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Abstract:

a-Lactalbumin represents one of the major allergens causing cow milk allergy. Few studies have clearly

evaluated immunological relationships between immunoglobulin E (IgE) and immunoglobulin G (IgG)-binding epitopes

of a-lactalbumin. IgE- and IgG-binding epitopes were immunolabeled with individual sera from cow milk-allergic

patients. Alanine scanning of immunodominant epitopes was used to identify the critical amino acid (aa). Our initial
data revealed Val®, Phe”, Arg'®, Tyr'®, Leu'"®, and His'"” were the critical aa for IgE-binding epitope. The critical aa of
IgG-binding epitopes were Phe”, Leu', Pro?*, Trp?®, and His*?. This study will provide necessary information to alter
the cDNA to encode a protein capable of activating milk-specific T cells, but with reduced IgE- or IgG-binding capacity.
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Introduction

Cow’s milk allergy (CMA) is a common and often transi-
tory disease affecting approximately 2.5% of children less than
2 years of age (Osterballe and others 2005). The majority of chil-
dren “outgrow” their cow’s milk allergy by 3 to 4 years of age.
However, 15% of infants with immunoglobulin E (IgE)-mediated
CMA retain their sensitivity into the second decade (Sampson
2003).

Milk contains caseins and whey proteins, accounting for 80%
and 20% of total protein, respectively. oi-, oo-, B-, and k-
caseins as well as the whey proteins, a-lactalbumin (ALA) and
B-lactoglobulin (BLG) are the most important allergens. ALA is
a monomeric globular protein of 123-amino acid (aa) residues
with a molecular weight of 14.4 kD and 4 disulfide bridges
(Wal 1998). Marked homology is found between bovine and hu-
man ALA, with 74% of the residues identical and another 6%
showing chemical similarity. It possesses a high-affinity binding
site for calcium, which stabilizes its secondary structure. Its hy-
drophilic profile suggests that the major antigenic site is located
on peptide corresponding to aa 5 to 18, which corresponds to the
homologous sequence 124 to 134 on the BLG molecule (Jirvinen
and others 2001).

An epitope is the part of an antigen that is recognized by B cell
(IgE and immunoglobulin G [IgG] antibodies), and T cells. In-
formation regarding the immunodominant epitopes may be useful
in the development of more specific diagnostic methods of CMA
and eventually lead to safe, effective therapeutic approaches for
patients with CMA. In the current study, a region was defined as
an epitope if it was statistically associated with reactive groups and
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recognized by at least 65% of reactive patients. Significantly higher
levels of IgG antibodies against certain milk proteins have been
found in children with persistent CMA (Host and others 1992;
James and Sampson 1992) and adult milk-intolerant patients (Little
and others 1998). Few studies have clearly evaluated immunolog-
ical relationships between IgE- and IgG-binding epitopes of cow
milk allergens.

Previous reports on mutational analysis of other food allergens,
such as the peanut allergens Ara h1, Ara h2, and Ara h3, showed
that single aa substitutions within each IgE-binding epitope led
to elimination or marked reduction of IgE-binding by antibod-
ies within pooled sera from peanut-allergic patients (Burks and
others 1997; Stanley and others 1997; Rabjohn and others 1999).
Our initial study found the critical aa residues of IgE and IgG
immunodominant epitopes for reducing the allergenicity of B-
lactoglobulin and oy -casein (Cong and Li 2012; Cong and others
2013).

In this study, we aimed to map IgE and IgG epitopes using sera
from infant patients allergic to cow milk and found the critical aa
for reducing the allergenicity of az-lactalbumin by alanine scanning
analysis.

