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Abstract

Ž .Two enzyme immunometric assays suitable for measuring native and denatured b-lactoglobulin BLg have been
developed. The assays were performed in 96-well microtitre plates and were based on the use of pairs of monoclonal

Ž .antibodies specific to either the native form or the reduced and carboxymethylated form of BLg RCM-BLg . Detection
limits of 30 and 200 pgrml were obtained for the native BLg and the RCM-BLg assay, respectively, with very low or
negligible cross-reactivity of the other milk proteins and tryptic fragments of BLg. The validity of the assays in different
media such as cow’s milk and cow’s milk products, saline buffer or serum was supported by recovery experiments. The
assays were first applied to the determination of BLg and RCM-BLg in PBS and in raw skimmed milk. The ability of the
RCM-BLg assay to detect heat-denatured BLg was confirmed by a kinetic study of BLg heat-denaturation in the two media.
During heat treatment, the decrease in the concentration of native BLg was associated with an increase in denatured BLg
specifically detected by the RCM-BLg assay. By selecting an appropriate monoclonal antibody which failed to recognize
caprine BLg, we were able to establish a modified sandwich immunoassay permitting very sensitive detection of cow’s milk
in goat’s milk. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

b-lactoglobulin is the major whey protein of the
milk of ruminants. This globular protein is not pre-
sent in human milk and is considered to be a major

Ž .allergen of cow’s milk Koritz et al., 1987 . Its
impact on health and the corresponding conse-
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quences for the milk industry led to a particular
interest in its structure. b-lactoglobulin is an 18-kDa
monomer of 162 amino acids which contains five

Žcysteine residues Godovac-Zimmermann and Brau-
.nitzer, 1987 , four of which are involved in intra-

chain disulphide bridges whose cleavage increases
Ž .susceptibility to proteolysis Reddy et al., 1988 .

Ž .Two variants of BLg variants A and B differing
Ž .only by two substitutions in positions 64 AsprGly

Ž .and 118 ValrAla have been described. Crystalline
b-lactoglobulin has nine strands of anti-parallel b-
sheet and one short a-helix at the N-terminus. This
three-dimensional structure looks like human
retinol-binding protein and the other proteins of the

Ž .lipocalin family Papiz et al., 1986 which have the
common property of binding small hydrophobic
molecules within the central cavity of the b-barrel of

Ž .calyx for a review see Perez and Calvo, 1995 .
Pasteurization, sterilization and spray drying are

important technological processes in the milk indus-
try. These heat treatments induce physicochemical
changes of BLg which have been studied by using

Ž .either biochemical methods Iametti et al., 1995 or
Žimmunochemical methods Levieux, 1980; Kamino-

.gawa et al., 1989 . In this paper we describe one set
Ž .of monoclonal antibodies mAbs directed against

native BLg, some of which specifically recognize
Ž .reduced and carboxymethylated BLg RCM-BLg .

Two pairs of these mAbs have been selected to
establish two highly specific and sensitive enzyme
immunometric assays for native and denatured BLg.

2. Materials and methods

2.1. Apparatus

Solid phase enzyme immunometric assays were
Ž .performed using Labsystem Helsinki, Finland mi-

crotitration equipment which included an automatic
plate washer, dispenser and multiscan spectro-
photometer. The microtitration plates used were 96F

Ž .Maxisorp Immunoplates Nunc, Denmark . The
high-performance liquid chromatography system
Ž .Waters Associated chromatograph consisted of two
M510 pumps and a 717 Autosample. Absorbance
was measured with an SPD-10A UV–VIS detector
Ž .Shimadzu, Japan . The fast protein liquid chro-

Ž .matography system FPLC, Pharmacia, Sweden
consisted of a GP-250 gradient programmer, two
P500 pumps and a UV M II detector set at 220 nm.
Surface plasmon resonance measurements were per-
formed using a BIALITEe apparatus from Pharma-
cia Biosensor. Sensor Chips CM5, rabbit anti-mouse
IgG and the amine coupling kit were also obtained
from Pharmacia Biosensor.

2.2. Reagents and buffers

Raw milk was obtained from a local dairy, pas-
teurized and sterilized milks were commercially
available products. a-Lactalbumin and TPCK trypsin

Ž .were from Sigma St Quentin Fallavier, France .
Bovine immunoglobulins were from Immunotech
Ž .Marseille, France . Bovine casein, bovine BLg and
caprine BLg were produced as described by Wal et

Ž .al. 1995 . The BLg A variant was used in all
experiments except for the determination of binding

Ž .compatibility by SPR measurement see below
which was performed with the BLg B variant. Re-

Ž .duced and carboxymethylated BLg RCM-BLg was
Ž .prepared as described by McKenzie et al. 1972 .

