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In this paper we quantify and characterize the ex-
ression of recombinant b-lactoglobulin (rBLG) in
rokaryote and eukaryote cells. In Escherichia coli we
sed the pET26 vector, which permits the secretion of
BLG in periplasm. We studied the expression of rBLG
n COS-7 cells and in vivo in mouse tibialis muscle. The
xpression of rBLG was measured by two immunoas-
ays specific, respectively, for BLG in its native and
enatured conformation. We observed that rBLG was
ssentially expressed in a denatured form in E. coli
ven in the periplasm, whereas rBLG in eukaryote
ells was found in its native conformation. © 1999

cademic Press

b-Lactoglobulin (BLG)2 is the most abundant compo-
ent of the whey fraction of milk and is regarded as a
ominant allergen. The molecular weight of bovine
LG is 18 kDa, which corresponds to 162 amino acid

esidues. It contains two disulfide bridges and one free
ysteine. Significant structural analogies between BLG
nd retinol-binding protein suggest a possible physio-
ogical role for BLG in binding and transport of retinol
1). There are two main variants due to point muta-
ions, BLG A and B (2). Bovine BLG A has been cloned
nd over-expressed in Escherichia coli (3,4) and in
east (5). More recently, Kim et al. (6) produced more

1 To whom correspondence and reprint requests should be ad-
ressed. Fax: (33) 1 69 08 59 07. E-mail: chatel@dsvidf2.cea.fr.

2 Abbreviations used: BLG, b-lactoglobulin; rBLG, recombinant
LG; RCM-BLG, reduced and carboxymethylated BLG; nBLG, nat-
ral BLG; EIA, enzyme immunometric assay; mAb, monoclonal an-
ibody; AChE, acetylcholinesterase; PAGE, polyacrylamide gel elec-
rophoresis; PE, periplasmic extract; S, soluble protein fraction; I,
nsoluble protein fraction; TA, tibialis anterior; rBLGn, rBLG in the
ative conformation; rBLGd, rBLG in a denatured conformation;
aDI, protein disulfide isomerase; PPIase, peptidyl prolyl isomerase.

0

han 1.5 g/liter of bovine recombinant BLG A in Pichia
astoris. Recombinant BLG (rBLG) was used to study
hermostable variants (7), allergenic structures (4),
nd to probe the retinol-binding site (8,9).
In this paper our aim is to determine the ability of

ifferent prokaryote and eukaryote expression systems
o produce rBLG in a native conformation. We quanti-
ed the expression and characterized the structure of
BLG in E. coli using the pET26 vector, which permits
he secretion of rBLG in periplasm, in COS-7 cells, and
n vivo by injection of plasmid in mouse tibialis muscle.

e quantified and analyzed the structure of rBLG
sing two immunoassays, one specific for BLG in its
ative conformation and the other specific for reduced
nd carboxymethylated BLG (RCM-BLG) (10). In E.
oli even in the periplasm, irrespective of the condi-
ions, rBLG was essentially expressed in a denatured
orm, close to RCM-BLG. In eukaryote cells, and espe-
ially in vivo, rBLG was found only in its native con-
ormation.

ATERIALS AND METHODS

Purification of BLG from cow’s milk. Natural BLG
nBLG) was purified from the milk of one single cow
omozygous for the variant A of BLG as described in
al et al. (11). RCM-BLG was prepared as described in
egroni et al. (10) by a method slightly modified from
cKenzie et al. (12).
Two-site enzyme immunometric assay (EIA) for na-

ive and RCM-BLG. The two-site enzyme immuno-
etric assays (EIA) for native and RCM-BLG are de-

cribed in Negroni et al. (10). Briefly, assays were
erformed in 96-well microtiter plates coated with a
rst monoclonal antibody (mAb) (capture antibody)
pecific for either native or RCM-BLG. Then 50 ml of
tandard (nBLG or RCM-BLG), or 50 ml of samples,

nd 50 ml of tracer consisting of a second mAb labeled

1046-5928/99 $30.00
Copyright © 1999 by Academic Press
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71EXPRESSION OF A LIPOCALIN IN PROKARYOTE AND EUKARYOTE CELLS
ith acetylcholinesterase (AChE), a conjugate recog-
izing either nBLG or RCM-BLG, were added. The
apture and tracer antibodies were directed against
ifferent complementary epitopes. After an 18-h reac-
ion at 4°C, the plates were washed and solid phase-
ound AChE activity was measured using Ellman’s
ethod (13). Detection limits of 30 and 200 pg/ml were

