla g 2 se-

quence using ClustalW multiple sequence alignment.

  Mapping of the Conformational Epitope 
 The EpiSearch  [24]  program was used to map the conforma-

tional epitope recognized by mAb 7C11, based on the peptide se-
quences from the selected phage clones. The algorithm uses the 
peptide sequences from the phage display experiment as input 
and matches these with surface-exposed patches on the 3D struc-
ture of the allergens that possess similar physical-chemical prop-
erties to those of the input peptides. EpiSearch uses 5 quantitative 
descriptors of 20 amino acids, as previously derived by a multidi-
mensional scaling of 237 physical-chemical properties  [26] . The 5 
descriptors correlate well with the hydrophobicity, size and pref-
erences of amino acids in  � -helices, the number of degenerate 
triplet codons and the frequency of amino acids in  � -strands. 
Those 5 quantitative descriptors are used to calculate the physi-
cochemical distance between residues in the input sequences and 
in the surface patches, as described elsewhere  [24] . The X-ray 
crystal structure of the Bla g 2 monomer [Protein Data Bank 
(PDB) ID: 1YG9] was used to define surface patches with a radius 
of 12 Å. Only amino acids of Bla g 2 that have a surface-exposed 
area  6 10 Å 2  were considered constituents of these patches  [27] .

  Comparing the Residues within the Selected Patches on
Bla g 2 with those that Interact with mAb 7C11 in the
Co-Crystal Structure 
 The amino acids within the high-scoring patches were com-

pared with the Bla g 2 residues that interacted with the antibody 
in the co-crystal structure of Bla g 2 complexed with mAb 7C11 
(PDB ID: 2NR6  [19] ).

  Statistical Analysis 
 Groups with statistically significant differences were identi-

fied by the Student’s t test. Differences at p  !  0.05 were defined as 
statistically significant.

  Results 

 Enrichment of the Selected Phage from the Library 
 The results of ELISAs for enrichment of phage during 

each of the 3 consecutive rounds of panning indicated 
that the PFUs of phage bound to the mAb 7C11-coated 
beads increased approximately three-fold between the 
products of the first to third rounds of panning (data not 
shown).

  Peptide Sequences 
 The implied amino acid sequences of the peptides dis-

played on 32 randomly picked clones from the third 

D
ow

nl
oa

de
d 

by
: 

P
ro

vi
de

d 
by

 U
ni

ve
rs

ity
 o

f N
or

th
 T

ex
as

 L
ib

ra
rie

s
12

9.
12

0.
87

.2
24

 -
 1

/1
9/

20
17

 2
:4

2:
58

 P
M



 Tiwari   /Negi   /Braun   /Braun   /Pomés   /
Chapman   /Goldblum   /Midoro-Horiuti    

 Int Arch Allergy Immunol 2012;157:323–330 326

round of panning expressed 1 of the only 2 peptides se-
lected, and these two differed from each other at only one 
position, as follows: peptide 1, Ser Met Met Lys Ala Asp 
Phe  Asp  Glu Glu Pro Arg, and peptide 2, Ser Met Met Lys 
Ala Asp Phe  Glu  Glu Glu Pro Arg. Twenty-four out of 32 
clones expressed peptide 1 and the other 8 clones ex-
pressed peptide 2. Interestingly, the residues that varied 
between the two sequences were both negatively charged 
(underlined).

  Relative Affinity and Specificity of Phage Binding to 
mAb 7C11 
 The binding of 2 phage clones to mAb 7C11 in ELISA 

suggested that binding of both clones required similarly 
high concentrations of phage, though the binding for 
clone 1 (from the dominant clones) was relatively stron-
ger than that for clone 2 ( fig. 1 ; p  1    0.05 for clone 1 vs. 
clone 2 the two high concentrations tested). The ability of 
both phage clones to inhibit the binding of rBla g 2 to 
7C11 ( fig. 2 ) was similar (42% inhibition for clone 1 and 
49% for clone 2 at a concentration of 1  !  10 15  PFU/ml;
p  1  0.05 for clone 1 vs. clone 2 at all concentrations test-
ed), confirming that these two peptides bind to mAb 
7C11 with similar specificity and affinities.

  Sequence Alignment 
 No consensus linear sequence was observed in a

ClustalW multiple sequence alignment between the pep-
tides expressed by the selected phage and the Bla g 2 se-
quence.