ŽBriefly, 100 mg of BLg 10 mgrml in 0.2 M
.TrisrHCl pH 8.5, 0.027 M EDTA, 8 M urea were

reduced for 4 h by 0.1 ml of 2-mercaptoethanol.
Carboxymethylation was performed for 20 min with
2 ml of a 135 mgrml solution of iodoacetamide. The
mixture was then dialyzed against water and

Žlyophilized. Tryptic proteolysis 2.5% molar ratio of
.trypsinrBLg was performed for 17 h at 378C on a

10 mgrml solution of BLg-B in 0.1 M Tris buffer
pH 9, 0.1 mM CaCl .2

Ž .Buffers: 1 coating buffer; 50 mM phosphate
Ž .buffer pH 7.4; 2 EIA buffer: 0.1 M phosphate

buffer containing 1 grl BSA, 0.15 M NaCl, 0.001 M
Ž .Na EDTA, and 0.1 grl sodium azide; 3 washing2

buffer: 0.01 M phosphate buffer pH 7.4 containing
Ž . y40.05% Tween 20; 4 Ellman’s medium: 7.5=10

M acetylthiocholine and 2.5=10y4 M 5,5X-dithio-
bis-nitrobenzoic acid in 0.1 M potassium phosphate

Ž . Ž .buffer pH 7.4 Ellman et al., 1961 . 5 HBS: 0.01 M
HEPES pH 7.4, 0.15 M NaCl, 3.4 mM EDTA,
0.005% surfactant P20.

Ninety-six-well microtitre plates were coated by
adding 200 mlrwell of a 5 mgrml solution of
antibody or antigen diluted in 50 mM phosphate
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buffer pH 7.4. After 18-h incubation at room temper-
ature, plates were washed, saturated with EIA buffer
Ž .300 mlrwell , sealed and stored at 48C.

2.3. Monoclonal antibody production

Anti-BLg monoclonal antibodies were produced
by conventional techniques according to Fazekas de

Ž .Saint Groth and Scheidegger 1980 and Grassi et al.
Ž .1988 . Briefly, 0.03 mg of BLg emulsified in Fre-
und’s complete adjuvant was injected into female
Biozzi high responder mice on day 0 and day 21.
The mice producing antisera with the highest titre
Ž .see below received an intravenous booster injection
and 3 days later the spleen cells were fused with
NS1 myeloma cells. The presence of anti-BLg anti-
bodies in supernatants of hybridoma cells was tested
ten days later by checking their capacity to bind
enzymatic tracers composed of either BLg or RCM-

Ž .BLg coupled to acetylcholinesterase see below , as
Žpreviously described for other antigens Grassi et al.,

.1989; Frobert and Grassi, 1992 . Positive hybridoma
cells were cloned and expanded as ascitic fluids in
nurnu mice.

2.4. Preparation of BLg and RCM-BLg AChE conju-
gates

BLg and RCM-BLg were covalently coupled to
Ž .acetylcholinesterase AChE; EC 3.1.1.7 by the in-

Žtermediaries N -succinimydyl-4- N -maleimi-
. Ž .domethyl -cyclohexane-1-carboxylate SMCC and

Ž .N-succinimydyl-S-acetylthioacetate SATA , as pre-
Ž .viously described Caruelle et al., 1988 . This method

involved the reaction of thiol groups previously in-
troduced by SATA into BLg or RCM-BLg with the
maleimido groups, incorporated into the enzyme by
treatment with SMCC.

2.5. CompetitiÕe EIA

The relative affinity of the monoclonal antibodies
was estimated by competitive EIA in microtitre plates

Žcoated with goat anti-mouse antibodies Jackson Im-
.muno Research Labs., West Grove, PA . Before use,

the plates were washed and each well was filled with
50 ml of increasing concentrations of competitor
Ž .i.e., BLg or RCM-BLg in EIA buffer , 50 ml of

Ž .enzymatic tracer 2 Ellman unitsrml and 50 ml of a
dilution of monoclonal antibodies. After overnight
immunoreaction at 48C, wells were washed and 200
ml of Ellman’s reagent were dispensed into each
well. Absorbance at 414 nm of individual wells was
measured after 1 h of enzymatic reaction. Standard

Ž .curves were expressed in terms of BrB % where0

B and B represent solid-phase bound enzyme activ-0

ity measured in the presence or absence of competi-
tor, respectively. The relative affinity of BLg and
RCM-BLg for antibodies was estimated by compar-

Žing BrB s50% values the concentration of BLg0
.or RCM-BLg that reduced B by 50% .0

2.6. Cross-reactiÕity with caprine BLg

Ninety-six-well microtitre plates were coated with
either bovine or caprine BLg as previously described
Ž .see Section 2 . Before use, plates were washed and
each well was filled with 50 ml of hybridoma super-

Ž .natant 1r10 and 1r100 and 50 ml of goat anti-
Ž .mouse AChE conjugate 2 Ellman Unitsrml . After

overnight reaction at 48C, wells were washed and
filled with 200 mlrwell of Ellman’s medium. Ab-
sorbance at 414 nm was measured after 1 h of
enzymatic reaction.