btained for nBLG and RCM-BLG, respectively, with
ery low or negligible cross-reactivity with the other
ilk proteins and tryptic fragments of BLG.
SDS–PAGE and Immunoblot. SDS–PAGE analysis
as performed using a tricine buffer as described by
chagger and von Jagow (14). For immunoblot analy-
is, proteins were separated by 12% SDS–PAGE and
lectroblotted (15) onto polyvinylidene difluoride mem-
rane (Millipore, Bedford, MA). After blotting, nonspe-
ific protein binding sites were blocked with 1% BSA in
0 mM Tris–HCl, pH 8, 150 mM NaCl, 0.5% Tween 20.
he nylon membranes were incubated overnight with a
/200,000 dilution of monoclonal antibody specific for
CM-BLG. After washing, the membranes were incu-
ated for 1 h with alkaline phosphatase-conjugated
nti-mouse antibody (1/7000) (Promega, Madison, WI).
olor development was achieved according to the sup-
lier’s instructions.

Expression and extraction of recombinant BLG pro-
uced by pET26-BLG. pET26-BLG was constructed
y inserting the sequence of BLG in a pET26b expres-
ion vector (Novagen, Madison, WI). The sequence of
LG was amplified from pTTQ18blac.7.7.1 (3) using

he two different oligonucleotides PET N BLG and PET
BLG adding, respectively, a BamHI site at the N-

erminal of BLG and a XhoI site at the C-terminal of
LG. The amplified sequence was then digested by
amHI and XhoI. In parallel, pET26b was also di-
ested by the same enzyme. After digestion, the prod-
ct of amplification and the vector were ligated and
lectroporated in E. coli strain BL21(DE3) (Novagen,
adison, WI).
E. coli BL21(DE3) transformed by pET26-BLG was

rown at 37°C to an OD600 of 0.5 and induced over-
ight with 1 mM IPTG at different temperatures (37,
0, and 20°C). After induction, the cells were pelleted
y centrifugation for 15 min at 5000g, 4°C. The pro-
eins in the bacterial periplasm, PE, were extracted as
escribed by the supplier. The soluble cytoplasmic pro-
ein was then extracted by sonicating the cells resus-
ended in 50 mM Tris–HCl, pH 7.4. The extract was
entrifuged for 15 min, at 10,000g, 4°C. The superna-
ant was called S and the pellet was resuspended in 50
M Tris–HCl, pH 7.4, 8 M urea, and 2 mM DTT. After

entrifugation for 15 min at 10,000g, 4°C, the super-
atant containing resolubilized proteins was called I.

ative and denatured BLG were assayed in PE, S, and i
. The amounts of expressed rBLG were referred to the
uantity of total protein.
Transfection of mammalian cells. pcDNA3-BLG5
as derived from the eukaryotic expression vector
cDNA3 (Invitrogen, Leek, Netherlands). The se-
uence of BLG was amplified from the vector
TTQ18blac.7.7.1 using the two different oligonucleo-
ides H3KSP BLGN and XBA BLGC adding, respec-
ively, at the N-terminal of BLG a HindIII site for
urther cloning, the Kozak sequence, and the signal
eptide of BLG, and at the C-terminal of BLG a XbaI
ite. The amplified sequence and the pcDNA3 vector
ere digested in parallel by XbaI and HindIII. After
igestion the two sequences were ligated and electro-
orated in E. coli strain DH5. Clones containing the
LG insert were selected, sequenced, and one clone,
cDNA3-BLG5, was amplified and purified with Endo-
oxin-Free Megaprep (Qiagen, Hilden, Germany).