  Mapping of Peptide Sequences on the Bla g 2 Structure 
 The two peptide sequences obtained from phage anal-

ysis were mapped on the crystal structure of Bla g 2 using 
EpiSearch. The EpiSearch program uses the 3D structure 
of an antigenic protein and the peptide sequences selected 
from a phage display experiment as input and ranks all 
surface-exposed patches according to the distribution of 
similar amino acids in the peptides and in the patch. Each 
patch predicted on the antigen surface represents a cluster 
of amino acids that have similar physical-chemical prop-
erties to those observed in the peptides expressed on the 
phage display clones  [16] . Using default values of param-
eters in EpiSearch, the analysis was repeated using each of 
the peptide sequences individually and then both peptide 
sequences together as inputs. The analysis using peptide 
1 identified 2 high-scoring patches centered at residue 
Asp100 (score = 1.0) and Asp87 (score = 0.87), respective-
ly. Analysis with peptide 2 identified 1 high-scoring patch, 
centered at Pro61 (score = 1.0), and 1 low-scoring patch, 
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 Fig. 1.  Specificity and affinity for phage binding to mAb 7C11. The 
binding of clones obtained after the third panning to mAb 7C11 
was assessed by ELISA. The two clones bound to 7C11 with simi-
lar affinity, while the control phage did not bind. Mean and stan-
dard deviation of duplicated data were shown.

 Fig. 2.  Phage peptide inhibition of Bla g 2 binding to mAb 7C11. 
The specificity of the binding of phage clones to 7C11 was con-
firmed by ELISA. The phage clones bearing the two different pep-
tides were added to an mAb 7C11-coated plate. Unlabelled rBla g 
2 protein and a streptavidin phage clone served as positive and 
negative controls, respectively. Bound phages were detected with 
biotin-labeled rBla g 2 and HRP-conjugated streptavidin. % inhi-
bition = 100 × [1 – OD(preincubation)/OD(no preincubation)]. 
Mean and standard deviation of triplicate data were shown.
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centered at Arg83 (score = 0.67). The same 4 patches, cen-
tered at Asp100, Pro61, Asp87 and Arg83 ( fig. 3 ), were also 
identified using the sequences of peptides 1 and 2 simul-
taneously. The performance of EpiSearch in mapping all 
4 patches is shown in  table 1 . All 4 of these surface patch-
es on Bla g 2 overlap with each other and share 4 amino 
acids, namely Lys65, Tyr66, Ile67 and Glu86, that were 
present in the genuine epitope-binding site on the Bla g 2 
surface, as shown in  figure 3 . The residues within the 
overlapping regions of these 4 patches correspond to a lin-
ear ‘core’ of amino acids, while the other residues of the 
putative 7C11 epitope were derived from 3 discontinuous 
regions of the Bla g 2 sequence.

  Comparison of the Phage Library/EpiSearch Solution 
with the Co-Crystallization Results 
 The mAb 7C11 recognizes a large conformational epi-

tope on the surface of Bla g 2  [19]  consisting of 18 surface-
exposed residues ( table 2 ). The binding of mAb 7C11 re-
duces the surface-exposed area on Bla g 2 by approxi-
mately 920 Å 2  ( table 2 ). A residue is considered to be part 
of a conformational epitope if its surface area changes by 

more than 10 Å 2  upon formation of a complex with the 
antibody. The amino acids Ser68 and Asp68A, present in 
the linear part of the epitope, also formed contacts with 
the heavy chain. After antibody binding, amino acids 
Lys60, Lys65, Ile67, Asp68 and Arg83 lost more than
50 Å 2  of their surface area, while Try66 and Lys132 lost 
100 Å 2  or more of their surface area ( table 2 ).

  Discussion 

 IgE antibody responses to conformational epitopes of-
ten dominate the allergic response to aeroallergens  [28] . 
Defining the structure of the epitopes from the allergens 
may provide insights into the structural basis of allerge-
nicity, but current techniques often require resources that 
only a few laboratories possess.

