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Phosphorylation of the rat pancreatic bile-salt-dependent lipase by casein

kinase Il is essential for secretion

Eric PASQUALINI, Nathalie CAILLOL, Anne VALETTE, Roland LLOUBES, Alain VERINE and Dominique LOMBARDO'
INSERM U.260, Faculté de Médecine/Timone, 27 bld Jean Moulin, 13385 Marseille cedex 05, FRANCE

Bile-salt-dependent lipase (BSDL, EC 3.1.1.-) is an enzyme
expressed by the pancreatic acinar cells and secreted as a
component of the pancreatic juice of all examined species.
During its secretion route BSDL is associated with intracellular
membranes. This association allows the complete glycosylation
of the enzyme or participates in the inhibition of the enzyme
activity, which can deleterious for the acinar pancreatic cell.
Thereafter, the human BSDL is phosphorylated by a serine/
threonine protein kinase and released from intracellular mem-
branes. In the present study, we show that the rat pancreatic
BSDL, expressed by AR4-2J cells used as a model, is phos-
phorylated by a protein kinase that is insensitive to inhibitors of
protein kinases A, C or G and that the phosphorylation process
is favoured by okadaic acid (an inhibitor of protein phosphatases
1 and 2A). However, 5,6-dichloro-1-4-D-ribofuranosylbenzimid-
azole (DRB), which is a specific inhibitor of casein kinase II,

abolishes the phosphorylation in vitro of BSDL within micro-
somes of AR4-2]J pancreatic cells. We showed further that the
a-subunit of casein kinase II co-locates with BSDL within the
lumenal compartment of the Golgi. Genistein, which perturbs
the trans-Golgi network, also inhibits the phosphorylation
of BSDL, suggesting that this post-translational modification of
BSDL probably occurred within this cell compartment. The
inhibition of the phosphorylation of BSDL by DRB also
decreases the rate at which the enzyme is secreted. Under the
same conditions, the rate of a-amylase secretion was not modified.
These data strongly suggest that phosphorylation is a post-
translational event, which appears to be essential for the secretion
of BSDL.

Key words: AR4-2J cell line, pancreas.

INTRODUCTION

Bile-salt-dependent lipase (BSDL, EC 3.1.1.-) is an enzyme
involved in the duodenal hydrolysis of cholesteryl esters and
lipid-soluble vitamin esters [1]. This enzyme, also referred to as
carboxyl ester lipase or cholesterol ester hydrolase, is found in all
examined species from fishes [2] to humans [3]. BSDL is
synthesized within the endoplasmic reticulum of acinar cells,
then follows the secretory pathway of these cells to be secreted as
a component of the pancreatic juice [3]. However, contrary to
other pancreatic enzymes such as a-amylase or colipase-de-
pendent lipase, BSDL was shown as being associated with
membranes of the endoplasmic reticulum and of the Golgi
apparatus [4,5]. This association involved a membrane-folding
complex including at least two proteins other than BSDL. The
first one, with which BSDL interacts, is a 94-kDa protein
immunologically related to glucose-regulated protein of 94 kDa
(Grp94) [5]. The second one, of 46 kDa, is still uncharacterized.
This association of BSDL with intracellular membranes could be
essential for the complete O-glycosylation of the C-terminal
domain of BSDL, which encompasses tandemly repeated ident-
ical sequences, rich in proline, threonine, serine and glutamic
acid and referred to as PEST sequences [6,7]. It has been shown
further that the glycosylation of these PEST sequences regulates
the secretion of BSDL [7,8]. However, ATP, which is able to
translocate into the endoplasmic reticulum [9], maintains BSDL
in an unfolded or inactive conformation and triggers its as-
sociation with membranes [10]. Consequently, the association of
BSDL with membranes could be important to annihilate the

enzyme activity which can perturb the lipid metabolism of the
cell [11]. The question that now rises in mind is how and when is
BSDL released from intracellular membranes and addressed
towards secretion? We have already shown that the phos-
phorylation of human BSDL, probably on a serine residue, is
essential for the dissociation of human BSDL with membranes
[10]. This release should occur within a cell compartment once
the glycosylation of the protein is completed [5,7,10]. This
compartment, sensitive to monensin [5], could be the trans-Golgi
network [10]. Furthermore, the stoichiometry of the phosphoryl-
ation, which is 1.24+0.5 mol of phosphorus/mol of secreted
BSDL [10], suggests that the phosphorylation could be an
essential step for BSDL secretion.