Materials and Methods

Sera from patients with CMA

Sera from 8 patients with documented cow milk hypersensi-
tivity (the median age at the time of collection of sera was 1 y;
range: 6 mo to 3 y) were used to identify IgE- and IgG-binding
epitopes and the critical aa for these epitopes. Cow milk specific
IgE antibodies ranged from 25 to 100 kU/L as measured by CAP
System FEIA (Phadia Diagnostics Uppsala, Sweden). All 8 patients
presented atopic dermatitis as clinical symptom. Five non—milk-
allergic children (aged 1-3 y) with atopic dermatitis and allergy
to other foods (that is, tomato, shellfish, peanuts, and nuts) were
used for control sera. Informed consent was obtained from the
patients and their parents and the study was approved by Beijing
Friendship Hospital (Beijing, China).
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Table 1-The peptides synthesized based on the sequence of a-lactalbumin.

Code Sequence aa Position Code Sequence aap
P1 EQLTKCEVFRELKDL 1-15 P15 NICNISCDKFLDDDL 71-85
P2 CEVFRELKDLKGYGG 6-20 P16 SCDKFLDDDLTDDIM 76-90
P3 ELKDLKGYGGVSLPE 11-25 P17 LDDDLTDDIMCVKKI 81-95
P4 KGYGGVSLPEWVCTT 16-30 P18 TDDIMCVKKILDKVG 86-100
P5 VSLPEWVCTTFHTSG 21-35 P19 CVKKILDKVGINYWL 91-105
P6 WVCTTFHTSGYDTQA 26-40 P20 LDKVGINYWLAHKAL 96-110
pP7 FHTSGYDTQAIVQNN 31-45 P21 INYWLAHKALCSEKL 101-115
P8 YDTQAIVQNNDSTEY 36-50 P22 AHKALCSEKLDQWLC 106-120
P9 IVQNNDSTEYGLFQI 41-55 P23 CSEKLDQWLC EKL 111-123
P10 DSTEY GLFQINNKIW 46-60

P11 GLFQINNKIWCKDDQ 51-65

P12 NNKIWCKDDQNPHSS 56-70

P13 CKDDQNPHSSNICNI 61-75

P14 NPHSSNICNISCDKF 66-80

Synthesis of a-lactalbumin-derived peptides

For mapping and characterization of a dominant epitope and a
critical aa, a lot of peptides (15 aa in length) based on the sequence
of a-lactalbumin, were synthesized using the multiple method
according to the Fmoc (9 fluorenylmethoxy carbonyl) strategy
(Ruiter and others 2006). The alanine substitution scanning of a
single aa residue of a dominant epitope was used to identify the
critical aa.

Synthesis of the peptides was accomplished on a peptide syn-
thesizer (Applied Biosystems 431) using an Fmoc-aa-Wang-resin
containing free hydroxyl groups. Synthesis of each peptide was
started by esterification of an Fmoc-aa to Wang-resin. After wash-
ing, all aa residues were blocked by acetylation to render them un-
reactive during the subsequent steps. Fmoc protective groups were
then removed by addition of piperidine to render nascent peptides
reactive. Each additional Fmoc-aa is esterified to the previous one
by this same process. After addition of the last aa in the peptide,
the aa side chains de-protected and the resin was cleaved using a
mixture of 1:1:0.05 (by volume) dichloromethane/trifluoroacetic
acid/triisobutylsilane, followed by washing with dichloromethane
and methanol. After filtration, cleavage reagents were removed
in wvacuo, the crude peptides were precipitated with ice-cold
tert-butylmethyl ether, dried in wvacuo, dissolved in water, and
lyophilized.

The crude peptides were purified by Cyg reverse-phase HPLC
(Macherey-Nagel GmbH &Co. KG, Diiren, Germany) at a flow
rate of 12.0 mL/min and a gradient of 1% acetonitrile per min.
Acetonitrile/water with 0.1% trifluoroacetic acid was used as the
eluting solvent, and 50 mg/mL synthetic peptides were loaded.