2.7. Determination of binding compatibility for each
pair of mAbs using surface plasmon resonance mea-
surements

The compatible binding of two different mAbs for
a single BLg molecule was determined using surface

Žplasmon resonance methodology Fagerstam et al.,¨
. Ž1990 with a BIALITE apparatus BIACORE, Swe-

. Ž .den . Rabbit anti-mouse IgGs RAMG1, BIACORE
were covalently coupled to Sensor Chips CM5 using
a primary amine coupling procedure according the
manufacturer’s recommendations. A first mAb, BLg,
and a second mAb were successively injected in
order to demonstrate possible additive binding. The

Ž .successive injections were as follows: 1 5 ml of
Ž .hybridoma supernatant containing the first mAb, 2

Ž . Ž .5 ml of non-specific mouse IgG 50 mgrml , 3 5
Ž . Ž .ml of BLg or RCM-BLg 10 mgrml in HBS , 4 5

ml of hybridoma supernatant containing the first
Ž .mAb, 5 5 ml of another hybridoma supernatant

containing a second mAb. If no significant binding
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was observed, a third hybridoma supernatant was
injected and so on until binding was achieved. In this
case, 10 ml of 100 mM HCl were injected in order to

Ž .generate the RAMG1 sensor surface. Injections 2
Ž .and 4 were made to block all the sites available on

BLg and to avoid reaction of RAMG1 with the
second mAb. All samples were injected at a flow
rate of 5 mlrmin with HBS as transport buffer. A
washing step of 1 ml HBS buffer was included

Ž .between each injection. MAbs applied in step 5
that were unable to bind the antigen were classified
in the same group of binding compatibility as the
first mAb. MAbs binding the antigen in the presence
of the first mAb defined a new group of binding
compatibility and were used as capture antibody for
the following binding experiments.

2.8. Binding compatibility using EIA measurements

For each group of complementarity, the mAbs
presenting the highest affinity as estimated by com-
petitive EIA were expanded as ascitic fluid and
purified using caprylic acid precipitation as previ-

Ž .ously described Reik et al., 1987 . Purified mAbs
were coated in microtitre plates and were also bio-
tinylated using activated N-hydroxysuccinimidine

Žester of biotin as previously reported Grassi et al.,
.1989 . Binding complementarity observed in SPR

experiments was confirmed in a sandwich im-
munoassay using microtitre plates with one of the
selected mAbs as capture and others as tracer anti-
body in the presence of various concentrations of

Ž . ŽBLg 100, 10, 1 ngrml or RCM-BLg 100, 10
. Ž .ngrml as follows: 1 50 ml of BLg or RCM-BLg

were added to plates coated with one mAb together
with 50 ml of a biotinylated mAb and reacted for 2 h

Ž .at room temperature; 2 After washing the plates,
Ž100 ml of streptavidin–AChE conjugate 2 Ellman

.Unitsrml, Frobert and Grassi, 1992 were added for
Ž .2 h at room temperature; 3 After a second washing

step, 200 ml of Ellman’s reagent were added to each
Ž .well; 4 After 30 min of enzymatic reaction, ab-

sorbance at 414 nm was measured in each individual
well. These experiments permitted the selection of
pairs of mAbs providing more sensitive detection of
BLg or RCM-BLg.

2.9. Labelling of mAbs with acetylcholinesterase

Ž X.F ab fragments were obtained from purified2

mAbs by pepsin treatment and the FabX fragments
were coupled with AChE using SMCC as previously

Ž .described Grassi et al., 1989 .

2.10. Two-site enzyme immunometric assay for na-
tiÕe and RCM-BLg

Ninety-six-well microtitre plates were coated with
Žthe capture antibody as previously described see

.Section 2 and stored at q48C until use. Plates were
Žwashed before use and 50 ml of standard BLg or

.RCM-BLg or EIA buffer and 50 ml of tracer
Ž .mAb–AChE conjugate were added. After an 18-h
immunoreaction at 48C, plates were extensively
washed and 200 ml of Ellman’s reagent were added
to each well. After 1 h, enzymatic reaction ab-
sorbance at 414 nm was measured. Standard curves
were fitted using a four logistic parameter transfor-
mation.

The detection limit was defined as the lowest
concentration of standard inducing a statistically sig-
nificant increase in the absorbance measured for

Ž .non-specific binding meanq3s as defined byny1

the recommendations of the International Federation
Ž .of Chemistry Buttner et al., 1979 . Precision was¨

characterized by determining intra- and inter-assay
Ž .coefficients of variation CV . Intra-assay variation

was estimated by measuring different concentrations
of native and RCM-BLg standards eight times on a
single plate. The working range was then defined as
the concentration range for which CV-10% was
obtained. The inter-assay CV was calculated with

Žtwo concentrations of standard inside the working
.range routinely assayed on different plates. Assay

specificity was assessed by measuring BLg or RCM-
BLg in a 0.1 to 10 mgrml solution of casein,
a-lactalbumin, bovine immunoglobulins and tryptic

Ž .fragments of BLg. Cross-reactivity coefficients %
were calculated as the ratio of standard concentration
divided by cross-reactant concentration providing the
same signal in the two-site immunometric assays.