The phosphorylation of human pancreatic BSDL seems to
depend upon a protein-kinase cascade [10]. However, the protein
kinase directly involved in the phosphorylation of BSDL is not
yet characterized, although it could be calcium-sensitive and
cyclic-nucleotide-independent [10].

The aim of this study was 3-fold: (i) to better characterize the
protein kinase involved in BSDL phosphorylation, (ii) to locate
the phosphorylation compartment and (iii) to demonstrate
that the phosphorylation of the enzyme is an important step for its
secretion. Most of the above-described data were obtained using
human material. However, this material precluded in-depth study
such as that designed to demonstrate the possible link between
phosphorylation and secretion. Therefore, the present data were
obtained using the rat pancreatic AR4-2J cell line, which has
already been used as a model to study the secretion route of
BSDL [5,12].

Abbreviations used: BSDL, bile-salt-dependent lipase; DRB, 5,6-dichloro-1-4-p-ribofuranosylbenzimidazole; H-7, 1-(5’-isoquinolinylsulphonyl)-2-
methylpiperazine; H-8, N-[2-(methylamino)ethyl]-5-isoquinoline sulphonamide; H-89, N-2-[(p-bromocinnamyl)amino ethyl]-5-isoquinoline sulphon-
amide; BAPTA-AM, bis-(o-aminophenoxy)ethane-N,N,N’,N’-tetra-acetic acid acetoxymethyl ester; RITC, rhodamine isothiocyanate; DMEM, Dulbecco’s
modified Eagle’s medium; LDH, lactate dehydrogenase; Grp94, glucose-regulated protein of 94 kDa.
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MATERIAL AND METHODS
Material

The protein-kinase inhibitors 1-(5"-isoquinolinylsulphonyl)-2-
methylpiperazine (H-7), N-[2-(methylamino)ethyl]-5-isoquino-
line sulphonamide (H-8), N-2-[(p-bromocinnamyl)amino ethyl]-
S-isoquinoline sulphonamide (H-89), bis-(0-aminophenoxy)-
ethane-N,N,N’,N’-tetra-acetic acid acetoxymethyl ester (BAPTA-
AM)), calphostin C, genistein and 5,6-dichloro-1-4-p-ribofurano-
sylbenzimidazole (DRB) and the protein-phosphatase inhibitor
okadaic acid were obtained from Sigma (St Louis, MO, U.S.A.)
or from Calbiochem (La Jolla, CA, U.S.A). Recombinant o-
subunit of casein kinase II and mouse monoclonal antibody
specific for casein kinase II were from Transduction Laboratories
(San Diego, CA, U.S.A.). Mouse monoclonal antibodies directed
against the 58K Golgi protein (clone 58K-9), alkaline
phosphatase-conjugated goat antibodies to mouse or rabbit
immunoglobulins and rhodamine isothiocyanate (RITC)- and
FITC-labelled goat antibodies to mouse or rabbit IgG were from
Sigma. Polyclonal antibodies specific for rat BSDL were raised
in our laboratory as described previously [13]. These antibodies
specifically reacted with BSDL on Western blots and were able
to immunoprecipitate this enzyme along with proteins involved
in BSDL folding [5,7,12].

Cell culture and microsome preparation

The rat pancreatic AR4-2J cells (European Collection of Animal
Cell Cultures no. 93100618) were grown in Dulbecco’s modified
Eagle’s medium (DMEM; Life Technologies, Grand Island, NY,
U.S.A.) supplemented with 1 g/l glucose, 2 mM L-glutamine,
100 units/ml penicillin, 100 xg/ml streptomycin and 109, fetal
calf serum, in 59, CO,. Cells were washed with PBS buffer
(10 mM sodium phosphate, pH 7.4/150 mM NaCl), then har-
vested in Sml of homogenization buffer (5 mM Tris/HCI,
pH 7.4/250 mM sucrose/1 mM EDTA) and protease inhibitors
(50 pug/mlsoya bean trypsin inhibitor/2 mM benzamidine/2 mM
PMSF). Cells were then pelleted by centrifugation (400 g, 3 min,
4°C) and homogenized with a Polytron (Kriens, Lucerne,
Switzerland) in 0.5 ml of homogenization buffer.

