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Abstract Characterizing conformational B-cell epitopes
is a key step for understanding the immunological basis of
allergy contributed by p-casein. There is no resolved con-
formational structure of f-casein in protein data bank, and
most of the previous research on epitope identification of
B-casein focused on linear epitopes. Hence, the aim of this
study is to map conformational epitopes on B-casein using
molecular modeling and phage display. Phage peptides
bound by the rabbit polyclonal antibodies were selected.
Ten mimotopes were obtained after three rounds of bio-
panning. Analysis on the structural and geometrical proper-
ties of the antibody—antigen complexes that were compiled
from immune epitope database exhibited that the number
of the amino acids comprised in epitope ranged from 11
to 25 with a median number of 17. Epitopes spanned an
area range from 541.4 to 1131.9 A? with a median value
of 782.9 A2 Epitopes were enriched with asparagine,
tryptophan, tyrosine, glycine and lysine, whereas alanine,
cysteine, aspartate, asparagine and serine were prone to
separate the epitopes into fragments. These characteristics
of epitope were used to select epitope candidates based
on mimotopes and conformational structure of P-casein
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that was built by homology modeling. Consequently, four
B-cell IgG epitopes were mapped on p-casein.
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Introduction

Epitope, originally defined in the 1960s [1], can be typi-
cally divided into two categories, linear and conforma-
tional. Linear epitope consists of 8—10 amino acids that are
contiguous in the primary sequence of proteins or peptides,
whereas conformational epitopes are often comprised of
several segments scattered along the sequence, but spa-
tially close as a result of protein folding. Although it is well
acknowledged that conformational epitopes play a more
important role, experimental epitope mapping has mainly
focused on linear epitopes [2]. Several linear epitopes on
B-casein (B-CN) have been reported [3-5]. Research on the
conformational epitopes, however, is still largely insuffi-
cient. This results from the fact that the antigen—antibody
interactions are conformation dependent, making the B-cell
epitope prediction less tractable than T-cell epitope predic-
tion [6]. The direct approach to identifying conformational
epitopes on allergens is to co-crystallize antibody—antigen
complex. However, this method is time-consuming and
cannot be applied to B-CN due to the difficulty for f-CN to
form co-crystal complexes.

Phage display random peptides library (Ph.D.-C7C
Phage Display Peptide Library Kit) consists of a large
number (1.2 x 109) of random peptides. The peptides that
mimic linear and conformational epitopes can bound to
antibody with high affinity and subsequently be selected
and amplified by infecting fresh bacterial host. In this
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“bio-panning” process, phages that display peptide ligands
that can bind antibody are captured on the surface. Non-
binding and non-specifically bound phages are washed
away. After 3—4 rounds of panning, the selected phages
are sequenced. The selected and sequenced peptides are
termed “mimotope” [7]. The consensus sequence of mimo-
topes cannot always be found in the sequence of antigen. In
these cases, the mimotopes that partly represent the “true”
epitopes may be mimics of conformational epitopes. There-
fore, the task to identify epitopes on the base of mimotopes
is not always straightforward. Since mimotopes may lack
sequence homology or contain amino acids from dispa-
rate regions of the antigen structure, the work to forward
the mimotope information into conformational epitopes
more accurately remains to be a challenge in bioinformat-
ics and computational biology. Nevertheless, other than
crystallography, epitope mapping by phage display is still
the most powerful technique in the identification of con-
formational epitopes and is more widely applicable than
crystallography.

Many computational algorithms have been developed
to map epitope on allergens [8—12]. However, the general
consensus is that none of the predictive methods can give
a high level of correct prediction [13]. Almost in all of the
computational algorithms that are based on mimotope to
identify epitopes, such as MIMOP [9], Perpsurf [8], Epi-
search [10], and MIMOX [14], the precise conformational
structure of allergen plays an important role. Beta-CN con-
stitutes up to 38 % of the casein in bovine milk [15]. It is
the most hydrophobic CN because of its large hydrophobic
C-terminal domain. It is also one of the calcium-sensitive
caseins (aS1-CN, aS2-CN and -CN). Since inducing crys-
tal is difficult in the case of B-CN up to date, conforma-
tional structure of B-CN is not available in PDB database.
However, a conformational model has been built up via
energy minimization method [16]. The accuracy has been
evaluated via intramolecular crosslinking in conjunction
with mass spectrometry method [17]. As more and more
conformational structures of proteins have been resolved in
PDB, the work of predicting protein model could become
more accurate. In addition, to predict epitope on allergens
and evaluate the performance of the computational algo-
rithms, characteristics of epitopes derived from the resolved
co-crystal complexes of antigen—antibody were usually
taken into account. With the increase of available resolved
structure of antigen—antibody complex in PDB database,
it is now possible to perform a large-scale analysis on the
epitope characteristics, which could be used as criteria in
the selection of epitope residues.