IgE-binding assay

An IgE ELISA was performed as described by Cocco and oth-
ers (2003). Before immunological detection, the purified peptides
were coupled with BSA. Then, the peptides reacted with BSA
were added to 96-well plates. Peptides were incubated with indi-
vidual serum for IgE-binding epitopes or the serum pool for iden-
tifying the critical aa. These sera were from patients with CMA di-
luted (1:10) in a solution containing Tris-NaCl (10 mM Tris-HCl
and 500 mM NaCl, pH 7.5) and 1% BSA for 2 h at 37 °C. The
primary antibody was detected using monoclonal mouse-anti-
human IgE (1:2000; Pharmacia & Upjohn Diagnostics, Uppsala,
Sweden) conjugated to horseradish peroxidase and subsequently
stained for peroxidase activity with 4-chloro-1-naphtol staining,
and then expressed as the optical density at a wavelength of
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450 nm. Between each step, plates were washed 5 times with Tris-
buffered saline containing 0.1% Tween 20. Nonspecific binding
was studied using serum from nonallergic individuals and allergic
individuals (but not cow milk allergic). An epitope can be con-
sidered immunodominant if it is recognized by above 65% serum
IgE from the majority of patients with cow milk hypersensitivity.
Critical aa were defined as those that resulted in loss of IgE binding
when substituted by alanine residue.

1gG-binding assay

A modified IgG ELISA was performed as described previously
(Jarvinen and others 2001). Peptides were incubated with indi-
vidual serum sample for identifying IgG-binding epitopes or the
serum pool for identifying the critical aa from patients with cow
milk hypersensitivity diluted (1:20) in a solution containing Tris-
NaCl (10 mM Tris/HCI and 500 mM NaCl; pH 7.5) and 1%
BSA for 2 h at 37 °C. The primary antibody was detected using
monoclonal goat-anti-human IgG (1:3000; Pharmacia & Upjohn
Diagnostics) conjugated to horseradish peroxidase and subse-
quently stained for peroxidase activity with 4-chloro-1-naphtol
staining, and then expressed as the optical density at a wavelength
of 450 nm. Between each step, plates were washed 5 times with
Tris-buffered saline containing 0.1% Tween 20. Nonspecific bind-
ing was studied using serum from nonallergic individuals and al-
lergic individuals (but not cow milk allergic). An epitope can be
considered immunodominant if it is recognized by above 65%
serum IgG from the majority of patients with cow milk hyper-
sensitivity. Critical aa were defined as those that resulted in loss of
IgG binding when substituted by alanine residue.

Statistical analysis

Statistical analysis was performed using Microsoft Excel 2010.
All determinations were carried out in triplicate. Significant differ-
ence between data was assessed after ANOVA using the Kruskal—-
Wallis test at a confidence level of 95%.

Results

Peptide synthesis

Based on a lot of synthesizing peptides, it was possible to identify
individual IgE- and IgG binding epitopes within the larger regions
of the a-lactalbumin molecule. As shown in Table 1, 23 peptides
were synthesized, and the purity of these peptides was above 85%.
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Table 2-The IgE-binding epitopes of a-lactalbumin.

P10 | P11

P12 | P13 | P14 | P15 | Pl6

A total of 23 peptides were recognized by 8 sera. P1 to P23 represents the code of 23 peptides; No.1 to No.8 represents the code of 8 sera. - strong binding (OD 0.50 to 0.70)

Identification of IgE-binding epitopes

As shown in Table 2, IgE antibodies from 8 patients showed
binding to at least 1 linear peptide when 23 peptides were rec-
ognized. Peptides coded as P1 at aal-15 and P21 at aal01-115
were identified by IgE from 8 sera. The sequences at aa6-20 and
2a46-60 were identified by 7 of 8 sera. The region at aa71-85 was
identified by 6 of 8 sera. The peptides coded as P11, P14, P20,
and P22 were recognized by 3 of 8 sera. Other peptides coded
as P3, P4, P6, P7, PS, P9, P12, P13, P16, P17, P18, P19, and

P23 were also recognized by individual serum samples. Therefore,

- moderate binding (OD 0.25 to 0.49) E weak binding (OD 0.1 to 0.24) I:l No/weak binding (OD < 0.10).