Microsomes were isolated by serial centrifugation according to
the method of Jamieson and Palade [14]. Cell homogenate was
cleared by low-speed centrifugation (600 g, 10 min, 4 °C). The
supernatant was centrifuged successively at 3000 g (10 min), then
at 8000 g (10 min) and at 15000 g (10 min) to obtain zymogen
granules, mitochondria and lysosomes, respectively. Post-lyso-
somal supernatant was finally centrifuged for 1 h at 109000 g
(4 °C) to isolate microsomes, which were washed with 10 ml of
homogenization buffer and once again centrifuged under the
latter conditions. Microsomes were then stored at —20 °C until
use. This method allows us to obtain pancreatic microsomes with
the correct membrane topology [10]. When required, freshly
prepared microsomes were stripped by incubation in 0.25 M KBr
as follows: microsomes (2 mg of proteins) were suspended in
1 ml of 20 mM Tris/HCI (pH 7.4) buffer (containing 2 mM
benzamidine), and then 50 xl of 5 M KBr or vehicle only (water)
was added and incubated for 20 min at 4 °C. Then microsome
membranes were precipitated by centrifugation (109000 g,
75 min) and the pellet was taken up in the Tris/HCI buffer before
analysis.

Metabolic labelling of cell proteins

ARA4-2] cells were cultured to reach 80 9%, confluence and starved
in methionine-free or phosphate-free DMEM (ICN, Costa Mesa,
CA, US.A)) for 30 min. Then the cell-culture medium was
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supplemented with [**S]methionine (20 xCi/ml, Trans **S-label;
ICN) or [**P]orthophosphate (0.5 mCi/ml; NEN, Boston, MA,
U.S.A.). At the end of the metabolic labelling of cell proteins,
cells were washed exhaustively with PBS and harvested. Cells
were finally lysed in the appropriate buffer according to the
experiment to be performed and the homogenate was cleared by
low-speed centrifugation (600 g, 10 min, 4 °C).

Phosphorylation in vitro

Microsomes (40 ug of proteins) suspended in 50 xl of 10 mM
Tris/HCl buffer (pH 7.1; with § mM MgCl,/5 mM CaCl,/1 mM
orthovanadate) were preincubated for 10 min at 30 °C in the
presence of adequate inhibitor or in the presence of inhibitor
vehicle only (< 109% DMSO by vol. or water). Then the
phosphorylation was initiated by the addition of 50 yCi of [y-
32PJATP (10 xCi/ul; NEN); the final concentration of ATP was
0.2 M. Samples were further incubated for 20 min at 30 °C. The
reaction was stopped by the addition of an equal volume (50 zl)
of a 100 mM Tris/HCI (pH 7.1)/29, SDS/5%, glycerol buffer
and heated for 2 min at 95 °C. Samples were analysed subse-
quently on SDS/PAGE or immunoprecipitated with polyclonal
antibodies specific for BSDL.

DNA assay, protein and enzyme determinations, and BSDL
purification

DNA was assayed by fluorimetry using Hoechst 33258 reagent
[15] solubilized in 50 mM sodium phosphate buffer (pH 7.4; with
2M NaCl/2 mM EDTA). Protein concentrations were deter-
mined using the bicinchoninic acid test from Pierce and BSA as
standard. BSDL was assayed using 4-nitrophenyl hexanoate
(0.1 mM) as substrate and sodium taurocholate (4 mM) as
activator [2]. The a-amylase activity was determined at 410 nm
on 4-nitrophenylmaltopentaoside in 0.1 M sodium phosphate/
50 mM NaCl buffer (pH 7.4) in the presence of a-glucosidase
[5,16]. The lactate dehydrogenase (LDH) activity was recorded
as described by Goldberg [17].