In our study, a novel algorithm was developed to localize
conformational IgG epitopes on B-CN based on the tertiary
structure and the properties of IgG epitopes. A large-scale
analysis on the qualified antigen—antibody complexes from
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IEDB [18, 19] web server was performed. The properties
of epitopes, such as epitope size, amino acid preference,
interval amino acids, number of amino acids and secondary
structure preference, were extracted from the complexes
dataset. In the step of identifying the epitopes on B-CN,
these properties were taken into account to select epitope
candidates. To obtain mimotopes, Japanese white male
rabbits were immunized with B-CN to produce polyclonal
antibody, followed by isolating specific IgG from the anti-
serum by affinity chromatography. The purified antibody
was incubated with random phage. Phages bound to anti-
bodies with high affinity were amplified to ensure the pool
enriched with binding phages, resulting in positive phages
for mimotopes. Since there is no solved tertiary structure of
B-CN, the models of B-CN were built up using three mod-
eling approaches, followed by an optimization on the pre-
dicted models. Moreover, to test the accuracy of the mode-
ling, the optimal model was chosen and compared with the
experimental structure data previously reported by Livney
[17]. Based on the mimotope and conformational model of
B-CN, a series of filtering steps were applied to the mimo-
tope for identifying the conformational epitopes from qual-
ified epitope candidates.

Materials and methods
Purification of bovine $-CN

Bovine milk was freshly collected from Jiangxi Yangguang
Dairy Co. Ltd., (Nanchang, China). After being filtered
through sterilized gauze, the milk was defatted by centri-
fuging at 6000x g at 4 °C for 20 min. After skimming the
top layer, the pH of the defatted milk was adjusted to 4.6,
followed by incubation at 4 °C for 30 min. Then, the milk
was centrifuged at 4 °C for another 10 min. The precipitate
was collected and freeze-dried. Dried casein powder was
dissolved in Tris/HCI buffer containing 3.3 M urea (San-
gon Biotech, China) and 0.1 % (v/v) B-mercaptoethanol
(Bio Basic Inc., Canada) before being loaded to DEAE-
Sepharose Fast Flow column (GE Healthcare, USA).
Samples were loaded onto the pre-equilibrated column
(1.6 x 25 cm) and eluted at a flow rate of 1.5 mL/min. UV
detection of eluted peaks was carried out at 280 nm. The
target protein was identified by SDS-PAGE and isoelectric
focusing (IEF)-PAGE. Then, purified protein was concen-
trated using Amicon Ultra-15 Centrifugal Filter Unit with a
molecular weight cutoff of 3 kDa.

Preparation of polyclonal antibody

The polyclonal antibodies were generated by immuniz-
ing Japanese white male rabbits according to a standard
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procedure as previously described [21]. Briefly, 2 mg
B-CN was dissolved in 1 mL 0.05 M PBS under stirring,
followed by mixing with 1 mL complete and incomplete
Freund’s adjuvant (Sigma, USA) for the first immuniza-
tion and the booster injections, respectively. 1 ml of the
mixed emulsion was injected to rabbits. Three booster
injections were carried out at 14-day interval. The reactiv-
ity of antiserum against the purified f-CN was measured
by indirect ELISA after each injection. 1 week later after
the last injection, the antiserum was collected and stored
at —70 °C until further use. The performance of animal
experiments was authorized by Institute of Occupational
Medicine of Jiangxi (permission number SYXK (Gan)
2008-003).

The antiserum was then loaded onto Sepharose 4B affin-
ity chromatography column (GE Healthcare, USA). All the
purification procedures were performed according to the
manufacturer’s instructions. The specificity and purity of
the collected antibody were defined by indirect ELISA and
SDS-PAGE [21], respectively.