5 IgE-binding epitopes were identified at aal-15, aa6-20, aa46-60,
2a71-85, and aal01-115, depicted in red on the 3D structure of
a-lactalbumin in Figure 1. Sera from non—milk-allergic children
showed weak reaction with synthesized peptides (data not shown).

Identification of IgG-binding epitopes

The intensity of IgG binding to each peptide was determined
as a function of that patient’s specific IgG binding to these
23 peptides (Table 3). Individual sera showed different I[gG-binding
ability to these 23 peptides. The sequence of aa6-20 (coded as P2)

Figure 1-The 3D structure of «-
lactalbumin. The IgE-binding epitopes
are depicted in red; the 1gG-binding
epitopes are depicted in green; the
overlapping regions between IgE- and
1gG-binding epitope are depicted in
yellow; the other regions are in light
blue. The critical amino acids residues
are shown and marked in black. The
numbers indicate the position of each
residue in the a-lactalbumin protein.
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Table 3-The IgG-binding epitopes of a-lactalbumin.

P22 | P23

A total of 23 peptides were recognized by 8 sera. P1 to P23 represents the code of 23 peptides; No.1 to No.8 represents the code of 8 sera. - strong binding (OD 0.50 to 0.70)

moderate binding (OD 0.25 to 0.49) I:] weak binding (OD 0.10 to 0.24) I:l No/weak binding (OD < 0.10).

and aa21-35 (coded as P5), considered as IgG-binding epitopes,
were recognized by 8 of 8 patients sera. The peptide at aa36-50
(coded as P8) and 2a86-100 (coded as P18), also considered as
IgG-binding epitope, were identified by 6 of 8 sera. The peptides
coded as P4, P9, P11, and P13 were recognized by 3 of 8 sera.
P1, P3, P6, P7, P10, P12, P14, P15, P17, P19, P20, P22, and P23
were all identified by individual serum samples. Therefore, 4 IgE-
binding epitopes were identified at aa6-20, aa21-35, aa36-50, and
2a86-100, depicted in green on the 3D structure of a-lactalbumin
in Figure 1. Sera from non-milk-allergic children showed weak
reaction with synthesized peptides (data not shown).

Characterization of the critical aa of the IgE-Binding
epitopes at aal-15 and aa101-115

The aa essential to IgE binding in the epitope at aal-15 were de-
termined by synthesizing duplicate peptides with single aa changes
at each position. These peptides were then probed with pooled
serum IgE from 8 patients with cow milk hypersensitivity to deter-
mine if the change affected cow milk-specific IgE binding (results
are shown in Figure 2). Peptides at aal-15 with alanine substituted
for Val®, for Phe’, and for Arg'® were not recognized by pooled
serum IgE. Compared with the control group (no aa substitutions),
the intensity of other peptides with alanine substituted for one of
the aa residues showed no significant difference.

The critical aa for IgE-binding epitope at aa101-115 were also
probed with pooled serum IgE from 8 patients, data shown in
Figure 3. Peptides with alanine substituted for Tyr!'®, for Leu!*®,
and for His!"” were not identified by pooled serum IgE. The OD
value of other peptides with alanine substituted for one of the
aa residues showed no significant difference compared with the
control group.

Based on above experiments, Val®, Phe’, and Arg“’ are the aa
essential to IgE binding epitope at aal-15. Tyr'®, Leu'”, and
His'"” are the critical aa for the epitope at aal01-115. These
critical aa residues were depicted in Figure 1.

Characterization of the critical aa of the 1gG-binding
epitope at aa6-20 and aa21-35

To identify the aa critical for IgG binding in the sequence of
2a6-20, a series of related peptides were synthesized with alanine
substitutions at each position and their IgG-binding abilities were
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evaluated (Figure 4). A significant loss of IgG binding was observed
for 2 aa, one with alanine substituted for Phe’ and the other with
alanine substituted for Leu!®. Substitution of other position on
this peptide did not cause a consistent decrease in IgG binding.