BSDL was purified using affinity chromatography on a cholate-
immobilized Sepharose column [18]. Sodium cholate from Sigma
was first immobilized on CNBr-activated Sepharose according to
the manufacturer’s protocol (Pharmacia, Uppsala, Sweden). The
gel was washed exhaustively with water, and 5 ml of swollen
material was equilibrated in TBE buffer (25 mM Tris/HCI,
pH 9.0/2 mM EDTA /1 mM benzamidine). Samples in TBE were
loaded on the top of the gel and eluted with TBE containing 1 9
Triton X-100. The excess of detergent was eliminated with
unabsorbed material by washing the column with TBE. Bound
material was then eluted with 19, sodium cholate in TBE,
dialysed against a large volume of water and concentrated by
lyophilization.

Immunoprecipitation, polyacrylamide gels and Western blots

Samples (40 ug of proteins or more when required) to be analysed
were firstly treated with 6 mg of protein A—Sepharose in TETN
250 buffer (25 mM Tris/HCI, pH 7.5/5 mM EDTA/250 mM
NaCl/19, Triton X-100). After 4 h of incubation on a rotating
wheel, the protein A—Sepharose pellet was eliminated by centri-
fugation (10000 g, 3 min, 4 °C). The supernatant was diluted to
I ml with TETN 250 buffer and 5 mg/ml BSA. Then, an
appropriate amount of polyclonal antibody specific for rat BSDL
was added. Antigen—antibody complexes were allowed to form
by a further overnight incubation at 4 °C. Complexes were
precipitated with 6 mg of protein A—Sepharose in TETN 250
buffer and centrifuged (10000 g, 3 min, 4 °C). The pellet was
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then washed twice with 1 ml of TETN 250 buffer and twice again
with 1 ml of 10 mM Tris/HCI buffer (pH 7.5). Between each
washing step, the material was recovered by centrifugation, and
the final pellet was suspended in Laemmli buffer [19] and boiled
for 3 min.

Proteins were separated on 109, polyacrylamide gel in the
presence of 0.1 %, SDS (SDS/PAGE) according to Laemmli [19]
using a Mini-PROTEAN® II apparatus (Bio-Rad, Rockford,
IL, U.S.A)). Proteins were then fixed by Coomassie Brilliant
Blue staining (0.259, in ethanol/acetic acid, 91:18, v/v) and
destaining in 5 9, ethanol/7.5 %, acetic acid solution. The gel was
then dried and autoradiographed (BioMax MR, Eastman-
Kodak, Rochester, NY, U.S.A.). Finally, autoradiograms were
quantitated using the Image program (National Institutes of
Health, Bethesda, MD, U.S.A.) [12].

Alternatively, proteins separated by SDS/PAGE were electro-
transferred on to a nitrocellulose membrane [20]. Replicas were
then saturated with 39, BSA and developed with polyclonal
antibodies specific for the rat BSDL [12] or for the a-subunit of
casein kinase II as primary antibodies.

Immunofluorescence

Cells were grown on microscope coverslips until ~ 509, con-
fluence. Coverslips were then washed in PBS buffer and cells
fixed with 39, paraformaldehyde. The aldehyde excess was
eliminated by extensive washing of slides with 50 mM NH,Cl.
Cells were permeabilized with 0.059%, saponin in PBS and
incubated with 109, fetal calf serum. Cells were then treated
successively with antibodies specific for rat BSDL, for the 58K
Golgi protein or for casein kinase II a-subunit, washed with PBS
and incubated with RITC- or FITC-labelled secondary anti-
bodies. All incubation were performed in the presence of 0.05 %,
saponin. At the conclusion of the process, coverslips were put on
microscope slides and mounted with a mounting solution (25 mM
Tris/HCl, pH 8.0/759% glycerol/0.19%, p-phenylenediamine).
Slides were observed using a fluorescence microscope with the
appropriate filter.