Selection of mimotopes

Phage display bio-panning technique was used to identify
rabbit IgG-binding epitopes on B-CN. The purified specific
polyclonal antibody was coated on 96-well microplate. The
Ph.D.-C7C Phage Display Peptide Library (New England
Biolabs, Inc., USA) was applied to perform bio-panning
against purified antibody according to the manufacturer’s
instructions. Briefly, purified rabbit IgG was diluted to
100 pg/mL with 0.1 M NaHCO3 pH 8.6. Microplate was
coated with the diluted IgG and incubated at 4 °C over-
night. The wells were then blocked with 3 % bovine serum
albumin at 37 °C for 1 h, followed by three times washing
with TBST (50 mM Tris—HCI, pH 7.5, 150 mM NaCl and
0.1 % Tween 20). Phage with concentration of 2 x 1011
in 100 uL. TBST was added to the wells and incubated at
37 °C for 1 h. After that, unbound phages were washed
away. The bound phages were eluted with glycine/HCI
buffer (0.2 M, pH 2.2), followed by amplification in E. coli
ER2738. After three rounds of panning and amplification,
the individual clones were identified and DNA sequenced.
The amplified culture was centrifuged at 10,000 rpm for
1 min. Then the supernatant was transferred to a fresh tube
containing 200 pL PEG/NaCl, followed by an incubation at
room temperature for 10 min. The solution was centrifuged
for 10 min at 10,000 rpm. The resulting pellet was resolved
in 100 pL iodide buffer. Then, 250 uL ethanol was added
and incubated on ice for 10 min. After centrifugation,
the pellet was collected and washed using 70 % ethanol.
Finally, the pellet was suspended in 30 uL. TE buffer and
stored at —20 °C until DNA sequencing by Sangon Biotech
(Shanghai, China).

Conformational structure modeling of $-CN

Homology modeling, fold recognition and ab initio method
were used to predict conformational structure of 3-CN. For
homology modeling, the Blast tool of PDB (http://www.
rcsb.org/pdb/home/home.do) was used to search for an
appropriate template. Fold recognition and ab initio method
were carried out based on Zhang’s I-TASSER and QUARK
technique (http://zhanglab.ccmb.med.umich.edu/research/).
The steric conflicts and geometry of loop regions were cor-
rected according to the reported method [22]. All of the
models were applied to an optimizing step of energy mini-
mization and molecular dynamics simulations. To evaluate
the quality of the resulting models, Ramanchandran plot
(http://dicsoft].physics.iisc.ernet.in/rp/), WHAT_CHECK
[23], ERRAT and VERIFY_3D of the NIH server (http://
nihserver.mbi.ucla.edu/) were used to analyze the percent-
age of amino acids in allowed region, check the stereo-
chemical parameters of the residues in the model, analyze
the statistics of non-bonded interactions and determine the
compatibility of an atomic model, respectively. Then, the
differences between the selected optimal model and the
conformational data of B-CN reported by Livney et al. [17]
were analyzed. Conformational models of B-CN were dis-
played with PyMOL v0.99 (http://www.pymol.org/).

Epitope data construction and analysis

All the antigen—antibody complexes containing B-cell
epitope information and solved 3-D structure of the antigen
were retrieved from IEDB server (http://www.immuneep-
itope.org/). The complexes were then subjected to a filter-
ing step according to the previously reported criteria [24].
The 3-D structures of qualified complexes were down-
loaded from PDB.

Epitopes of every complex were obtained from IEDB
web server. Then, the number of amino acids in epitope
and surface area that every epitope covers were calcu-
lated. Amino acid frequency in epitope was calculated to
evaluate amino acid preference in epitope. Different amino
acids show different frequencies in protein, and therefore
the epitope may not prefer the amino acids even if these
amino acids may show higher frequencies in epitopes. To
address this problem, frequency of amino acid in epitopes
was compared with that in proteins.