  The availability of the crystal structure of Bla g 2  [29]  
(PDB ID: 1YG9) prior to the publication of the co-crystal 
structure of Bla g 2 and mAb 7C11  [19]  allowed us to per-
form a blind evaluation of our phage display/computa-
tional algorithm for identifying and mapping conforma-
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 Fig. 3.  Comparison between the genuine epitope on Bla g 2 surface, obtained from X-ray crystallography, with 
the epitope site predicted by the EpiSearch method. (a) The amino acids in the genuine epitope on Bla g 2 sur-
face are highlighted. The amino acids predicted in the high scoring patches centered at residue D100 (patch 1) 
(b), at residue P61 (patch 2) (c), at residue R83 (patch 3) (d) and at residue D87 (patch 4) (e) are shown.
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tional epitopes. This made it possible to predict which 
residues or 3D regions within the identified epitope were 
most likely to be involved in the interaction with an mAb 
that interfered with the binding of IgE antibody.

  A comparison of the amino acid composition of the 
two peptides expressed on the phage that bound with the 
highest affinity and specificity to mAb 7C11 indicated 
that they had 11 residues in common. No consensus linear 
sequence was observed in a ClustalW multiple sequence 
alignment between the peptides expressed by the selected 
phage and the Bla g 2 sequence. EpiSearch was used to find 
the best matches between the amino acid composition of 
the two peptides expressed by the selected phage and sur-
face-exposed patches on the monomeric crystal structure 
of Bla g 2. The amino acid residues identified in these sur-
face patches were compared with the Bla g 2 residues that 
formed the interface with mAb 7C11 in the co-crystal 
structure ( table 1 ). Out of 18 residues present in the true 
epitope, the phage display/EpiSearch method identified 
12 residues in a patch centered at Asp100, 14 residues in 
patch Arg83 and 8 residues in patches centered at Pro61 
and Asp87, respectively. These 4 patches revealed a total 
of 17 out of 18 residues. All 4 patches overlapped with each 
other, indicating the ability of the modified phage display/
EpiSearch approach to identify not only the probable loca-
tion of the epitope but also specific residues of that epitope 
represented by individual phage peptides. While both 
peptides that were identified bound with a similar affin-
ity and specificity to mAb 7C11, it is possible that human 
IgE antibodies will bind differentially to these peptides. 
This could be of value in developing mutants that reduce 
the allergenicity of Bla g 2.

  EpiSearch has been previously validated using 6 pub-
lished phage display data sets  [24] . In these 6 test cases, 
the conformational epitopes were found within the high-

Table 1.  The performance of the EpiSearch method using two peptide sequences selected with the phage display method

Patch 
No.

Patch center
residue

Interface
residues, n

ColA1 Overlap with
peptides2

Peptide
coverage3

ColB4 Overlap
with epitope5

Epitope
coverage6

1 100 18 22/12 0.54 0.66 22/12 0.54 0.66
2 61 18 17/12 0.70 0.66 17/8 0.47 0.44
3 83 18 20/11 0.57 0.61 20/14 0.70 0.77
4 87 18 19/11 0.57 0.61 19/8 0.42 0.44

Table 2.  Amino acids present on the Bla g 2 surface in contact with 
mAb 7C11

Patch
No.

Residue
No.

Amino
acid

Surface
area in
monomeric
form, Å2

Surface area
upon complex
formation with
mAb 7C11, Å2

Difference 
in surface 
area, Å2

2, 4 60 K 181.3 116.2 65.1
2, 3, 4 61 P 31.2 8.4 22.8
1, 2, 3, 4 65 K 118.0 32.2 85.8
1, 2, 3, 4 66 Y 110.0 9.1 100.9
1, 2, 3, 4 67 I 68.7 1.3 67.4
1, 2, 3 68 S 35.0 9.1 25.9
3 68A D 152.4 20.5 131.9
3 69 G 37.5 3.8 33.7
3 70 N 88.6 56.5 32.1
1, 3 71 V 32.6 14.8 17.8
1, 2, 3 83 R 85.0 20.6 64.4
1, 2, 3, 4 86 E 26.1 9.6 16.5
1, 4 98 Q 110.2 89.1 21.1
1, 3, 4 100 D 22.1 4.0 18.1

128 P 118.4 98.5 19.9
1, 3 130 A 33.5 19.5 14.0
1, 3 131 L 23.2 4.4 18.8
1 132 K 183.3 19.3 164.0

T he surface area was calculated using GetArea (http://curie.
utmb.edu/getarea.html).