RESULTS
Phosphorylation of the rat BSDL

AR4-2J cells were cultured until 80 9%, confluence and starved in
phosphate-free DMEM for 30 min. Once starved, cells were
further cultured in fresh DMEM with 0.5 mCi/ml [**P]ortho-
phosphate for another 3 h. At the conclusion of the incubation,
cell-free medium was withdrawn and stored at —20 °C until use.
Cells were washed with PBS, harvested and lysed in 20 mM
Tris/HCI buffer (pH 8.0; containing 100 mM EDTA, 100 mM
NaCl, 0.59% Nonidet P-40, and phosphatase inhibitors,
50 mM NaF, 30 mM sodium pyrophosphate and 0.2 mM sodium
orthovanadate). After 30 min of incubation at 4 °C, the cell lysate
was cleared by centrifugation. Toisolate BSDL, the cleared super-
natant of 3*P-labelled cell lysate (1 ml) was loaded on to the top
of a cholate-immobilized Sepharose column, an affinity column
that allows one-step purification of the enzyme [18]. The resin
was suspended and incubated overnight at 4 °C on a rotating
wheel. At the end of the incubation, the column was washed
extensively with TBE containing 0.2 %, Triton X-100 until the
radioactivity reached a background level. The specifically
adsorbed proteins were eluted with 19, sodium cholate in TBE.
This eluted material was dialysed against a large volume of cold
water and concentrated by lyophilization. Proteins were then
solubilized in 500 1 of water and an aliquot (25 ul) was analysed
on SDS/PAGE and autoradiographed. Under these conditions,
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Phosphoylation of BSDL expressed by rat pancreatic AR4-2J

AR4-2J cells were starved in phosphate-free DMEM (30 min), and medium was supplemented
with [*PJorthophosphate (0.5 mCi/ml) for 3 h. The cell-free medium (1 ml) was then
immunoprecipitated with antibodies specific for the rat BSDL and separated on SDS/PAGE (lane
2). Immunoprecipitation controls were performed by omitting antibodies specific for BSDL
(lane 1). The radiolabelled cell homogenate was chromatographed on a cholate-immaobilized
Sepharose affinity column, and the material eluted with 1% sodium cholate was dialysed and
analysed as above (lane 3).
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Figure 2 Phosphorylation in vitro of BSDL

Microsomes of AR4-2J rat pancreatic cells were isolated by serial centrifugations and 40 g
of proteins were pre-incubated (10 min, 30 °C) in the absence (vehicle alone, DMSO0) or in the
presence of protein-kinase inhibitors at the indicated concentrations with (+) or without (—)
the protein-phosphatase inhibitor okadaic acid, and then incubated in the presence of [y-
32P1ATP. The reaction was stopped and BSDL was immunoprecipitated using antibodies specific
for rat BSDL. The immunoprecipitated material was analysed on SDS/PAGE and auto-
radiographed.

the phosphorylated material thus isolated migrated as a unique
band at 74 kDa (Figure 1, lane 3). To ascertain that the 74-kDa
protein was BSDL, the radiolabelled cell-free medium (1 ml)
was immunoprecipitated using polyclonal antibodies specific for
rat BSDL. As shown on Figure 1, only one **P-labelled protein
migrating at 74 kDa was detected. Consequently, we concluded
that BSDL expressed by AR4-2J cells was phosphorylated within
the cells and subsequently secreted.

Phosphorylation in vitro of BSDL expressed by AR4-2J cells

Now, the question was to determine which protein kinase in the
rat pancreatic AR4-2J cells was responsible for the phosphoryl-
ation of BSDL. To this end, microsomes were suspended in
10 mM Tris/HCl, pH 7.1/5mM MgCl,/5SmM CaCl,/1 mM
orthovanadate. A fraction of the suspended material (corre-
sponding to 40 ug of proteins) was then treated under various
conditions in the presence of [y-**P]ATP (0.2 xM). BSDL was
then immunoprecipitated, analysed on SDS/PAGE and auto-
radiographed. The autoradiograms were finally quantitated by
densitometric scanning. As shown in Figure 2, in the absence or
presence of protein-kinase or protein-phosphatase inhibitors at
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Figure 3 Detection of casein kinase Il «-subunit in microsomes isolated
from AR4-2J cells

Microsomes were isolated by serial centrifugations and 40 g of proteins were separated on
SDS/PAGE and electrotransferred on to nitrocellulose membranes. Replicas were then probed
with mouse monoclonal antibody specific for the oc-subunit of casein kinase Il (lane 1) or with
rabbit polyclonal antibodies specific for the rat BSDL (lane 3, p74). Lane 2 represents a control
migration of recombinant ac-subunit of casein kinase Il (p41). The antigen—antibody complexes
were then visualized using alkaline phosphatase-conjugated goat antibodies to mouse IgM or
to rabbit IgG.