A significant loss of IgG binding was observed for 3 aa in the
sequence of aa21-35, shown in Figure 5. Peptides with alanine
substituted for Pro**, for Trp26, and for His*?> were not identified
by pooled serum IgE. Compared with the control group, the OD
value of the peptide with alanine substituted for Thr?® significantly
decreased, the other peptide showed no significant difference.

Therefore, Phe” and Leu'® are the aa essential to IgE binding
epitope at aa6-20. Pro**, Trp?®, and His*? are the critical aa for
the epitope at aa21-35. These critical aa residues were depicted in
Figure 1.

Discussion

CMA is an IgE-mediated type I immunological reaction, caus-
ing the systemic clinical symptoms of urticarial, bronchial con-
striction, angioedema and anaphylactic reactions following contact
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Figure 2-Single aa changes to peptide at aa 1-15 result in loss of IgE
binding to this epitope.

The letters across the bottom of each panel indicate the 1-letter aa code
for the residue normally at that position and the aa that was substituted
for this residue. The numbers indicate the position of each residue in a-
lactalbumin protein. The control group indicates the native epitope (no aa
substitutions). OD, optical density.
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with cow’s milk. However, further delayed or late immunologi-
cal reactions mediated through cytokines and immunoregulatory
cells are included in the clinical spectrum of CMA, for example,
atopic dermatitis (Savilahti 1981). In this study, all 8 patients pre-
sented atopic dermatitis as clinical symptom. We were interested
in recognition patterns of sequential epitopes of ALA compared
to the previous similar work which would have used sera from
patients with immediate reactions in western countries. Different
recognition patterns of sequential epitopes of ALA might reflect
the clinical reactivity of ALA-sensitized individuals. Identification
of the conformational epitopes of ALA will be our future work.

The IgE binding epitopes at aal-15 observed coincide with
allergenic epitopes reported by Adams and others (1991) although
exact comparisons are difficult to perform because the tryptic
cleavage of ALA yields considerably longer residues or the different
synthetic design based on the sequence of ALA. Our study found
the other IgE-binding epitopes at aal01-115, aa6-20, aa46-60,
and aa71-85. Furthermore, some peptides were not recognized
by any patient sera because they may be located in hydrophobic
region in the inner core of ALA.

We identified 4 IgG binding sequences on ALA which were
2a6-20, 21-35, 36-50, and 86—100, in partial agreement with ear-
lier findings using rabbit antisera (Hopp and Woods 1982), and
those predicted by the hydrophilicity profile. In addition, the IgG
binding regions identified in our study partial localized with the
IgE binding epitopes in milk-allergic patients, depicted in yellow
in Figure 1. We found the sequence at aa6-20 can be identified by

both IgE and IgG from cow milk patients’ sera. In previous study,
Jarvinen and others (2001) showed IgE epitope and IgG epitope
share overlap district on ALA. This suggests that allergenic sites of
bovine ALA do not totally correspond to antigenic determinants,
which was also reported by Maynard and others (1997). The epi-
topes are exposed on the surface of the allergen, making them
accessible to immunoglobulin interaction, as has been found with
other allergens (Breiteneder and others 1992; van Kampen and
others 1994; Burks and others 1997).

In the search for critical aa for IgE binding, alanine was used
for aa substitution because they are relatively small neutral aa that
do not significantly alter the charge or solubility of peptides. This
approach has been used successfully for other allergens (Rabjohn
and others 1999; Robotham and others 2002; Elsayed and others
2004). In the study by Adams and others (1991), the fragment cor-
responding to aa5—18 was shown by RAST inhibition to exhibit
IgE binding capacity. In another study using trypsin-digested ALA,
a sequence corresponding to aal7-58 and larger peptides sharing
this sequence were most strongly and frequently recognized, in ad-
dition, the sequence at aa59-94 showed IgE binding ability with
cow milk patients sera (Maynard and others 1997) and binding
to smaller peptides corresponding to sequences aa6—10:S-S: 115—
123 and 2a109-123 was also reported. Based on above results, we
choose the sequences at aal-15, aa101-115, aa6-20, and aa21-35
to determine essential aa for IgE and IgG binding, respectively.

