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Introduction

Cow's milk allergy is a common food allergy in infants,
the disease prevalence ranging from 0.5 to 7.5% in all chil-
dren [1, 2]. The allergenicity of cow's milk is related to pro-
tein constituents and the most prominent allergens cone-
spond to cr- and B-caseins, B-lactoglobulin and a-lactalbu-
min (a-La).

o"-La is a majorprotein of whey. It is a monomeric glob-
ularprotein of 123 amino acid residues with l4.4kD molec-

Abstract
The specific IgE binding capacity of native bovine a-lactalbumin (a-La), a glob-
ular whey protein, and tryptic peptides was investigated using 19 sera from pa-
tients with cow's milk protein allergy. The specific anti-bovine a-La IgE titers
ranged from 0.6 to l25lUlml. Highly purified tryptic peptides from native and
disulfide-bond-reduced c-La were obtained by reverse phase chromatography.
By ELISA technique using immobilized native protein or peptides, ll of the 19
sera reacted exclusively with intact protein while 8 of them also presented a spe-
cific IgE response to different tryptic peptides. Polyclonal IgE population speci-
ficity was not related to anti-bovine a-La IgE levels. Sequence (17G-K58) and
larger peptides sharing this sequence were most strongly and frequently recog-
nized. Competitive ELISA inhibition tests confirmed this IgE-specific response
and gave also clear evidence for IgE binding to smaller peptides corresponding to
sequences (6C-RI0):S-S:(115L-L123) and (109A-L123). IgE binding to native
a-La and large peptides confirmed the importance of conformational epitope(s).
However, in some sera reduced and S-alkylated peptide (591-K94) exhibited a
similar or higher IgE binding capacity than the native coffesponding fragment,
suggesting the existence of sequential epitope(s) exposed through protein dena-
turation. Moreover, IgE binding sequences were also located within hydrophobic
regions of a-La and/or within parts with high sequence homology to human
a-La.

ular weight and has four disulfide bridges 13,41. The com-
plete amino acid sequence of bovine a-La [4] shows exten-
sive homology with human a-La since 74o/o of the residues
are identical and another 60/o chemically similar [5]. How-
ever, despite this great similarity, bovine u.-La has been
identified as one of the allergens of cow's milk [6]. On the
basis of their amino acid sequences [7] and three-dimen-
sional structures [8, 9] , u.-La and hen's egg white lysozyme
are closely homologous, having evolved by divergence
from a common ancestral gene U0, l1].
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compared to B-lactoglobulin which, because of its ab-
sence in human milk, is often considered as a major milk
allergen, only a few reports deal with the antigenicity and
allergenicity ofpeptides from bovine a_La.

using radioimmunoassay, Hopp and woods [12] investi-
gated the antigenic activity of some peptides fràm a peptic
digest of bovine a-La with rabbit antisera. The largest
amount of immunoreactivity was observed forpeptide 1oo-80) : S-S : ( 9r-96i), but other peptic fragments (zo-T ) : s-S :
(105-l l7), (4-9):s-S:(r rg-r23) and (10-18) were also anti-
genic.

To our knowledge, the only study performed with human
sera from cow's_milk allergic patients has been reported by
Adams et al. [13]. According to the prediction of IgG bind-
ing sites [14_]6], they synthesized the fragment (5-rg) and
showed by RASTo inhibition that this synthetìc peptide
from bovine a-La exhibited an IgE bindingcapacity.

The aim of the present study was to investìgate in vitro
the allergenicity ofpeptides isolated from trypàc digests of
native and disulfide-bond-reduced bovine 

-i-ru. 
The IgE

binding capacity of each purified peptide was tested by di-
rect and by competitive ELISA inhibition using human sera
from patients with allergy to cow's milk proteiis and partic_
ularly to a-La.

Materials and Methods

Materials
Bovine a-La (rype I) and trypsin (EC. 3.4.214, bovine pancreas,

12,200 u BAEE/mg) treated with N-tosyr-z-phenylaranine chloro_
methyl ketone (TPCK) were purchased from dig.u 1St. Louis, Mo.,
usA). Human serum albumin was obtained from the ,centre 

National
de Tiansfusion Sanguine, (Les Ulis, France).

HPLC grade waterand acetonitrire (Licrosolv) were obtained from
Merck (Darmstadt, Germany). Tiifluoroacetic acid (TFA), phenyl_
isothiocyanate (pITC) and amino acid standard were from pierce
(Kontron Instruments, Lausanne, Switzerland). All other reagents
were of analytical grade.

_ HPLC was performed with a Hpl050 system (Hewrett packard,

laseJ, Switzerland) consisting of an autosampler, a quaternary pump
fitted to an on-line degasser, a column heater and a diode array detec-
tor. The FPLC system (pharmacia, Dúbendorf, Switzerland) was com-
posed of a LCC-500 gradient controller equipped with fwo p500
pumps' a2l4nm waverength detector linked io u 

"trurt 
recorder and a

Frac 100 collector. Mass spectrometry anaryses were performed on a
Finnigan TSQ 700 mass spectrometer equipped with t'hermospray in-
terface.