Expression of rBLG in COS-7 cells was performed by
ransfection using LipofectAMINE PLUS Reagent
Life Technologies, Paisley, UK). Briefly, 50–80% con-
uent cells cultured in DMEM, 10% FCS, 2 mM glu-
amine, 100 U penicillin, and 100 mg streptomycin
ere transfected with pcDNA3-BLG5 previously com-
lexed with lipofectamine, following the Life Technol-
gies protocol. At days 1, 2, and 3 posttransfection,
ells were harvested, centrifuged in PBS, counted, and
onicated. Soluble and insoluble proteins were ex-
racted as previously described. Native and denatured
LG were assayed in extracts. The amounts of ex-
ressed rBLG were referred to the number of cells.
Gene immunization. Four-week-old Balb/c female
ice were from CERJ (Centre d’élevage René Janvier,
rance). Immunizations were performed at the age of 6
eeks under pentobarbital anesthesia (75 mg/kg, ip).
indlimbs were shaved, and a first injection of 50 ml
5% sucrose was given in the left tibialis anterior (TA)
uscle with a 27-gauge needle. One hundred micro-

rams of pcDNA3-BLG5 dissolved in a volume of 50 ml
terile PBS were injected 30 min later. A control group
f mice were injected with sucrose and PBS under the
ame experimental conditions. Injection of pcDNA3
ithout the BLG gene was previously shown not to

nduce production of rBLG. Three mice injected with
cDNA3-BLG5 and one mouse injected with PBS were
illed at days 3, 7, 14, 21, 28, and 40 postinjection. Left
A muscle was removed from each treated mouse and
ight TA muscle from control mice. Muscles were
eighed and placed in 20 mM Tris–HCl, pH 7.4. Solu-
le and insoluble proteins were extracted as previously
escribed, except that muscle tissue suspensions were
repared using an Ultra-Turrax grinder (Janke &
unkel, IKA Labortechnik, Germany), and Triton
-100 was added to a final concentration of 0.1% in the
nsoluble fraction. Native and reduced BLG assays
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72 CHATEL ET AL.
ere performed as previously described. Standard
LG was diluted in the right TA muscle extract of the

ontrol mice. The amounts of expressed rBLG were
eferred to the weight of muscle.

ESULTS

haracterization of rBLG Produced by pET26-BLG
in E. coli

pET26-BLG expresses an rBLG, which carries an
-terminal pelB signal sequence for potential periplas-
ic localization and a C-terminal His-tag sequence for

urification or detection. In Western blot we detected
BLG in periplasm, cytoplasm, and in aggregates (Fig.
). To achieve the same staining intensity for each
and, we loaded 100 times more periplasmic extract
han insoluble fraction. The rBLG detected in periplas-

IG. 1. Western blotting experiment: Lane 1, periplasmic extract;
ane 2, soluble cytoplasmic protein fraction; lane 3, insoluble protein
raction.

IG. 2. Production of rBLG in E. coli BL21(DE3) using pET26 vect

oluble cytoplasmic protein fraction (S), and insoluble protein fraction (
ic and cytoplasmic extract had a lower molecular
eight than the rBLG in the insoluble fraction. In the

ytoplasmic extract we noted a very faint band of
imeric rBLG.
Total rBLG in each fraction was calculated by adding

ative and denatured rBLG as measured with the two
mmunometric assays. When referred to total protein,
he total rBLG did not vary between 37 and 30°C, but
ecreased from 670 to 400 ng rBLG/mg protein at 20°C
Fig. 2). The proportion of soluble rBLG was 6% at 37°C
nd 4% at 30°C, equally distributed between periplas-
ic extract and cytoplasm. At 20°C the amount of

oluble rBLG reached 29% of total rBLG, 1/3 in
eriplasmic extract and 2/3 in cytoplasm.
rBLG in its native conformation (rBLGn) as seen by

he nBLG assay represented 60% of rBLG in PE at
7°C, and 20% at 30 or 20°C (Fig. 3). In cytoplasm,
BLGn corresponded to 25% of rBLG at 37°C, 15% at
0°C, and 2% at 20°C.

xpression in COS-7 Cells

To express rBLG in eukaryote cells we added the
ignal peptide and the Kozak consensus to the coding
equence of BLG from pTTQ18 (3). The sequences were
aken from the complete sequence of bovine BLG cDNA
eported by Alexander et al. (16).
We quantified and characterized rBLG from 1 day

fter transfection (D1) to D3. At D2 cells were conflu-
nt and began to die at D3. Total rBLG was 1.3 mg/106

ells at D1, peaked at 2.4 mg rBLG/106 cells at D2, and
ecreased to 1.6 mg rBLG/106 cells at D3. Insoluble
BLG doubled between D1 and D3 representing 26% of
otal rBLG at D1, 44% at D2, and 56% at D3. The
roportion of soluble rBLGn corresponded to 60% of
otal rBLG at D1, 48% at D2, and 36% at D3.