the required final concentration, a 2-3-fold increase in phos-
phorylation of BSDL over control in the presence of the vehicle
only (DMSO) was detected (Figure 2, lanes 1 and 2, p74
arrowhead). Calphostin C, H-8 and H-89, which are susceptible
to inhibiting calcium-dependent protein kinase C, G and A
activities, after correction for background level in each lane, had
no effect on BSDL phosphorylation promoted by okadaic acid
(Figure 2, lanes 3-5). The lack of pronounced effect of a calcium-
chelating drug such as BAPTA-AM (Figure 2, lane 6, less than
309, inhibition under conditions used) and of H-7 (results not
shown) corroborates this result. The stimulating effect due to
okadaic acid was significantly decreased by DRB (Figure 2, lanes
7 and 8), which has been described as a specific inhibitor of casein
kinase II [21]. Consequently, the phosphorylation state of BSDL
in AR4-2J cells could be under the control of protein phospha-
tase(s) and casein kinase II.

Localization of BSDL and casein kinase Il

Casein kinase II is a ubiquitous protein serine/threonine kinase
localized predominantly within the cytoplasm and nucleus of
cells [22,23]. A casein kinase II activity was also detected in the
endoplasmic reticulum of osteoblast-like ROS 17/2.8 cells [24].
In rat liver, casein kinase II activity is predominantly cytosolic,
with the remaining activity divided among the nuclear, mito-
chondrial and microsomal fractions [25]. We therefore deter-
mined whether casein kinase II was associated with microsomes
of AR4-2J cells. Immunofluorescence studies using monoclonal
antibody specific for the a-subunit of casein kinase II and
polyclonal antibodies directed against rat BSDL suggested that
these proteins locate within a reticulated compartment (results
not shown). To further this study, microsome proteins (40 ug)
were separated on SDS/PAGE and electrotransferred on to a
nitrocellulose membrane. Replicas were then probed with the
monoclonal antibody specific for the catalytic «-subunit of casein
kinase II. As shown in Figure 3 (lane 1), the a-subunit of
casein kinase II, migrating at the same position as the recombinant
protein used as control (lane 2, p4l1), can be detected in
microsomes of AR4-2J cells, where BSDL can also be detected
(lane 3, p74) [5]. These results strongly suggested that BSDL and
casein kinase II co-locate within the same cell compartment,
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Figure 4 Localization of casein kinase Il o«-subunit and BSDL at the
lumenal side of microsomes isolated from AR4-2J cells

Microsomes were isolated by serial centrifugations, stripped in 20 mM Tris/HCI buffer, pH 7.4
(with 2 mM benzamidine), and treated with 0.25 M KBr (+) or mock-treated (—) for 20 min
at 4 °C. Then microsomes were pelleted by centrifugation at 109000 g for 75 min. Pellets were
resuspended in buffer and analysed on SDS/PAGE and Western blot as described in Figure 3.
Lane 1, recombinant oc-subunit of casein kinase Il detected with specific antibodies. Lane 2,
BSDL (upper panel) and the ac-subunit of casein kinase Il (CKlle; lower panel) were detected
in mock-treated microsomes using specific antibodies. Lane 3, as lane 2 but performed on
KBr-stripped microsomes.
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Figure 5 Effect of genistein on the rate of secretion of BSDL by AR4-2J
cells

At the beginning of the experiment, culture medium of AR4-2J cells was replaced with 1 ml
of fresh DMEM supplemented with genistein at 0 (O), 30 (M) and 60 (CJ) xg/ml,
respectively. At the required time period of incubation, aliquots of the culture medium were
withdrawn and the BSDL activity recorded. Results are means+S.D. of at least three
independent experiments.

where they are likely to be associated with membranes [10,23].
To confirm this point, freshly prepared microsomes (2 mg of
proteins) were stripped with 0.25 M KBr to eliminate trapped
cytosolic proteins. The membrane pellet containing lumenal
proteins was obtained after centrifugation of the incubation
mixture. The pellet was then suspended in buffer and analysed by
SDS/PAGE and Western blotting using antibodies specific for
BSDL and the «-subunit of casein kinase II. Under these
conditions the amount of BSDL detected (Figure 4) in stripped
microsomes did not differ from mock-treated microsomes
(i.e. microsomes treated with the KBr vehicle only). The same
result was obtained with the a-subunit of casein kinase II
(Figure 4). These data indicated that BSDL and casein kinase
II locate together in the lumens of microsomes.
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Table 1 Effect of genistein on «-amylase and BSDL activities