_The 
ELISA equipment consisted of an automatic microprate wash-

er 120, an automatic dispenser (Autodrop) and a spectrophotometer
(Multiskan MC) from Frow Laboratories (Helsinki, iintunà). Microti_
ter plates (96F immunoplates I with certificate) *... pur.íused from
Nunc (Denmark).

Methods
Reduction and s-carboxymethyramidation of a-La.Reduction and

S-carboxymethylamidation ofbovine o-La disuífide bridges were per_
formed according to a method derived from Swenson et ar. [17]. a-La
was dissolved in 1.44 MTisHCl buffea pH g.6, in the presence of 3 M
final concentration guanidine HCl, O.li M EDTA una z-B--ercap_
toethanol. After 4 h incubation in the dark at room temperature, r.44 M
iodoacetamide was used for blocking of free thiols. The reduced and
S-carboxymethylamided o-La (a-La R) was dialyzed against distilled
water and lyophilized.

Digestion of Native and Reduced Bovine a-za. Native a-La (a-La
N) and c-La R were digested by TpcK-treated trypsin at 55.c inr mM
CaC12,0.02% NaN3, pH7.7,using an enzyme:substrate ratio of l:100
(w/w) under constant stirring. After 30 (c-La R) or 45 min (o-La N)
hydrolysis, the reaction was stopped by inactivaíion of trypsin l0 min
at 80'C. The two hydrolysates were then lyophilized.

Reverse-Phase HpLC Anaryses. The tryptic hydrorysates of a-La
N and a-La R were characterized in reverse-phase (RF)-HpLC on a
cl8 Nucleosil 300-5/ET 250 corumn (Machàrey Nageí, oensingen,
Switzerland). operating conditions were as follows: corumn temper-
ature, 40"C; flow rate, I ml/min; solvent A,O.lyo (v/v) TFA in water;
solvent 8,600 (v/v) acetonitrile in solvent A. Eluìion was performed
w_ith a linear gradient established from 0 to 35%o (v/v) solvent B in
15min, 35-65% (v/v) B in 25min and 65-100% (v/v) B in r0min.
Absorbance was recorded both at 214 and,2g0 nm.

Collection and purification oJ'peptides. Thepeptides from c-La N
11d cr-La R tryptic hydrolysates were coilected uft.i r"pu.ution by Rp-
FPLC on a cl8 Pharmacia pep Rpc HR 5/5 column (p^harmacia). Elu-
tion was performed by an acetonitrile gradient from 100% sorvent A
[0.1% (v/v) TFA in water] to 35yo (v/v) solve nt B [60% (v/v) aceto-
nitrile in solvent Al in 15 min, 35-55 % (v/v)B in 20 min and 55_t00%
(v/v) B in 3 min. The column was at ambient temperature, the flow rate
was 1 ml/min and absorbance was record ed at 2l4nm. colrected pep-
tides were dried in a speed-vac concentrator and each peptide was
further purified using the same column and sorvents but wiÀ varying
gradients.

Peptide ldenti"fication. After acid hydrolysis under vacuum in the
presence of 6NHCI for 24hat lr0'c in a pico-Thg station (waters,
Schlieren, Switzerland), amino acids were derivatized with pITC ac-
cording to the method.of Bidlingmeyer et al. [rg], and quanrified by
RP-HPLC on a cl8 pico-Thg corumn (waters). ih..uÀo*ymethyl-
cysteine content was quantified after I h hydrolysis at 150"c in 6 N
HCI [9] to prevent the. carboxymethylcysteine conversion into cysteic
acid. The results ofamino acid analyses were sufficient for assignment
o_f the tryptic peptides within the known sequence of bovine a-La.
However, mass spectrometry was also used to confirm the identity of
some peptides.

Human sera. Serum samples were provided by different hospitals
in France and were obtained from patients presenting clinicar symp-
toms of type I (immediate) allergy to milk proteins. Nlneteen different
sera were preselected according to their RAST-positive response to
milk proteins and particularry to bovine a-La. The children/adult re_
partition among these sera was as folrows: 3 were obtained from 2- to
3-year-old children, l0 from 5- to l2_year_old children and 6 from
adults, i.e. more than 15 years. In this study, there was no serum from
infants less than 2 years old.

Specific IgE to the main milk proteins (total caseins, u-La,B_lac_
toglobulin and bovine serum albumin (BSA)) were determined ac-
cording to wal er al. [20]. Eight of 19 sera of which (e.g. 57) had spe-
cific anti-bovine o-La IgE and arso anti-total caseins, uiti-B-1u.ror1o-
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bulin and anti-BSA IgE. Five of l9 sera were IgE sensitive to cr-La plus
two others of these milk proteins (e.g. S5). Four of 19 sera reacted to
a-La and another milk protein, either total caseins, p-lactoglobulin or
BSA (e.g. 52, 53, 56, S8). Two of 19 sera were only IgE sensitive to
o-La (e.g. 34).