Epitope fragments that are separated by 1-3 amino acids
can be incorporated to one segment. We termed the amino
acids located between every two epitope fragments as the
“interrupt amino acid,” and the frequencies of them were cal-
culated and compared with those of the corresponding amino
acids in protein. In addition, the accessible surface area of
epitope residues and secondary structure preference were
calculated according to the methods of Rubinstein [24].
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Table 1 Alignment of phage peptide (mimotopes) with the primary
sequence of B-CN

Phage Peptide sequence Alignment
1 YYKRHLQ H E Minotope
P B-CN
180 186
2 EDQRHLQ Minotope
T B-CN
36 £
3 YYPRHLQ Y Y Minotope
M A K B-CN
102 108
4 ATKRHLQ Minotope
2, B-CN
40 46
5 LCPRHLQ Minotope
A K B-CN
102 108
6 AQQRHLQ

=]
= =

E Minotope
B-CN

=
S
c}
K

Epitope mapping on g-CN

The sequenced mimotopes were aligned to the primary
sequence of bovine B-CN. The amino acids located around
the geometrical center of the sequence that corresponds to
mimotope were defined as central amino acid, which also
should show high frequency in epitope and low frequency
in “interrupt amino acid.” Taking the central amino acid
as central point, scout for amino acids included in an area
extends 1130 A? on the surface of conformational structure
of protein. The selected amino acids were then subjected
to a filtering step. Firstly, the amino acids with accessible
surface area (ASA) in the 3-D structure of protein less than
5 % of their maximal ASA [25] were eliminated. ASA was
calculated using Surface Racer Program [26] with a probe
radius of 1.4 A. In addition, we defined Q as the relative
amino acid frequency which was calculated as Q = (e-n)/n,
where e is amino acid frequency in epitope, n denotes the
amino acid frequency in protein. As the Q value increased
from —100 % to 0, the number of the amino acids com-
prised in the epitopes decreased. Once the number of amino
acids in all epitopes decreased to less than 17, the Q value
was set as a threshold to additionally eliminate amino acids
with O below this value from epitope residue candidates.

Results
Preparation of antibodies and selection of mimotopes

Beta-CN with 90 % of purity was used for white rabbit
immunization. After three times of booster immunizations,
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the titer of serum that was detected by indirect ELISA
increased to 1:240,000. Thirty phage clones specifically
reactive to antiserum against the purified B-CN were
selected for DNA sequencing, which resulted in 10 dif-
ferent mimotopes after three rounds of bio-panning. Six
regions were recognized when these mimotopes aligned
with the primary sequence of B-CN (Table 1).

Molecular modeling

Conformational models of B-CN predicted using differ-
ent approaches were presented in Fig. 1. The structure of
o-helix can be found in all of the models, whereas there
were no B-sheets and some other secondary structures. The
accuracy of the models was evaluated by the NIH structure
analysis and verification server (http://nihserver.mbi.ucla.
edu/SAVES/). After that, the homology model (Fig. la)
was proved to be the optimal model in this study.

The optimal model was energy-minimized and applied
to molecular dynamics simulations under different force
fields. After that, intramolecular distances of some resi-
due pairs were measured and compared with the length of
crosslinks [17] that link the corresponding residue pairs
(Table 2). Length (L) of crosslinks that connect some
amino acid pairs has been analyzed previously using mass
spectrometry [17]. The distances between correspond-
ing amino acid pairs were also calculated in the optimal
model that was built in this study as well as in the model
of Kumosinski [16], denoted as D and D’, respectively.
The less differences between D and L (d) or D’ and L
(d’), the more similarities between the models and the
conformational data reported by Livney et al. As shown
in Table 2, D was in good agreement with L in some
amino acid pairs, especially for K97-K107, K48-K113
and R1-K113. Except for the residue pairs R1-K176 and
K32-K113, the differences between the distances calcu-
lated by our model and lengths (L) of crosslink were less
than that between the distances calculated by the model of
Kumosinski [16].

Epitope mapping on g-CN

A dataset of 259 antibody—antigen co-crystal complexes
was obtained from IEDB. Then, it was subjected to a filter-
ing process, resulting in seventy-five qualified complexes.
All of the conformational structures of the qualified com-
plexes were downloaded manually from PDB. The number
of amino acids, size of the epitope area, amino acid prefer-
ence and interrupt amino acid preference of the complexes
were analyzed and are shown in Fig. 2. These analyses
revealed that the number of the amino acids (AAs) com-
prised in epitopes ranged from 11 to 25 with a median
number of 17. Epitopes were enriched with asparagine
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Fig. 1 Predicted models (A)
of B-CN using homology
modeling (a), fold recognition
(b) and ab initio method (c).
The accuracy of these models
was evaluated by the NIH web
server. The optimal model was
applied to further energy mini-
mization and MD stimulations.
Distances (shown in blue dash
line) between some residue
pairs of the final model (d) were
calculated by PyYMOL v0.99.
All the models were illustrated
with PyMOL v0.99