Determination of aa critical for IgE and IgG binding could
provide crucial information for altering ALA cDNA to encode a

0.7 Figure 3-Single aa changes to peptide at 101-115 result in
0.6 loss of IgE binding to this epitope. The letters across the
’ bottom of each panel indicate the 1-letter aa code for the
0.5 residue normally at that position and the aa that was
substituted for this residue. The numbers indicate the position
g 04 of each residue in ¢-lactalbumin protein. The control group
c indicates the native epitope (no aa substitutions). OD, optical
Q03 density.
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Figure 5-Single aa changes to peptide at aa 21-35 result in
loss of 1gG binding to this epitope. The letters across the
bottom of each panel indicate the 1-letter aa code for the
residue normally at that position and the aa that was
substituted for this residue. The numbers indicate the position
of each residue in «-lactalbumin protein. The control group
indicates the native epitope (no aa substitutions). OD, optical
density.

protein with reduced IgE and IgG binding capacity. Such mutated
proteins or peptides could be used in future immunotherapeutic
approaches for this disease. Our data indicated that modification
of Val®, Phe’, and Arg'® for IgE binding epitope at aal-15 could
decrease the allergenicity of ALA. Likewise, Tyr'®*, Leu'", and
His!"” are the critical aa for the epitope at aa101-115. A significant
loss of IgG binding was observed for 2 aa for IgG-binding epitope
at 2a6-20, one with alanine substituted for Phe’ and the other
with alanine substituted for Leu'>. Substitution of other position
on this peptide did not cause a consistent decrease in IgG binding.
A significant loss of IgG binding was observed for 3 aa in the
sequence of 2a21-35, Pro®*, Trp®°, and His*?. The results could
be used in future developing safe immunotherapeutic agents for
food allergy, or modified, recombinant proteins need to be engi-
neered that will not bind serum and mast cell IgE, this possibility
is actively being pursued in our laboratories. From what we have
learned from epitope mapping with linear peptides, it is impor-
tant to note that IgE epitopes are primarily composed of charge
and hydrophobic aa, and many of them contain at least 1 lysine
(Colombo and others 1998; Chapman and others 2000; Tsai and
others 2000; Mine and others 2002; Cocco and others 2003). The
same conclusion was found in this paper.

Our initial study found Phe” is the common critical aa for IgE-
and IgG-binding epitopes in ALA, this data shows that it may
be possible to mutate ALA to no longer bind IgE or IgG by
modification of this aa. This raises the possibility that an altered
ALA gene could be used to replace its allergenic homologue in
the ALA genome. Moreover, the same aa residues between IgE
and IgG binding epitopes may provide important information
for elucidation of association between IgG and IgE antibodies
generation.

Conclusions

A series of aa was identified by alanine substitution scanning.
Interestingly, a heterogeneous pattern of critical aa was found be-
tween IgE and IgG binding epitopes. Val®, Phe’, Arg!®, Tyr!'®
Leu'®, and His'" are the critical aa to IgE binding epitope. More-
over, Phe’, Leu'®, Pro?*, Trp26, and His** were the critical aa of
IgG-binding epitopes of ALA. This information is necessary to en-
gineer recombinant proteins with decreased allergenicity for use in
immunotherapeutic reagents for cow milk allergy. Furthermore,
knowledge of the aa position of those that are not as critical for IgE
binding may help in developing strategies to silence epitopes of
other allergens. In addition, the low incidence of cow milk allergy
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in China may increase the difficulty of collecting of cow milk-
allergic patients’ sera. However, this study is very important, as it
provides basic data and theoretical methods for drawing general
conclusions in the future. We will continue to collect cow milk-
allergic patients’ sera for studying the immunological mechanism
of cow milk allergens in the next few years.
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