T he score profiles of the top 4 patches predicted in EpiSearch 
analysis are listed. The peptide sequences share 8 residues in com-
mon with the Bla g 2 epitope binding site. Not all amino acids in 
the peptide sequences selected from the phage library are present 
in the genuine binding site. 

1 Total number of residues in the predicted patch/number of 
similar residues present in input peptides. 

2 Number of similar residues present in input peptides/total 
number of residues in the predicted patch. 

3 Number of similar residues present in input peptides/total 
number of residues in the epitope binding site. 

4 Total number of residues in the predicted patch/number of 
correctly predicted residues in the epitope binding site. 

5 Number of correctly predicted residues in the epitope bind-
ing site/total number of residues in the predicted patch. 

6 Number of correctly predicted residues in the epitope bind-
ing site/total number of residues in the epitope binding site.
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est-scoring patches from EpiSearch. In the present paper, 
we demonstrated the validity of the combined approach 
of collecting phage display data and performing EpiSearch 
calculations in practice. For other cases, it might be nec-
essary to perform a cluster analysis of the phage display 
sequences before submitting the sequences to EpiSearch. 
For example, if the input peptide sequences have very low 
sequence similarities, then it is difficult to obtain a con-
sensus sequence pattern, and EpiSearch might predict 
many surface patches with low score values. We recom-
mend that EpiSearch users select only surface patches 
with score values of at least 0.7 in the prediction of con-
formational epitopes.

  The experimental results from the phage display pan-
ning suggested that very few 12-mer sequences expressed 
in the phage library bound strongly to mAb 7C11 under 
the conditions that were used. The fact that the two se-
quences that were selected by the panning differed by 1 
residue, and that these residues in both phages (Asp and 
Glu) were negatively charged, strongly suggests that the 
convergence from 10 9  unique sequences to only 2 was due 
to the stringent structural requirements for binding to 
mAb 7C11 in the panning protocol. This finding also in-
dicated the success of the protocol in reducing back-
ground binding of phage to mouse IgG1, protein G and 
the matrix of the magnetic beads. The progressive in-
crease in the binding of the phage from consecutive 
rounds of panning to mAb 7C11-coated beads also sug-
gests a high specificity and avidity of the binding of the 
selected phage to this antibody.

  The encouraging results we describe here may have re-
sulted from the refinements of the phage panning proto-
col that selects phages which bind between pH 4 and pH 
2.2 or the high degree of specificity and affinity of mAb 
7C11 for a highly structured region of Bla g 2. For this 
study, we used a 12-mer library instead of 7-mer or  cis -
conformation-restricted peptides, because it provided 
more diversity of peptide sequences and conformations. 
However, the restricted clonal diversity of the selected 
phage may be due to the relatively low complexity of the 
library that we used (2.7  !  10 9 ), compared to the larger 
number (4.1  !  10 15 ) of all possible peptide sequences 
(considering that each of the 12 positions could have any 
of the 20 amino acids). Nonetheless, our approach allowed 
us to propose an epitopic region that was subsequently 
proven by comparison with the co-crystal analysis.

  In the absence of a larger number of dissimilar phage 
peptides, we found that submitting the sequences from 
two selected peptides individually and together to 
EpiSearch gave an expanded group of solutions (patches). 

This allowed a frequency analysis, based on the hypoth-
esis that Bla g 2 residues that interact well with mAb 7C11 
will recur within the region of intense overlap between 
the selected patches.

  It has been suggested that conformational epitopes 
dominate the allergic reactions to aeroallergens, whereas 
linear epitopes are the major causes of allergy to food al-
lergens  [30] . A growing body of evidence supports the 
importance of conformational epitopes, even for class 1 
food allergens  [23, 31–33] . The detection of IgE epitopes 
in most previous studies has been restricted by methodol-
ogy defining linear sequences that can bind IgE. Systems 
such as EpiSearch that can rapidly identify conforma-
tional epitopes and assign them to structural regions of 
proteins would enhance our understanding of the struc-
tural requirements for allergenicity  [24] . Using phage dis-
play/EpiSearch analysis to characterize the interactions 
between allergens and IgE antibodies may provide a bet-
ter understanding of the structural features of allergens 
that are most likely to elicit IgE sensitization. An addi-
tional application of the phage display technology could 
be the development of Bla g 2 mimotopes based on phage 
peptides, which might allow the development of peptide-
based diagnostics or immunotherapeutics.
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