ELISA. Enzyme immunoassays (EIA) of specific human IgE were
used as described [20]. Briefly, microtiter plates were coated with
100 pl/well of a 5 pglml solution of each purified protein (a-La N) or
tryptic peptides in the coating buffer (0.05 Msodium carbonate buffer,
pH q 0.01% NaN3). After incubation overnight at ambient temper-
ature, plates were extensively washed with a 10 mMpotassium phos-
phate buffer, pH7.4,0,05% Tween 20. Plates were then saturated with
250 pl EIA buffer (0.1 M potassium phosphate buffer, pH 7.4,0.4 M
NaCl, LmM EDTA, 0.1% human serum albumin and 0.01% sodium
azide) per well, sealed and stored at4oC until use. Plates were washed
before use. For direct ELISA of human specific IgE, 50 pl of individu-
al human serum at appropriate dilution were dispensed per well. After
incubation overnight at room temperature, plates were washed. Then,
50 pl of a solution of mouse monoclonal antibody (mAb) anti-human
IgE (clone BSlT) labelled with acetylcholinesterase (AChE) were add-
ed per well. Following an incubation ovemight with mAb-AChE,
plates were washed and 200 pl of Ellman's reagent, prepared accord-
ing to Ellman et al. [21] and used as enzyme substrate, were dispensed
into each well. Absorbance was measured at 4l4nm.

Six sera from individuals not allergic to cow's milk were used as
negative controls. Moreover, nonspecific binding was tested in a-La-
and peptide-positive sera using a synthetic 20-amino-acid-residues
non-cr-La-related peptide as immobilized antigen.

For specific human IgE, quantification as IU (i.e. 2.4 ng/ml) was
made by comparison with dose-response curves obtained with a total
IgE assay performed with known standards of human IgE (Pharmacia
Prist test kit), as described by Grassi et al. 1221. The corresponding
immunometric assays of total and specific IgE were performed under
identical conditions. An anti-human IgE mAb (cloneLE2T),comple-
mentary to the BS17-AChE tracer, was used as capture antibody for the
total IgE assay, instead of the immobilized, purified allergen prepara-
tion used for specific IgE determination [20].

The background (i.e. nonspecific binding) was defined as the mean
value obtained on specific IgE determinations in 6 different control
sera from non-allergic individuals. The interassays standard deviation
was calculated on these 6 values and the detection limit of specific
anti-o-La and anti-peptide IgE was defined as the background plus 3
times standard deviation.

To confirm direct determinations, human sera with specific IgE to
o,-La and peptides were also tested by competitive ELISA inhibition,
when sufficient volumes of sera were available. The inhibitors at var-
iable concentration (30 pl in EIA buffer) were preincubated l8 h with
human sera (30 pl at appropriate dilution in EIA buffer) at ambient
temperature. Inhibitors were used at concentrations ranging from 2 to
20 nmol/ml for a-La and I nmol to I pmol/ml forpeptides. euantifica-
tion of peptides was made according to their amino acid composition
analyses. Then, 50 pl of the mixture were transferred into the allergen/
antigen-coated wells. The amount of tracer bound in the absence of
competitors (Bo) was determined using an incubation mixture con-
taining 30 pl of EIA buffer instead of sample and 30 pl of different
human sera. All other steps of the competitive inhibition were per-
formed as reported above. The results of competitive inhibition were
expressed as percent inhibition, calculated as (Bo-B/Box 100) where
B and Bo represent the absorbance measured on the bound fraction in
the presence or absence of competitors, respectively.

ln all competitive ELISA inhibition tests, specific inhibition was
measured by comparison with nonspecific background observed with
a synthetic a-La-unrelated peptide used as negative control. At the
highest concentration (l prmol/ml), the nonspecific background was
always lower than l5o/o (12-15%\.Inhibition was thus considered as
significant when it was >25oh.

Results

Tryptic Peptides of Native and Reduced,
S-Allrylated a-La
Despite S-S bond reduction, no change was observed in

the elution time (46 min) of the a-La R versus a-La N in
RP-HPLC (results not shown). As shown by RP-HPLC pep-
tide profiles of a-La N and o,-La R tryptic hydrolysates
(fig. 1), intact protein was no longer detectable in the two
digests. The complete tryptic hydrolysis of o.-LaN was re-
solved into 9 main peaks, T1-T9 (fig. lb). All these peaks
corresponded to homogeneous peptides except Tl which
was separated into Tla and Tlb during repurification on RP-
FPLC.

The sequences of peptides from a-LaN were identified
from their amino acid composition (table l) as follows:
Tla--- (l4D-K16), Tlb -- (l1E-Kl3), T2 -- (lE-K5), T3 --
(95I-K98), T4---(104W-K108), T5--(99V-K108), T6--
(6C-RI0):S-S:(115L-L123), T7 --(59I-K93), T8 -' (l7c-
K58):S-S:(109A-Kl l4) and T9 - '  ( l7c-K58): S-S:(109A-
L123):S-S:(6C-RI0) (fig. 2). This set of peptides covered
the entire amino acid sequence of bovine a-La [4].