Measurement of total amount of rBLG in periplasmic extract (PE),
or.

I) as a function of induction temperature.
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73EXPRESSION OF A LIPOCALIN IN PROKARYOTE AND EUKARYOTE CELLS
xpression in Mouse Tibialis Anterior Muscle

pcDNA3-BLG5 was injected directly into the tibialis
nterior muscle of the mouse and the expression of
BLG was followed at days 3, 7, 14, and 21 after injec-
ion. No trace of rBLG was detected in mouse muscle
fter injection of pcDNA3 alone. The rBLG was ex-
ressed only in the soluble and native conformations.
BLG production dropped markedly from 754 ng
BLG/g muscle at D3 to 82 ng rBLG/g muscle at D7, 14
g rBLG/g muscle at D14, and 5 ng rBLG/g muscle at
21. rBLG could be detected until 7 weeks after injec-

ion. These are the mean values for three mice. The
mount of rBLG produced varied greatly between the
ice. For example, at D3 it ranged from 40 to 2000 ng

BLG/g muscle. rBLG could be detected in serum from
he highest responding mouse.

ISCUSSION

In this paper we compare three expression systems
n prokaryotes and eukaryotes by characterizing the
iochemical and immunological properties of rBLG.

IG. 3. Measurement of rBLG in the native (rBLGn) and dena-
ured (rBLGd) conformations expressed in BL21(DE3). (A) Periplas-
ic extract; (B) soluble cytoplasmic protein fraction. Results are

iven as a percentage of total rBLG.
ur aim was to determine the expression system best l
ble to produce rBLG in a native conformation. The
hree-dimensional structure of rBLG was analyzed by
sing monoclonal antibodies through two different
andwich immunoassays specifically measuring BLG
n its native or denatured conformation (10). The na-
ive BLG assay cross-reacted only slightly with RCM-
LG (0.018%), while the RCM-BLG assay appeared

ess specific with 0.4% cross-reaction with native BLG.
he RCM-BLG assay cannot be considered suitable for
uantitatively measuring “denatured BLG” since the
denatured protein” is not a homogeneous entity. This
ssay provides a relative index allowing semi-quanti-
ative monitoring of the “denatured forms” of BLG. In
ll experiments we distinguish between the soluble
nd insoluble fractions. We were able to measure the
BLG in its native or denatured conformation in the
oluble fraction. Since rBLG in the insoluble fraction
ould only be solubilized using concentrated urea and
educing agent, we considered that it is essentially in
he denatured conformation.

One way to avoid the formation of aggregates in
ytoplasm is to direct the secretion of the protein into
he periplasm of E. coli where folding catalysts like
DI and PPIase have been identified (17). The pET26b
ector produces recombinant protein with signal pep-
ide pelB at the N-terminal for periplasmic secretion
nd a His-tag at the C-terminal for detection and pu-
ification. The difference in electrophoretic migration
etween rBLG recovered from the periplasm and cyto-
lasm and rBLG in the insoluble fraction can be ex-
lained by cleavage of the signal peptide. If the protein
irected to the periplasm is not well folded or is not
ssociated with chaperons, the signal peptide can be
leaved while the protein is not translocated. This
ould explain why all the cytoplasmic rBLG is pro-
essed but recovered in a denatured form. rBLG was
lways obtained mostly in aggregated form. This is
robably due to overproduction of rBLG leading to the
ormation of aggregates. When the expression temper-
ture was lowered to 20°C, the soluble form reached
0% of the total rBLG, but the proportion of rBLGn
emained very low (20% in periplasm and 2% in cyto-
lasm).
Other allergens of the lipocalin family were also ex-