2.11. Heat treatment

Ž . ŽRaw skimmed milk 0.5 ml or purified BLg 2.5
.mgrml in PBS was heated in polypropylene tubes
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for 30 s, 1, 2, 5, 15, 30 min in a water-bath at 608,
728, 858, 958 and 1008C, before being rapidly cooled
in an ice–water mixture.

2.12. SDS-PAGE

SDS-PAGE of heated BLg was performed under
reducing conditions and using a tricine buffer as

Ž .described by Shagger and von Jagow 1987 . Pro-
Ž .teins were separated by SDS-PAGE 12% gel and

Ž .stained with Coomassie Blue G Sigma .

3. Results

3.1. Selection of anti-BLg monoclonal antibodies
suitable for establishing the sandwich immunoassays

Ž .Ten days after fusion see Section 2 , the capacity
of hybridoma supernatants to bind BLg and RCM-
BLg was tested using an enzyme immunoassay as
described previously for other haptens and antigens
Ž .Grassi et al., 1988; Frobert and Grassi, 1992 . In
these tests, mouse antibodies in supernatants were
successively reacted with BLg and RCM-BLg cova-
lently coupled with the enzyme acetylcholinesterase
Ž .see Section 2 . In a first screening test, 63 clones
secreting antibodies recognizing the native BLg–
AChE conjugate were identified, 11 of them also
bound RCM-BLg–AChE conjugate in a second

Žscreening test BLG-8R, BLG-21R, BLG-25R, BLG-
31R, BLG-98R, BLG-74R, BLG-83R, BLG-89R,

.BLG-92R, BLG-100R, BLG-106R . It is worth not-
ing that mAbs reacting with the RCM-BLg tracer
only weakly recognized the native BLg conjugate.
MAbs exclusively directed against native BLg were
given a number followed by the letter N while those
preferentially recognizing RCM-BLg were character-
ized by the letter R. All the positive clones were first

Žexpanded as culture supernatants at least 50 ml of
.each for subsequent characterization.

Since the aim of this study was to develop two-site
immunometric assays for both native and RCM-BLg,
we selected pairs of mAbs with optimal affinity and
compatible binding for the antigens. MAbs were first
characterized using a competitive enzyme im-
munoassay in order to determine their relative affin-

Ž .ity for native or RCM-BLg see Section 2 . For the

52 mAbs of the N group, this led to the classification
of antibodies into three categories with relative

y7 y9 Žaffinities ranging from 10 to 10 M see Table
.1 . All the 11 mAbs of the R group had a low

Ž y8 .affinity )5=10 M, data not shown .
The binding compatibility of the 52 mAbs of the

N group was established by means of SPR measure-
Ž .ment using BLg as antigen see Section 2 . Using

this iterative procedure, we roughly classified the 52
mAbs of the N group in six groups of complementar-

Ž .ity see Table 1 . The same SPR procedure was
applied to the 11 mAbs of the R group, replacing
BLg by RCM-BLg. However, these experiments did
not allow unambiguous classification of antibodies in
complementary groups. This was due to lower bind-

Žing of RCM-BLg to mAbs of the R group probably
.related to the low affinity, see above . In addition we

commonly observed additive binding when the same
mAb was used as capture and tracer antibody. We

Žthus decided to select arbitrarily three mAbs BLG-
.74R, BLG-83R, BLG-92R because they appeared to

have the highest affinity for RCM-BLg. Their bind-
Žing compatibility was tested later using EIA see

.below .
Eleven mAbs were selected for expansion as as-

citic fluids: 8 mAbs specifically directed against
native BLg and presenting the highest affinity were

Žchosen in each of the complementary groups BLG-
2N, BLG-69N, BLG-75N, BLG-82N, BLG-97N,

.BLG-107N, BLG-114N, BLG-117N , and the 3
ŽmAbs directed against RCM-BLg e.g., BLG-74R,

.BLG-83R, BLG-92R . All these 11 mAbs were puri-
fied, coated on 96-well microtitre plates and labelled

Ž .with biotin see Section 2 . All possible combina-
tions involving one mAb as capture antibody and a
second mAb as tracer antibody were tested using
either native BLg or RCM-BLg as sandwiched anti-
gen. With a few exceptions, these tests confirmed the
complementary groups defined by SPR measurement
for the mAbs of the N group. The three mAbs of the

Ž .R group BLG-74R, BLG-83R and BLG-92R also
provided unambiguous results with EIA, demonstrat-
ing very clearly compatible binding allowing defini-
tion of 3 groups of complementarity.