(B)

(D)

Table 2 Model tested by the length of crosslinks between some residue pairs of B-CN

Cross-linked residues Distance (D) by our Distance (D') by Length (L) of crosslink  Difference (d) Difference (d’)
model (A) reported model (A)* A (d=L-D)(A) (d' =L-D") (A)

R1-K32 19.2 19.7 15.1 —4.1 —4.6
K105-K176 18.1 40.6 23.9 5.8 —16.7
K32-K113 15.1 214 214 6.3 0

R1-K113 14.9 4.9 15.1 0.2 10.2

R1-K107 23.0 13.4 18.8 —4.2 54
R1-K176 34.6 25.7 214 —13.2 —4.3
K97-K107 23.5 9.6 214 2.1 11.8
K48-K113 24.6 222 26.4 1.8 4.2

* Reported by Kumosinski et al. [1]
# Reported by Livney et al. [2]

(N), tryptophan (W), tyrosine (Y), glycine (G) and lysine
(K), whereas leucine (L), phenylalanine (F), cysteine (C),
methionine (M) and alanine (A) were not significantly
overrepresented in epitopes. Although aspartate (D), argi-
nine (R) and threonine (T) showed high frequencies in
epitope, they also highly enriched in protein. There were no
significant differences between their frequencies in epitope
and protein. Moreover, epitopes span an area ranging from
541.4 A to 1131.9 A? with a median value of 782.9 A%
Alanine (A), cysteine (C), aspartate (D), asparagine (N)
and serine (S) tend to separate the epitopes into several
fragments. In addition, further analyses on the secondary

structure preference of epitope have been performed, and
no general conclusion can be drawn from the results (data
not shown).

According to the results of alignment and statistical anal-
yses of dataset, four central amino acids, Q38, K107, N132
and R183, representing four epitope regions were located.
Based on the central amino acids, four clusters of epitope
candidates were obtained after searching for the epitope
candidates on the surface of B-CN (Table 3). Then all these
epitope candidates were subjected to a filtering process. The
amino acids with relative ASA <5 % were eliminated. When
Q increased from —100 % to 0, the number of epitope
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8
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Fig. 2 Statistical analysis of B-cell epitopes on protein. Seventy-five
qualified antigen—antibody complexes were used for the analyses of
amino acids preference in epitope and protein (a), interrupt amino
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14 | W Frequency in epitope
12 L W Frequency in protein
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W
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Epitope

0

acids frequency (b), epitope size (¢) and the number of amino acids
that are included in one epitope (d)

Table 3 Central amino acids of each IgG-binding region and epitope candidates selected by searching on the surface of antigen

Epitope number Central AA Epitope candidates

1 Q38
51,T154,V155,F157,P158

K107

N132

R183

E4,E5,L6,N7,E11,V13,130,K32,F33,Q34,S35,E36,E37,Q38,P138,L.139, S142,W143,H145,Q146,Q149,P150,L1

E11,V13,123,R25,126,K29,130,F33,Q34,S35,E36,E37,569,P71,K99,K105,H106,K107, E108,M109,P110,F157
F87,L.88,Q89,P90,E121,L127,T128,D129,V130,E131,N132,L133,L135,P136,L.137,P138,L139
L70,P71,174,P75,K105,M156,F157,P158,P159,Q160,S161,V162,1.163,5164,Q167,5168,K168,V170,L171,

R183,L191,E195,P196,V197,L.198,G199,1208

amino acids decreased. All the four epitopes comprise less
than 17 amino acids when Q increased to a value between
—50 and —25 % (Fig. 3). Therefore, the threshold of O was
set as —50 %. The amino acids with Q < —50 % were addi-
tionally eliminated. Finally, four B-cell IgG epitopes were
localized on the 3-D structure of B-CN (Fig. 4).

As shown in Fig. 4, the four B-cell IgG-binding regions
of B-CN consist of 15, 17, 18 and 18 residues, respectively.
Each of them was also composed of more than one con-
tinuous segment. Most of these segments were separated by
one or two amino acids residues.