Because of the large size of these peptides and due to the
presence of intrachain S-S bridges, smaller sequences were
prepared via reduction and S-carboxymethylamidation of
bovine a-La disulfide bonds followed by tryptic hydrolysis
(frg.2).As expected, this treatment only affected the dis-
ulfide-bond-containing peptides T6, TZ T8 and T9 identi-
fied above which were missing in the a-La R digest
(fig. lc). Peptides Tla, Tlb, T2, T3, T4 and T5 were not
modified. The identity of these last peptides Tl-T5 in the
a-La R hydrolysate was confirmed by RP-HPLC as above.
Moreover, the cr-La R digestion by trypsin induced the for-
mation of new specific fragments Rl-R6 (fig. lc), which
were all found as homogeneous peptides during repurifica-
tion. Peptides R2, R5 and R6 were identified by their amino
acid composition (table 2) as sequences (ll5L-L123),
(109A-L123) and (l7G-K58), respectively, of a-La R
(frg.2). Sequences (59I-K94) and (59I-K93) were assigned
to peptides R3 and R4 according to both amino acid analy-
ses and mass spectrometry determinations (table 2). De-
spite repurification, no sequence from a-La R could be as-
signed to peptide Rl. The bovine a-Laamino acid sequence

4

480 Int Arch Al lergy Immunol 1997; I  l l :478-488 Maynard/Jost/Wal



Table 1. Amino acid composition and molecular weight of tryptic peptides from native cr-La

Amino acids
residue/molu

peptide peptide
T l a  T l b

peptide peptide
T2 T3

peptide
T4

peptide
T5

peptide
T6

peptide
T7

peptide peptide
T8 T9

1 . 0 3  ( l ) s.48 (6) 6.48 (7
5 . 7 1  t 6 )

Ala
P-
Tvt

2 .80  (3 )

1 . 0 2 ( r )

0.99 (  l )

2 .17  (2 )
l ) 1 . 0 3  ( l )

MW bv MS 374 3 8 8 617.5 709.4 i.200.3486
Sequence assigned (  l4 -16) ( 1 1 - 1 3 ) (  l -5) (es-e8) (104-108) (ee-108)

1,798
(6-10)-
( l  l s - 1 2 3 )

ND
(se-e3)

ND ND
( l7-58)-
(  lOe- l  14)

T6+T8

ND: Not determined.
u Theoretical values are in parentheses.
b Carboxymethylamidocysteine quantified after I h of hydrolysis in 6l/HCl at 150.C.' calculated molecular weight according to theoretical sequence.
d Molecular weight determined by mass specrometry.

was not entirely covered by the reduced tryptic peptides
since the pentapeptide (6C-Rl0) was not identified among
R2-R6.

IgE Binding Capacity of Tryptic a-La peptides in
Direct ELISA
In the 19 sera of patients allergic to cow's milk protein,

the specific anti-a-La N IgE titers ranged from 0.6 to
I25IUlml. The IgE immunoreactivity of peptides T5-Tq
R2, R3, R5 and R6 was first investigated by direct ELISA.
Table 3 shows the human IgE binding capacity of these im-
mobilized peptides. In each case, specific IgE response was
quantified as IU/ml as described in the Methods. The detec-
tion limit for specific IgE directed against a-Laor peptides
varied slightly depending on the immobilized antigen. It
was determined as described in the Methods from the non-
specific binding measured with negative control sera, and
could be roughly estimated to 0.1 IUlml when determina-
tions were performed in sera diluted l/16.

Of the 19 human sera preselected and tested, only 8 gave
a positive and significant IgE response to immobilized pep-
tides. All the others, whatever their IgE anti-c-La N titers
were, only reacted with immobili zed a-LaN. In all sera, the
polyclonal IgE populations were reactive to more than one
peptide, e.g. three to nine depending on the serum tested.
All the native and reduced peptides tested exhibited an IgE
binding capacity at least in some sera.

The IgE responses to the different tryptic peptides were
either in the same order of magnitude as the specific IgE
response to a,-La N (half of sera) or much lower (table 3).

The most frequently recognized peptides in direct
ELISA were peptides T9 (T8+T6; 8/19), T8 (7119), R6 and
T7 (5119), R3 (3/19), T5, T6 and R5 (2/19). No significant
signal was observed with allergic patient sera on human se-
rum albumin or synthetic 20-residues cr-La-unrelated pep-
tide-coated microplates.

The highest IgE binding capacities were observed with
peptides Tq T8 and R6 (176-K58). For one serum, 53, spe-

IgE Binding of cr-Lactalbumin-Derived
Peptides
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Amino acids peptide
residuelmolu R2

peptide peptide peptide
R4 R5 R6

Table 2. Amino acid composition and molecularweight of tryptic
peptides from reduced and S-alkylated cr-La

cific IgE, immunoreactivity against peptide R6 (l7G-K58)
was similar to those directed to the larger peptides T9 and
T8 that contained this sequence (fig. 2). These three pep-
tides appeared to be the most immunoreactive portion of the
molecule and to be or to contain within their sequences ma-
jor epitopes. Particularly, they are the only ones recognized
by sera 52, 53 and 54. It is worth noting that using direct
ELISA for which peptides are directly immobilized onto
solid phase, shorter peptides T6 (6C-Rl0): S-S :(1 l5L-L123)
and R5 (109A-L123) were not recognized by the IgE of
these sera although they share common sequences with pep-
tides T9 and T8. This could be related either to the absence
of epitope(s) located in their sequences or to structural mod-
ification or steric hindrance for IgE binding due to solid
phase-peptide interactions. Moreover, the reduced immobi-
hzed sequence (591-K94; peptide R3) exhibited an IgE
binding capacity in the same order of magnitude as corre-
sponding native immobilized peptide T7 that contains two
intact disulfide bridges. This result could be due either to
the presence of sequential epitope or to a conformational
modification through solid phase interactions.