Two pairs of mAbs providing more sensitive de-
Žtection of native or RCM-BLg i.e., producing the

.higher signal at low antigen concentration were
selected to establish the sandwich immunoassay.
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Table 1
Ž .Classification of anti-native BLg mAbs according to their relative affinity BrB s50% and complementarity groups0

BrB s50% Complementary group0

A B C D E F
y8)5=10 M BLG-59N, BLG-20N BLG-38N, BLG-114N

BLG-105N BLG-102N
y9 y85=10 to 5=10 M BLG-15N, BLG-30N, BLG-1N, BLG-32N,

BLG-35N, BLG-48N, BLG-7N, BLG-54N,
BLG-36N BLG-70N, BLG-9N BLG-96N
BLG-44N, BLG-107N
BLG-52N,
BLG-67N,
BLG-76N,
BLG-79N,
BLG-81N,
BLG-89N,
BLG-103N,
BLG-104N,
BLG-112N

y9-5=10 M BLG-11N, BLG-16N, BLG-117N BLG-2N, BLG-82N
BLG-13N, BLG-37N, BLG-23N
BLG-18N, BLG-47N,
BLG-24N, BLG-69N,
BLG-27N, BLG-75N,
BLG-43N, BLG-80N,
BLG-72N, BLG-115N
BLG-88N,
BLG-95N,
BLG-99N,
BLG-97N,
BLG-101N

Ž .MAbs classified as belonging to the same complementarity group, as deduced by SPR measurement, were categorized in six groups A–F .
Within each group mAbs were classified according to their relative affinity, as determined with competitive EIA.

Ž .MAb BLG-97N capture antibody and BLG-117N
Ž .tracer antibody were chosen for the native BLg

Ž .assay and mAbs BLG-92R capture antibody and
Ž .BLG-74R tracer antibody for the RCM-BLg assay.

3.2. Two-site enzyme immunometric assay for natiÕe
and RCM-BLg

FabX fragments of mAbs BLG-117N and BLG-
74R were labelled by covalent coupling with enzyme

Ž .acetylcholinesterase see Section 2 and used as tracer
antibodies for the immunometric assays. Fig. 1 shows
standard curves obtained for BLg and RCM-BLg
assay with detection limits of 30 and 200 pgrml,
respectively. The different characteristics of the two
assays are summarized in Table 2. The intra-assay
coefficients of variation were below 10% in the

range of 0.03 to 5 ngrml and 0.2 to 20 ngrml for
the native and RCM-BLg assays, respectively, thus

Ždefining the working range of both assays see Table
.2 . Inter-assay coefficients of variation calculated for

different plates with different concentrations of stan-
Ždards 2, 0.05 and 20, 0.2 ngrml for BLg and

.RCM-BLg, respectively, see Section 2 were 11%
and 10% for the native and RCM-BLg assays, re-
spectively.

The use of variant A or B for both native and
RCM-BLg assays provided essentially identical re-
sults demonstrating that selected antibodies recog-
nized the two variants similarly. Recovery experi-
ments supported the validity of the assay in the
different matrices such as Ringer’s solution or serum
Ž .see Table 2 . Lastly, a-lactalbumin, bovine
immunoglobulins as well as the tryptic fragments of
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Fig. 1. Standard curves obtained for the immunometric assays of native and RCM-BLg. The assays were performed as described in Section
Ž . Ž . Ž .2. Detection limits see Section 2 were 30 pgrml for the native BLg assay graph A and 200 pgrml for the RCM-BLg assay graph B . It

is worth noting that identical curves were obtained using either variant A or B of native and RCM-BLg. The error bars correspond to the SD
Ž . Ž .of eight replicate measurements for each concentration of BLg B or RCM-BLg v . The insets present the corresponding precision

profiles.

Table 2
Characteristics of the immunometric assays for native and RCM-
BLg

Immunometric assay

Native BLg RCM-BLg

Ž .Working range ngrml 0.03–2 0.2–20
Ž .Inter-assay CV % -11 -10

( )RecoÕery %
In rabbit serum 99"3 102"6
In rat serum 105"5 106"5
In Ringer’s solution 99"4 103"7

( )Cross-reactiÕity %
Ž .Native BLg A or B 100 0.4
Ž .RCM-BLg A or B 0.018 100

Tryptic fragments of BLg -0.0005 -0.002
Casein 0.01 0.1
a-Lactalbumin -0.0005 -0.002
Bovine immunoglobulins -0.0005 -0.002

The working range was defined as the range of concentration with
an intra-assay CV -10%. Intra- and inter-assay CVs were deter-
mined as described in Section 2. Recovery experiments were

Ž .performed in rabbit or rat serum 1r5 dilution or in Ringer’s
Ž .solution 1r2 dilution spiked with 200 pgrml or 2 ngrml of

native or RCM-BLg standard, respectively. The cross-reactivity
Žcoefficients for the different milk proteins casein, a-lactalbumin,

.bovine immunoglobulins and tryptic fragments of BLg were
determined as described in Section 2.