ressed in prokaryotes. The major horse allergen, Equ
1, was produced in E. coli BL21(DE3), using a pET 28
ector (Novagen), which adds a C-terminal His-tag to
he recombinant protein (18). In complete contrast to
ur observations, rEqu c1 produced at 37°C repre-
ented 30% of total protein and was essentially recov-
red in the supernatant of the bacterial extracts. This
ontradiction is possibly linked to the fact that Equ c1
ossesses only one disulfide bridge, which is very well
onserved in the lipocalin family, and no free cysteine.
n 1997, Konieczny et al. expressed the major dog al-

ergens, can f1 and can f2, which are salivary lipocalin
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74 CHATEL ET AL.
roteins (19). They used the pET11d vector which adds
His tag and BL21(DE3) as hosts. Both recombinant

roteins were purified using NTA Ni chelating resin
nd eluted in 8 M urea. This suggests that recombinant
roteins were extracted with urea because they were
rincipally in the form of aggregates. Bla g4, the major
llergen of Blatella germanica, and Bda 20, the major
llergen of bovine dander, were expressed in fusion
ith glutathione S-transferase (20,21). Both proteins
ere purified by chromatography over glutathione-
garose, which implies a native conformation of the
lutathione S-transferase and probably therefore of
he recombinant allergen. No other indications were
ound for the existence of fusion protein in a denatured
orm.

We also checked the production of rBLG in a eu-
aryote system to see if we could obtain a better pro-
ortion of rBLGn. We therefore constructed a vector
ncluding BLG with its proper signal peptide and
ozak consensus. The sequences were taken from the

omplete bovine BLG cDNA sequence (16). After inser-
ion in a mammalian expression vector, pcDNA3, the
BLG was transfected and expressed in COS-7 cells.
ne day after transfection, soluble rBLG represents
5% of total rBLG essentially in the native conforma-
ion (60% of total rBLG). In this system, the production
f total rBLG and the proportion of rBLGn follow the
etabolism of the cells.
Production of recombinant protein in eukaryotes is

ossible in many systems. Yeast and insect cells are
he best systems for expressing high quantities of re-
ombinant protein. In 1990, Totsuka et al. described
he secretion of bovine BLG in Saccharomyces cerevi-
iae growth medium (5). Using a sandwich EIA, they
ound no trace of rBLGd. Expression and secretion of
arge amounts of ovine BLG (40–50 mg/liter of culture
upernatant) were also described in Kluyveromyces lac-
is (22). More recently, abundant expression and secre-
ion (.1 g/liter) of bovine BLG was realized in P. pas-
oris (6). Other lipocalins, mouse major urinary protein
nd Bla g4, were also expressed and secreted in P.
astoris (23,24). In all cases, the recombinant proteins
ecreted were indistinguishable in terms of binding
ctivity, biophysical properties, and immunological
ecognition (cf. natural protein).

Intramuscular injection of a plasmid encoding a pro-
ein results in synthesis of the protein by the muscular
ells. We injected the pcDNA3-BLG5 vector into mouse
ibialis muscle and measured the quantity of rBLG
resent in the muscle after the injection. rBLGd could
ot be detected at any time in any extract. We detected
BLGn up to 7 weeks after immunization. Most au-
hors follow the response of the immune system and
ot the production of the recombinant protein. In al-

ergy, this immunization technique is very interesting

ecause gene immunization preferentially induces a
h1 response (25). The first demonstration was made
ith b-galactosidase, which is not known as an aller-
en. But Hsu et al. have proven that this technique can
e applied to an allergen, the house dust mite allergen
er p5 (26,27). The data demonstrate that gene immu-
ization induces a Th1 response that dominates an
ngoing protein-induced Th2 response in an antigen-
pecific manner. Gene immunization may thus provide
novel therapeutic approach (28).
Our results and literature data suggest that the fold-

ng of bovine BLG in a native conformation is possible
nly in eukaryotes. It has been shown by site-directed
utagenesis that the secretion of rBLG in S. cerevisiae

epends upon the correct formation of the two disulfide
onds (5). A disulfide bond between cysteine residues
06 and 119 is required both for secretion and for
orrect folding in the native conformation. It is worth
oting that rEquc1, which possesses just one disulfide
ond, is a unique example of an allergen of the lipocalin
amily which is expressed in soluble form in E. coli. The
ormation of appropriate disulfide bonds, especially
106-C119 in BLG, could be a critical step requiring

he presence of folding catalyst.
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