All other sera presented IgE reactivity to several peptides
representing different segments of bovine a-La but only the
serum S7 was sensitive to all the peptides tested.

Competitive ELISA Inhibition of IgE Binding
Competitive ELISA inhibition tests were performed us-

ing tryptic peptides and/or proteins as competitors.

peptide
R3

Ala

Asx 1 . 3  ( l )  r  1 . 0 6  ( l  l )  e . 0 e  ( l  l )  1 . 3 6  ( l )  6 . 1 8  ( 6 )
Glx  2 .37  (2 )  I  ( l )  2 .17  ( l )  3 . le  (3 )  5 .0a  (5 )
cMC" l  (1)  3.47 (4) 3.04 (4) l .e8 (2) 0.67 (1)
Ser 2.6e (3\  3 (3) 1.04 ( l )  2.78 (3)

His 0 . 7 3 ( l )  0 . 7 6 ( l ) 0 . 8 0 ( l )
Arg
Thr 0 .e6(1 )  1 .20( l )  4 .7 t (s )

l  ( l )  l . O e  ( l )
0 . e 8  ( l )  t . 2 t  ( t )  1 . 0 6  ( l )

Tyr 2.03 (3)
Val 1 . 0 5  ( l ) 0 .e3  ( l ) 2.27 (3)
Met 0.77 (r)  0.57 ( l )
Ile 3.41(4) 2.62 (4) 1 .38  (2 )

3  (3 ) z.te (2) 2.s0 (2) 4.0e (4\ t .78 (2\
0.8e (r) 0.73  ( l ) t .3s (2\

Lys 0.41 ( l )  2.09 (4) 2.04 (3) 1.70 (2) 0.34 (1)
MW. Da' 1.223.35 4.477.65 4,349.48 1,931.13 4,732.9
MW by MSd 1.204 4,400.5 4,272.6 l,gg3 ND
Sequence (l l5- (59-93194)
assigned 123)

( l 7-58)

ND: Not determined.
Theoretical values are in parentheses.
Carboxymethylamidocysteine quantified after t h of hydrolysis in
6 N HCI at 150'C.
Calculated molecular weight according to theoretical sequence.
Molecular weight determined by mass spectrometry.

(5e-e3) (l0e-
r23)

Table 3. Specific IgE response to trypic peptides in direct ELISA

Serum code a-La cr-La
NO RU

Specific IgE

native tryptic peptides b reduced tryptic peptides o

peptide T5 peptide T6
(ee-108) (6_l0)-

( t  l5-123)

peptide T7 peptide T8
(5e-e3) (17-s8)-

( l0e-l  l4)

peptide R3 peptide R5 peptide R6
(se-e4) (l0e-123) (17-58)

peptide T9
T6+T8

l 3S I 1 . 3 ND ND 7.7 (76.e) 4.6 (46.ts) 6.15  (61 .5)  7 .7  (77)  ND ND
2.4t 4 ND ND ND 25.7 (>r00) 22.8s (>100) ND ND 28.5  (>100)

S3 ND ND ND 64 (>100) 60 (>100) ND ND 60 (>100)
S4 32 ND ND ND s3 (s4.8) 2t.9 (22.6\  ND ND 46.9 (48.4\

7.7 (12.5) 7.7 (tz.s)
S6 0.75 0.4 ND ND 33 (62.s) 40 (7s) 46.7 (87.s\ ND ND 40 (7s)

6 (90.9 5 .45  (81 .8 1.8 (27.3) t.4 (20.4s 2 .  l  (31 .8) t .s (22.7) t .8 (27.3\  t .8 (27.3)
0.22 0.85 (45.4s) 0.85 (4s.4s\ 2.s (>100) ND 1.6 (90.9) 2 (>100) 2.5 (>100) ND

Positive/total
tested l9l19 l9l19 2l19 5n92n93^98l t97 l195n92/19

u Specific IgE (lU/ml)
b Percent of the response to a-La N and cr-La R (in parentheses).

Detection limit: 0.I IU/ml : average of nonspecific binding plus 3 x standard deviation. ND : Not detectable, i.e. <0.1 IU/ml.

482 Int Arch Al lergy Immunol 1997;1 l3:478-488 Maynard/Jost/Wal
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Fig.1. RP-HPLC analyses of o-La N (a) and tryptic hydrolysates of a-LA N (b) and a-La R (c). Cl8 Nucleosil
300-5/ET 250 column; temperature, 40'C; flow, I ml/min; detection, 2l4nm; solvent A,g.lyo (v/v) TFA in water;
solvent 8,600 (v/v) acetonitrile in solvent A. Elution was performed with a linear gradient established as follows: 0-
357o solvent B in l5 min, 35-65% solvent B in 25 min and 65-100% B in 10 min. Asterisks denote peaks detected at
280 nm.

In a first series of experiments, the ability of increasing
concentrations of peptides in solution to inhibit the IgE
binding to immobilized a-La N was tested. In agreement
with previous results, a quite complete inhibition was ob-
tained when using low concentrations of a-La N (2-20
nmol/ml) or large peptides as T9 or T8 (5-100 nmol/ml) as
inhibitors. No inhibition was observed with smaller pep-
tides in this concentration range. Figure 3 shows the inhib-
ition curves obtained with serum 54 as an example. Similar
patterns were obtained with other sera.