BLg were not recognized by either of the assays.
ŽCasein exhibited low cross-reactivity 0.01% and

.0.1% for native and RCM-BLg assays, respectively ,
as did RCM-BLg and native BLg which cross-re-

Žacted in native and RCM-BLg assays 0.018% and
.0.4%, respectively .

3.3. Heat-denaturation of BLg

A first indication of the ability of the native BLg
assay to detect specifically the intact protein was
given by the measurement of BLg in raw milk
Ž .3.64"0.06 mgrml compared with pasteurized

Žmilk heat-treated for 15 s at 728C; 0.380"0.006
. Žmgrml and sterilized milk heat-treated for 1–2 s at

.140–1508C; 0.084"0.003 mgrml .
The capacity of each assay to measure native or

heat-denatured BLg was evaluated more closely by
assaying heated BLg either as purified protein di-
luted in PBS buffer or in raw skimmed milk. The
measurement of heat-denatured BLg was considered
in the light of uncertainties concerning the protein
structure following heat treatment. Indeed it is very
likely that BLg forms various intermediate denatured
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forms when heated. SDS-PAGE analysis of BLg
heated for more than 1 min at 958C clearly demon-

Ž .strated the formation of BLg polymers see Fig. 2 as
Ž .previously described Iametti et al., 1995 . The pres-

ence of polymers in heated BLg solutions was also
supported by measurements performed with a modi-
fied two-site immunometric assay in which antibody
BLG-74R was used both as capture and tracer anti-

Ž .body see Fig. 3 . Under these conditions heated-BLg
gave a very strong signal while RCM-BLg was not
detected. These results clearly illustrate the difficulty
of characterizing a complex mixture which cannot be
reproduced by any standard solution. Despite these
difficulties, we decided to use as a standard the only
well-defined form of denatured BLg in our posses-
sion, i.e., RCM-BLg. The ability of this approach to
allow relative measurement of denatured BLg was
supported by the results of dilution tests demonstrat-
ing good parallelism between a standard curve estab-
lished with RCM-BLg and dilution curves obtained

Ž .with various solutions of heated BLg see Fig. 4 .
Results of tests performed either with purified

BLg in PBS or with raw skimmed milk are presented
in Figs. 5 and 6, respectively. Samples were heated

Žin two ways: at various temperatures for 5 min Fig.
.5 , or at a fixed temperature of 958C for various

Ž .periods of time Fig. 6 . These experiments showed
that native BLg was quickly denatured at tempera-

Fig. 2. SDS-PAGE analysis of heat-denatured BLg. Native and
Ž .heat-denatured BLg 2.5 mgrml in PBS were analyzed by SDS-

Ž .PAGE see Methods . Lane 1: control, native BLg; lane 2: heated
BLg 30 s at 958C; lane 3: heated BLg 1 min at 958C; lane 4:
heated BLg 2 min at 958C; lane 5: heated BLg 5 min at 958C; lane
6: heated BLg 15 min at 958C and lane 7: heated BLg 30 min at
958C.

Fig. 3. Detection of polymeric forms of BLg. Polymeric forms of
BLg were detected with a modified immunometric assay using

Ž .antibody BLG-74R both as capture and tracer antibody. B

Ž . Ž .Purified BLg 2.5 mgrml in PBS heated at 958C for 5 min. v

RCM-BLg.

tures above 728C. Denaturation was almost total
Ž .)95% when BLg was dissolved in PBS buffer
after 5 min of heat treatment at 958C, while about
20% of the initial immunoreactivity was conserved

Žin raw skimmed milk even after 5 min at 1008C see
.Fig. 5 . In every case, the drop in native BLg

immunoreactivity was accompanied by a concomi-
tant increase in RCM-BLg immunoreactivity. Dena-

Fig. 4. Parallelism between standard curves obtained with RCM-
BLg standard and dilution of heated BLg. Dilution curves of BLg
Ž . Ž . Ž .2.5 mgrml in PBS heated at 958C for 1 min ` , 5 min v or

Ž . Ž .15 min ' and standard curve established with RCM-BLg I

were determined in duplicate using the RCM-BLg assay.
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Ž .Fig. 5. Effect of temperature on denaturation of BLg in buffer or in raw skimmed milk. Results were obtained using either native white or
Ž . Ž . ŽRCM-BLg black immunometric assay performed on two series of samples heated for 5 min at various temperatures. A Purified BLg 2.5

. Ž .mgrml in PBS . B Raw skimmed milk.

tured BLg was undetectable in the BLg solution
prepared in PBS buffer and represented less than
0.5% of initial immunoreactivity in raw milk. At
temperatures above or equal to 958C, we observed a
significant time-dependent lowering of RCM-BLg
immunoreactivity, suggesting a further degradation
or denaturation of the protein.