@ Springer

Discussion

Prediction and identification of epitopes on allergens are
still an uncertain and time-consuming task, especially for
conformational epitopes. A predicted structure of p-CN
was used in this study to map conformational epitopes.
Beta-CN is the most hydrophobic one among the caseins.
It is difficult for B-CN to form crystals, and this may be due
to the fact that it is dependent on environment surrounding
and its propensity for self-association [27]. Currently,most
of the methods used for predicting conformational epitopes
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Fig. 3 Change of the number 30
of amino acids that are included

in epitopes as a function of Q.

QO was defined as the relative 25
amino acid frequency and can
be calculated as Q = (e-n)/n,
where e is the amino acid fre-
quency in epitope and n denotes
the amino acid frequency in
protein. The amino acids with a
Q value lower than a certain Q
threshold were eliminated from
the epitope candidates’ cluster

Number of amino acids

0L

-+- Epitope 1

~___:: - --#- Epitope 2
.- .

\\. ~~~~~~~ —a—Epitope 3

~ - —= Epitope 4

Fig. 4 Predicted confor-
mational B-cell epitopes on
B-casein. Antigen is indicated
by white ribbons. Epitopes are
colored green and shown with
space-filling model. Residues
that are included in each epitope
are shown above the 3-D
structures. All the models were
illustrated with PyMOL v0.99

L6, N7, V8, P9, GI10,
, W143, H145, Ql46,

P136, P138, L139

-125 -100

P138, L139,
P147, Q149, P150

P60, F61, P62, 188, Q89, P90,
D129, V130, E131, N132, L133,

Q (%)

126, K28, K29, 130, K32,

M109, P

L127, Ti128
H134, L135

P158, P159, Q160, S161, V162, L163
1187, QI188, A189, F190, L191, L192
Q194, E195, P196, V197

on allergens have been based on the tertiary structures.
Therefore, an accurate conformational structure is essen-
tial to get more reasonable results of identifying epitope
on allergen. Kumosinski et al. [16] predicted a model for
B-CN based on ab initio method and the secondary struc-
ture information resulting from Raman spectroscopy. The
author reported that this model was in good agreement with

biochemical cleavage results for plasmin and chymosin
action on B-CN. Moreover, Livney et al. studied the tertiary
structure of B-CN using crosslinking method and com-
pared their results with the predicted model of Kumosin-
ski. They found that their results were mostly inconsistent
with this model. In this study, we built the homology model
for B-CN and performed the energy minimization and
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molecular dynamics simulations on it. As shown in Table 2,
most of our results are in better agreement with the length
of the crosslinks than the model of Kumosinski. However,
the distance between the residue R1 and K176 calculated
by our model is much longer than the length of crosslink,
and this may be due to the use of urea with high concentra-
tion that may alter the conformational structure of proteins
during the preparation of f-CN. The concentrated urea
decreases the hydrophobic effect and directly binds to the
amide units via hydrogen bonds, resulting in the changes in
the conformational structure of proteins [28].
Characteristics of the 75 epitopes were comprehensively
analyzed in our study. Asparagine (N), tryptophan (W),
tyrosine (Y), glycine (G) and lysine (K) showed high pro-
pensities in epitope. Among them, N, W and Y are polar
residues. The similar results have been found by other
researchers [29]. Tryptophan (W) and tyrosine (Y) were
also previously reported to with preference in epitopes [24,
30]. In addition, alanine (A), aspartate (D) and asparagine
(N) were found to be liable to absent from epitopes [31].
The properties of residues in epitopes in our work may be
different with those reported by other groups. This may
be due to the fact that some studies compared the epitope
residues with residues in protein, while other studies may
just take residues located on the surface of allergens into
account. Another factor is the differences in data sets. As
the increase in the amount of the resolved co-crystal struc-
ture of antigen—antibody complex, the future data sets used
for analysis of epitopes would become more complete.
In addition, as the complex is usually different from the
structure of respective binding sites in the free antibody
and antigen molecules, the conformational structure infor-
mation that is obtained from resolved co-crystal structure
of antigen—antibody complex is not suitable to be directly
used as criteria in the selection of epitope candidates [13].
We found that the epitopes consist of 11-25 residues
whose side chains expose to a higher extent, and they cover
an average area around 800 A2 Moreover, epitopes are
enriched with polar and charged residues and located in a
relatively protruding area. All these characteristics of the
epitopes distinguish them from the remaining antigen sur-
face. Neighbors of the B-cell epitope carry useful informa-
tion that can help discriminate better between epitopes and
non-epitopes [6]. This makes the recognition and binding
between the epitope region and the complementarity-deter-
mining regions (CDR) of the antibody much easier.
Epitope candidates have been obtained from bio-pan-
ning and the followed “select and filter” steps. Phage dis-
play random peptides library was used to map conforma-
tional epitopes on B-CN. These cyclic peptides displayed
on the phage are structurally constrained, and thus they
are capable to bind CDR of the antibody. Unbound pep-
tides were washed away, and bound phages were eluted for
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amplification and the subsequent bio-panning. This bio-
panning method has been widely used in selecting peptides
with a high affinity to a given target. The results differ with
the use of different peptide library. The peptide library used
in our study consists of peptides with only seven residues.
However, some epitopes consist of more residues, and no
enough information can be obtained from the alignment of
linear sequences of the selected peptides to the sequence of
the antigen, especially for conformational epitopes. In this
work, the selected peptides represent discontinuous frag-
ments of amino acids that may not have a high sequence
homology to the antigen, and thus the peptides can partly
represent “true” epitopes. In addition, some of the mimo-
topes may reflect noisy biological observations and should
be filtered out in the analysis. Hence, the combination of
phage display method and computational method is neces-
sary to map the panel of affinity-selected peptides on the
surface of a target allergen.