Due to the small quantities disposable of some peptides
and the low volumes of human sera available, a second se-
ries of trials was performed using immobilized peptides, in
order to increase the sensitivity of competitive ELISA in-
hibition. Only human sera that gave significant specific IgE
responses on coated peptides in direct ELISA were used.
Binding of specific IgE to immobllizedpeptides was inhib-
ited by the same peptide (native or reduced) in solution as

well as the corresponding protein (a-LaN or a-La R). With
all sera tested, the inhibition was significant (25-91%) al-
though not always complete. This could be related either to
a too low concentration of inhibitor and/or a decreased IgE
affinity towards soluble peptides versus immobilized ones.

Moreover, we tested the inhibitory activity of small pep-
tides which had been shown unable to bind IgE when immo-
bilized in direct ELISA. At a concentration of I pmol/ml,
peptides R5 (109A-L123) and T6 (6C-Rt0):S-S:(115L-
Ll23) in solution inhibited the IgE binding (up to 47 and
77oh, respectively, with serum 54) to immobilized peptides
T9 and T8, whereas no IgE binding to the coated peptides
R5 and T6 was previously found in direct ELISA. At the
same concentration, no significant inhibition was observed
with the synthetic control peptide.

On the other hand, peptides T7 and R3 (0.5 pmol/ml)
were tested for their ability to inhibit the IgE binding to im-
mobilized a-La N. Specific inhibitions (> 25%i) were ob-

IgE Binding of a-Lactalbumin-Derived
Peptides
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Peptides from cr-I-aN

Peptide T9 . grI4-Y-G{-bS-L-P-E-WJ-C-T-I-F-H.T-S-C-Y-D-T-Q-A-I-V-Q-N-N-D-S-T-E-Y4-LFQ-I-N-N-K<H
(r7-5t).$$:(r|Il-n3):S-S:(úr0) I

qx-A-L{-9E-K-L-D'Q
î

Peptide T8 n x-G-Y{4-Y:9-L-P-E-WJÙ-C-T-î-F-H-T-S-G-Y-D'T-Q-A-I-V-Q-Nì{-D-S-T-E-Y4-L-F-Q-I-N-N-K-og
(17-5t):Ss:(lll!t-ll4) |

I

xrx-A-L4-S-E-K.on

PeptideT6 H1-L-D+1V-L{-E-K-L-ou
(Gl0):9S:(ll$123) 

|
n x-C-E-!l*B-on

W-L{-E-K-L-oq

I
qx{-E-!lI8-ou

Peptide T7
(5e-e3) "*n*., 

**O**t*-t.*-T-D'K-F-L-D-D-D-L:T-D-D-I-M{-Y-K-on

Peptide T5 ItN-Y4-I-N-Y-W-L-A-H-K-ou
(99-ltl8)

Peptide T4 uru-W-L-A-H-K-on
(l0crm)

Peptide T3 Hrx-I-L-D-Kon
(9S9E)

Peptide T2 qx-[-QL-T-K-or
(l-o

Peptide Tla rr,FD-IcK-on
(r+r6)

Peptide Tlb qx-[-L-K-or
(lr-13)

Feptides froma-LaR

Peptide R2 qN-L-p-QW-L-C'-E-K-Lor
(llflzr)

Peptide R3 n x-I-w€'-K-&D.e-N-p-H-s-s-N-I-c'-N,I-s.c'-}'K+-L-DI>}'L-T-D.D,I-M-cf-y-K-K-or
(see{) î î
Peptide R4
(5e-e3)

Peptide R5 xrx-a-L-C'-$-E-K-L-D-e.w-L-Cr-E-K-L-or
(l(D-123) î

Peptide R6 qN.G-y-c-c-y:,$L-p-E-u:g{t-r-I-r-g-t-s-c-y-DT{-A-t-v-o:N-N-DS-T-E-y-c-L-FQI-N-N-K-o|r
(17-sr)

Flg.2. Primary sequences of tryptic peptides from o-La N and a-La R. Vertical bars represent disulfide bonds and

C* carboxymethylamidocysteine. Underlined residues corespond to nonhomologous amino acids with human a-La.

Arrows indicate uncleaved specific tryptic sites.
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tained that confirmed the IgE binding capacities observed
with these two peptides in direct ELISA. With serum Sl, the
reduced sequence (59I-K94; peptide R3) was more inhib-
itory 60%) than its unreduced equivalent T7 (59I-K93;
40w.

The competitive ELISA on T7-coated microplates also
showed that the reduced sequence (59I-K94; peptide R3)
had a better IgE binding capacity than peptide T7 corre-
sponding to the same native sequence (70 vs. 44% inhib-
ition with serum S7). Indeed, at the same concentration, a
higher inhibition of IgE binding to immobilized peptide T7
was obtained with reduced peptide R3 than with T7 itself
using Sl and 57 sera. This means that sera Sl and S7 con-
tained a particular IgE population reactive to the reduced
sequence (59I-K94) and that the reduction of disulfide
bridges allowed a better exposure of the sequential epitope
(s) located in this part of bovine a-La.