A detailed analysis of these results confirms the
difficulty of quantifying heat-denatured BLg even on
a relative basis. It was apparent that the sum of
native and denatured BLg detected separately by the
two assays in heated samples was lower than the
initial quantity of BLg in the unheated samples. This

was particularly true in raw skimmed milk where the
sum never reached more than 50% of the initial

Ž .quantity of BLg see Fig. 5 . In addition, the remain-
ing immunoreactivity observed with the native BLg
assay after prolonged heating, especially in milk, is
unexplained. This may represent a small proportion
of heat-resistant protein or more likely reflects the
presence of incompletely denatured forms of BLg
conserving significant immunoreactivity towards the
antibodies used in the native BLg assay. In fact, it
seems that BLg is more resistant to heat-denaturation
in milk than in buffer probably because of interac-
tions with other milk proteins. These results illustrate

Ž .Fig. 6. Kinetics of heat denaturation of BLg in buffer or in raw skimmed milk. Results were obtained using either native white or
Ž . Ž . Ž . Ž .RCM-BLg black immunometric assay performed on two series of samples heated at 958C. A purified BLg 2.5 mgrml in PBS . B Raw

skimmed milk.
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the complexity of the situation and it is clear that
more detailed studies are required before we will
completely understand the transformation of BLg
under heat treatment.

Despite these difficulties and restrictions, we con-
sider that the combined use of these two assays is a
very convenient tool for quantitative or semiquantita-
tive monitoring of the denaturation of BLg.

3.4. Cross-reactiÕity with caprine BLg: measurement
of boÕine BLg in goat’s milk

In order to characterize anti-BLg mAbs further,
with a view to developing an immunoassay allowing
specific determination of bovine BLg in goat’s milk,
we examined cross-reactivity between bovine and
caprine BLg, using solid-phase immobilized BLgs as
described in the Section 2. Among the 31 mAbs

Ž .tested, only three BLG-25R, BLG-88N, BLG-95N
failed to react with caprine BLg. One of them,
BLG-88N, was used as capture antibody in a two-site
immunometric assay together with mAb BLG-117N
as tracer. This modified assay allowed sensitive de-
tection of bovine BLg with a detection limit of 0.2

Ž .ngrml see Fig. 7 without cross-reaction with

Fig. 7. Two-site immunometric assay of bovine BLg. MAb BLG-
88N was used as capture antibody and mAb BLG-117N as tracer
antibody. The assay was performed using sequential reaction of

Ž . Ž .BLg 3 h and tracer 2 h as described in Section 2. The standard
curve obtained with a dilution of purified bovine BLg diluted in

Ž .EIA buffer I is shown as strictly equivalent to the dilution
Ž .curve of bovine BLg diluted in goat’s milk B . No significant
Ž .signal was produced with purified caprine BLg v or goat’s milk

Ž .` .

caprine BLg. This provided the basis for a test to
detect the adulteration of goat’s milk with cow’s
milk with a high sensitivity, i.e., less than 0.0001%
of bovine BLg in goat’s milk, corresponding to an
0.03% addition of cow’s milk.

4. Discussion

Several reports describe the production and char-
acterization of monoclonal antibodies directed against

Žbovine b-lactoglobulin Kaminogawa et al., 1987,
1989; Kuzmanoff and Beattie, 1991; Levieux and

.Venien, 1994; Venien et al., 1997 . In addition,
many enzyme immunoassays based on the use of
monoclonal or polyclonal antibodies have been pub-

Žlished in recent years Mao and Bremel, 1991;
Makinen-Kiljunen and Palosuo, 1992; Lovegrove et¨
al., 1993; Levieux and Venien, 1994; Mariager et al.,

.1994 . However, to date, no immunoassays suitable
for measuring native and denatured BLg in the same
sample have been described.

By immunizing mice with purified BLg, we could
select and stabilize 63 hybridoma clones able to bind
the same BLg preparation covalently coupled to the
enzyme acetylcholinesterase. Surprisingly, 11 of

Ž .these mAbs R group preferentially recognized the
RCM-BLg–AChE conjugate and were finally found
to be directed against a denatured form of BLg. This
made it possible to establish an RCM-BLg assay

Žexhibiting low cross-reactivity with native BLg see
.Table 2 and Figs. 5 and 6 . The same observation

Žhas been made by other groups Kaminogawa et al.,
.1987, 1989; Venien et al., 1997 who also obtained

monoclonal antibodies specifically recognizing dena-
tured forms of BLg while immunization was done
with a native BLg preparation. Different hypotheses
can be proposed to explain this apparent contradic-
tion. First, it may be due to the presence of small
amounts of denatured BLg in the BLg immunizing
preparation. This hypothesis is supported by the fact
that mAbs of the R group weakly recognized the
native BLg–AChE conjugate and by the fact that