Four conformational epitopes on B-CN were originally
found in our study. Each epitope consists of several frag-
ments. These fragments may “survive” from gastrointesti-
nal digestion and then get access to immune system. This
process obscures the boundary between the linear and con-
formational epitope. Previously, Senocq et al. [32] have
found six antigenic determinants at sequence 4-8, 14-24,
33-48, 49-91, 178-183 and 184-209 of B-CN. These
determinants consist of 1,4, 1, 2, 1 and 5 epitopes, respec-
tively. In respect of this work, the peptides 5-10, 60-62,
88-90 and 187-197 of B-CN were in good agreement with
the results of Senocq [32], while peptides 138—150, 23-35,
105-110, 127-139 and 158-164 were not. Twenty-one
murine monoclonal antibodies were used in their study,
whereas we have mapped the conformational epitopes on
B-CN that are recognized by rabbit polyclonal antibod-
ies. This may partly account for the discrepancy between
the two studies. The IgE-binding regions, AA 107-120
and AA 55-70, have been identified in the study of Lis-
son et al. [33]. These two epitopes overlap with the B-cell
binding regions identified in this study, indicating that
some peptides could be identified by both of IgE and IgG
antibodies. Similar conclusion can be drawn from some
previous reports [34]. In another work, determinants at
sequence 1-25, 26-60, 61-93, 94-102, 103-109, 110-144
and 157-185 of B-CN were identified by rabbit polyclonal
antibodies [35, 36]. Peptides 23-35 and 138-150 identi-
fied in our study are out of the determinant regions derived
from the cited works. It may be caused by the dramatic dif-
ference between individual immune responses of rabbits.
Moreover, parts of these two peptides were located at the
a-helix region of our model, whereas there is no particular
structure in these two regions according to the model of
Kumosinski [16]. According to the casein micelle model
created by Horne [37], phosphoserine-rich region of $-CN
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was buried inside the micelle structure, and it is difficult
for the fragments in this region to be identified by the
immune system. In the study of Johansson [38], monoclo-
nal antibodies specific to casein micelle did not identify
the peptides in the phosphoserine-rich region (sequence
1-25). However, sequence 5-10 of B-CN was found as part
of the conformational epitope in our study, and this dis-
crepancy may originate from the use of B-CN instead of
casein micelle.

Conclusions

Four B-cell IgG-binding regions on B-CN can be recog-
nized by rabbit polyclonal IgG antibody. All of the IgG
epitopes were composed of more than one continuous
segment which were separated by one or two amino acids
residues. The epitopes are enriched with asparagine (N),
tryptophan (W), tyrosine (Y), glycine (G) and lysine (K),
whereas the amino acids alanine (A), cysteine (C), aspar-
tate (D), asparagine (N) and serine (S) are prone to separate
the IgG epitopes into several fragments.
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