10  -  .18

t /  - c ó

0 . 1  1  1 0  1 0 0
Inhibitor concentrat ion. nmol/ml

Fig. 3. Competitive ELISA inhibition. Increasing concentrations
of a-La N (a), a-La R (Q), peptides T9 (l) and T8 (n) were preincu-
bated with serum 54 in order to inhibit the IgE binding to immobilized
native bovine a-La. O: Synthetic peptide.
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Fig.4. Hydrophilicity profile of bovine a-La according to Hopp and Woods [4, l5]. Predicted antigenic determi-
nants are reported at the top and tryptic peptides identified as allergenic epitopes at the bottom.

IgE Binding of cr-Lactalbumin-Derived
Peptides

1 6 22 28 40 82 88 94

Int Arch Al lergy Immunol 1997: I  l3:478-488 485



Discussion

The tryptic peptides from native and disulfide-bond-re-
duced bovine a-La were separated by RP-FpLC followed
by repurification to reach a high degree of purity. Each puri-
fied peptide appeared as a single homogeneous peak in Rp-
HPLC. Moreover, the amino acid composition of pure pep-
tides was in excellent correspondence with assigned se-
quences meaning that each of them was in a single pure
form.

According to the naffow cleavage specificity of the
TPCK-treated trypsin, most of the peptides resulted from
cleavage of Lys-X and Arg-X bonds. However, peptide T4
assigned to sequence (104W-K108) conesponded to a part
of peptide T5 (99V-K108). It was due to a nonspecific split-
ting of the Tyrl03-Trp104 bond by the TpCK-treated tryp-
sin, probably related to the presence of pseudotrypsin (auto-
digestion product of trypsin), the latter exhibiting a chymo-
trypsin-like activiry 1231. On the otherhand, peptide T9 [T6
(6C-Rl0):S-S:(l lsL-L123) plus T8 (l7c-K58):S-S:(109A-
Kll4)l and peptide R5 (109A-L123) both resulted from an
incomplete cleavage of the Lys ll4-Leul15 bond. Ionic in-
teractions between Aspl l3 and Lysl 14 side chains probably
contributed to restrain the accessibility of this tryptic bond.
Likewise, the Lys62-Asp63 and Lys79-phe80 bonds were
not split by trypsin since sequence R3(59I-K94) was identi-
fied in the a-La R hydrolysate. The proximity of Asp63 and
Asp78 also suggested the implication of negative charges.
Although amino acid and mass spectrometry anaryses did
not allow to strictly assign a sequence for peptide Rl, it like-
ly corresponds to sequence (6-10) that was the only f.ag-
ment not recovered in the tryptic digest of a-La R. The pre-
vious reduction of bovine a,-La disulfide bonds led to the
formation of shorter fragments than the native tryptic pep-
tides, allowing to study more precisely the location of al-
lergenic determinants of this protein. Indeed, peptide R6
(17G-K58) represented the longest continuous sequence of
peptides T9 and T8, whereas peptide R5 (109A -Llz3)corre-
sponded to the central segment ofpeptide T9. Moreover, the
influence of structure on IgE, binding capacity could also be
tested as both, the native sequence T7 (59I-K93) and the
reduced corresponding one (peptide R3) were available.

The mapping of IgE binding sites (allergenic determi-
nants) of bovine a-La was investigated using both direct and
competitive ELISA inhibition. The direct ELISA technique
was suitable for protein (a-La N) and large-peptide specific
IgE determinations. The sensitivity of this technique al-
lowed to work with small volumes of diluted sera and re-
quired rather low peptide quantities for coating. The IgE re-
sponse was expressed in international units per milliliter for

proteins while the absence of calibrated validation for pep-
tides lead us to express the results in percents of IgE re-
sponse to proteins. Such expression could induce a distor-
tion since in case of very low response (sera 55 and 56), the
reactivity with peptide was at the detection limit.

A great variability in anti-bovine o,-La-specific IgE titers
was observed in the sera of patients allergic to cow's milk
proteins. Some of them exhibited particularly high specific
IgE levels showing that bovine a-La could be a very strong
allergen. 600/o of the sera contained IgE exclusively directed
towards o"-La N unable to recognize the different peptides.
This means that specific IgE of these sera were more likely
directed to conformational epitope(s) of bovine a-La. How-
ever, 40% of the sera also reacted with tryptic peptides. The
polyclonal IgE population repertoire appears to be variable
and this variability is apparently not related to the specific
anti-a-La IgE concentration. In some sera, specific IgE re-
sponse to tryptic peptides was much lower than to native
bovine a-La while, in others, it was in the same order of
magnitude to that observed with a-La.

Most tryptic peptides immobilizedby passive adsorption
were recognized by IgE in the human sera. Some of these
peptides reacted with the majority of sera while others were
only occasionally recognized. The largest peptides either
native or reduced exhibited a high IgE binding capacity and
were the most frequently recognized. Three of them share
the common (17-58) sequence. Small peptides, i.e. peptides
T6 and R5, were not able to bind IgE, in direct ELISA. This
could be related either to the absence of epitope(s) located
in their sequences or strucfural modification or steric hin-
drance for IgE binding due to solid phase-peptide interac-
tions.