Ž .significant cross-reactivity 0.4% was observed with
Ž .native BLg in the RCM-BLg assay Table 2 . This

last result suggests that the proportion of denatured
BLg in the native BLg preparation would be -1%.
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In addition it is worth noting that the way in which
BLg was purified may influence the conformation of
the protein as previously reported by Venien et al.
Ž .1997 who observed a difference in immunoreactiv-
ity when BLg was purified by gel filtration or by
salt-fractionation. An alternative explanation is that
native BLg has been partly modified andror dena-

Žtured emulsification in Freund’s adjuvant, in vivo
.proteolytic degradation for instance during the im-

munization process, leading to the selection of anti-
bodies recognizing preferentially denatured forms of
the protein. So far we are not in possession of
definitive experimental data which would permit us
to choose between these two possibilities, which are
not mutually exclusive. However, we consider this is
a serendipitous situation since a single immunization
procedure led to the production of two sets of mAbs
with different specificities.

By selecting optimized pairs of mAbs inside the
N and R groups we could establish two different

Žsandwich immunoassays of good sensitivity detec-
tion limit of 30 and 200 pgrml for native and

. ŽRCM-BLg assays, respectively and precision see
.Fig. 1 and Table 2 . Both assays were suitable for

measuring native or denatured BLg in various bio-
logical media, including raw skimmed milk, rat and
rabbit serum. They proved to be very specific and
presented negligible cross-reactivity with the other
milk proteins and tryptic fragments of BLg. The
native BLg assay is more sensitive than previously

Ždescribed enzyme immunoassays Levieux and Ve-
nien, 1994; Lovegrove et al., 1993; Mariager et al.,

.1994 , except for the assay established by Makinen-¨
Ž .Kiljunen and Palosuo 1992 which was based on the

use of polyclonal antibodies. It presented only slight
Ž .cross-reactivity with RCM-BLg 0.018% while the

RCM-BLg assays appeared less specific with a
cross-reaction of 0.4% with native BLg. The speci-
ficity of both assays was nonetheless sufficient for
separate measurement of native and heat-denatured
BLg in the same sample, as illustrated by heat-de-
naturation experiments performed in buffer or in raw

Ž .milk Figs. 5 and 6 . Clearly the RCM-BLg assay
cannot be considered as suitable for quantitatively
measuring ‘denatured BLg’ since the ‘denatured pro-
tein’ is not a homogeneous entity which can be

Žmimicked with a single standard preparation here
.RCM-BLg . For instance, we observed polymeric

Žforms of BLg in heat-treated BLg solution see Fig.
.2 while our RCM-BLg preparation used as standard

Ž .is entirely composed of monomers see Fig. 3 . At
best, this assay provides a relative index allowing
semiquantitative monitoring of the presence of ‘de-
natured forms’ of BLg. The situation is somewhat
better for the native BLg assay since a more appro-

Ž .priate standard is available purified BLg . However,
its strict specificity for the native BLg is not fully
demonstrated and we cannot exclude the possibility
that it also detects partly denatured forms of BLg, as
supported by the observation that significant
immunoreactivity is still observed after prolonged

Ž .heating of BLg solution especially in raw milk .
Heat-denaturation is insufficient to abolish milk

allergenicity; proteolytic degradation of the protein is
Ž .also required Zeiger, 1990 . Thus, a method for

measuring the presence of heat-denatured forms of
BLg is needed in order to estimate the allergenic risk
associated with hypoallergenic milk preparations. The
native BLg assay appears suitable for measuring
native BLg in various biological media including
milk and serum, while the RCM-BLg assay provides
a unique way to measure the relative concentration
of ‘denatured BLg’. The combination of the two
assays constitutes a very useful tool for monitoring
the conformational changes of BLg during techno-
logical or biological processes.

By screening 31 mAbs with solid-phase immobi-
lized caprine BLg, we were able to select three
antibodies specifically recognizing bovine BLg. One

Ž .of them BLG-88N was used as the capture anti-
body in a modified sandwich assay allowing the
establishment of a new assay suitable for detecting
fraudulent addition of cow’s milk to goat’s milk. The
strict specificity of mAb 88 for bovine BLg is very
remarkable given that bovine BLg and caprine BLg
only differ by five substitutions essentially located in

Ž .the C-terminal part of the protein 130–162 . How-
ever such a feature has already been observed using
an immunoassay specifically detecting bovine BLg

Žin goat’s or ewe’s milk Levieux and Venien, 1994;
.Venien et al., 1997 .

This peculiar application illustrates the value of
having a large series of different mAbs of various
specificities allowing detailed study of BLg immuno-
reactivity and epitopes. Much work remains to be
done in order to characterize the present series fully
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and take full advantage of its potential in studying
the relationship between the structure and the activ-
ity of BLg in milk allergy.
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