Competitive ELISA studies with immobilized proteins
demonstrated the competitive inhibition potential of large
peptides that confirmed both their IgE binding capacities
and the specificity of the direct ELISA response. These
competitive ELISA experiments required high peptide con-
centrations (0.1-l pmol/ml) to obtain significant inhib-
itions. The high peptide concentrations used could poten-
tially induce nonspecific inhibitions. competitive ELISA
also showed the abilify of peptides T6 and R5, not recog-
nized in direct ELISA, to inhibit IgE binding to immobi-
lizedpeptides T9 and T8 from which they were derived.

However, 100% inhibition was not always reached in all
competitive ELISA experiments. Since sera of patients al-
lergic to cow's milk are charactenzedby polyclonal anti-a,-
La IgE populations, the inhibition of IgE binding to immo-
bilized c-La can hardly be complete when using a single
purified peptide as competitor. On peptide-coated plates, in-
complete inhibition could be due either to insuffrcient in-
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hibitor concentration or more likely to higher IgE affinity
for the immobilized than the soluble antigen. Partial struc-
tural modification or better presentation of immobilized an-
tigen could explain this higher affinity.

Several reports have dealt with the theoretical prediction
of protein antigenic determinants from their amino acid se-
quences 114-16,24], assuming that antigenic sites are sur-
face features of the proteins and should be associated with
hydrophilic regions along the polypeptide chain. The hy-
drophilicity profile of bovine ct-La, according to Hopp and
Woods [4, 15], is represented in figure 4. Antigenic deter-
minants of this protein have been associated with residues
l0-18, 60-80, 9l-94 and 105-117. Our results on IgE bind-
ing for tryptic peptides (59I-K93; peptide R3) and (109A-
Ll23; peptide R5) seem in good agreement with this theory.
Howeveq this is not the case for peptides R6 (l7G-K58) and
T5 (99V-K108) which both correspond to strongly hydro-
phobic regions. This suggests that allergenic sites of bovine
a-La do not systematically coffespond to antigenic determi-
nants. This suggestion is reinforced by the fact that se-
quence (60-80):25-2S:(91-96) of bovine o.-La, also qual-
ified as 'peptide loop', was found to have the highest anti-
genic activity with rabbit antisera [2]. Moreover, the same
corresponding structure of hen's egg white lysozyme had
also been identified as major antigenic determinant (site 2)
l25l.ln our study, we showed that native peptide T7 (59I-
K93), which also contained two intact disulfide bonds and
corresponded to a large part of the 'peptide loop', was not
the most frequently recognized among the tryptic peptides
tested, and did not show highest IgE binding capacity. This
means that allergenic epitopes are not necessarily identical
with antigenic determinants, and such prediction methods
may not be relevant in allergy studies 1261.

A majority of patients (60% of sera tested) responded to
native a-Laonly, indicating that in these patients, anti-a-La
IgE were specific to conformational epitopes. However, a
large number of patients was also responding to fragments
of either native or denatured (i.e. reduced and S-carboxy-
methylated) a-La. In this fraction of milk-allergic patients,
IgE binding to sequential epitopes was thus observed.

Sometimes, the human sera tested were more reactive to
the corresponding reduced sequence (591-K94; peptide R3)
than to the native one (T7). IgE that recognized this bovine
a-La region were more specific to the sequential epitope
contained in sequence (59-93) than to the conformational
S-S bond-stabilized epitope (peptide T7). This high speci-
ficity towards a denatured part of the protein evidenced by
ELISA probably reflects a specific mechanism of food al-
lergy. Stimulation of the immune system and IgE response
induction take place after gastric and intestinal digestion of

IgE Binding of ct-Lactalbumin- Derived
Peptides

native a-La. The immuno-stimulating fragments could
therefore be different to those present in the native structure.

Evolutionary amino acid substitutions may influence an-
tigenicity/allergenicity of homologous proteins. It was sug-
gested that parts of bovine a-Lawhich present a high degree
of variability with human a-Lawould be potential locations
of antigenic and/or allergenic determinants [27]. Using two
human sera, Adams et al. [13] showed that synthetic peptide
(5-18) exhibited an IgE binding capacity although the
RAST value measured was very low. This part of bovine o,-
La is characterizedby a low degree of sequence homology
comparedto the homologous sequence ofhuman c,-La. Due
to tryptic digestion performed to prepare our peptides, this
sequence was not obtained in a tryptic digest and therefore
the results of Adams et al. [3] could not be verified.

Immunological cross-reactions with IgE binding are oÈ
ten observed between more or less related proteins. They
may involve low-affrnity specific IgE and cannot always be
related to clinical symptoms. The clinical or pathological
significance of such in vitro immunological cross-reactions
should be confirmed by in vivo studies such as skin tests and
double-blind placebo-controlled provocation tests.

Our study shows unambiguously that a high IgE binding
capacity was associated with sequence (17G-K58; peptide
R6) and to the C-terminal end (109A-L123; peptide R5) of
bovine a-La. Indeed, the competitive inhibition demon-
strated that 15-80% inhibition can be reached with these
two peptides, and these sequences were recognized with a
high frequency. The peptides (l7G-K58) and (1094'-L123)
have 8l and 87o/o, respectively, homology with the core-
sponding human sequences, showing that a high degree of
homology does not exclude allergenic reactivity.
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