AR4-2J cells were cultured in DMEM supplemented with genistein at the indicated final concentration. After 1 h of incubation, cells were harvested and lysed. Cell homogenates were cleared by
centrifugation and parameters, as indicated (DNA, protein, LDH, c-amylase and BSDL activities), were recorded. Values are means +S.D. of at least three independent experiments. All intra- and

extracellular activities are given as 1073 units/mg of cell protein. N.D., not determined.

Intracellular activities

Extracellular activities

Genistein (zg/ml) DNA (ug/ml) Protein (mg/ml) LDH BSDL LDH a-Amylase BSDL
0 290.5+18.1 1.4240.04 1520 + 400 206.0+21.2 438454 6.24+2.14 185448
30 2971493 1.56 +0.09 1230470 210.3+11.0 36.6+10.5 N. D. 125410
60 31214185 1.5140.09 1080 +110 207.7+16 45.0+3.0 2104042 75409
A
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cells
e AR4-2J cells were grown until 80% confluence, starved for 30 min in phosphate-free DMEM,
= o and incubated with [*?P]orthophosphate in the absence or presence of genistein for 3 h. Cells
= were then harvested, lysed and cleared by centrifugation. The material corresponding to 250 zg
2 gop A of cell proteins was immunoprecipitated with antibodies specific for rat BSDL. The material thus
E' immunoprecipitated was separated on SDS/PAGE and autoradiographed. Concentrations of 0,
= L] 30 and 60 pg/ml genistein were used (lanes 1, 2 and 3, respectively).
=]
™
E 400 A
B
E 200 60 pug/ml genistein inhibited the secretion of BSDL (Figure 5)
! and «-amylase to the same extent (i.e. =~ 609,; Table 1). The
2 intra- and extracellular LDH activities were not significantly
e modified by genistein, meaning that this drug probably did not
i 20 40 50 60 interfere with the cell viability (Table 1). The effect of genistein
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Figure 6 Effect of genistein on the rate of BSDL synthesis by AR4-2J cells

(A) AR4-2J cells grown to 80% confluence were pulsed for 5 min with [*°S]methionine
(20 xCi/ml) then chased for the times as indicated, in the absence (control, —) or in the presence
(+) of 60 pg/ml genistein. At the required time, cells were washed, harvested and lysed. The
clear lysate was immunoprecipitated with antibodies specific for rat BSDL, and analysed by
SDS/PAGE and autoradiography. Results are representative of at least two independent
experiments performed under identical conditions. (B) Autoradiograms obtained as in (A) were
quantitated by densitometric scanning and the dark intensity, in arbitrary units, was plotted as
a function of the duration of the chase (O, no genistein; @, genistein, 60 xg/ml). Results
are the average of two independent experiments performed under identical conditions.

The phosphorylation of BSDL occurs within a genistein-sensitive
compartment of the cell

The isoflavone genistein has been described as a specific inhibitor
of protein tyrosine kinases. The inhibition of intracellular protein
tyrosine kinases by this drug leads to the concomitant inhibition
of the formation and the release of cargo vesicles in the trans-
Golgi network [26]. As a consequence, the secretory mechanism
is interrupted. Therefore, the effect of genistein on the secretion
of proteins by AR4-2J cells was determined and, as expected,

was dose-dependent, and 30 xg/ml genistein did not totally in-
hibit BSDL secretion (Figure 5). We have also studied the effect of
genistein on the rate of BSDL biosynthesis. For this purpose,
AR4-2] cells were pulsed with [**S]Jmethionine for 5 min, then
chased in fresh medium without (control cells) or with genistein
(60 ug/ml) for time periods between 15 and 60 min. At the end
of each chase period, cells were harvested and lysed. Cell
homogenates were cleared and immunoprecipitated using specific
antibodies for the rat BSDL. The immunoprecipitated material
was separated on SDS/PAGE and analysed by autoradiography
(Figure 6A). Densitometric scanning of autoradiograms and
linear-regression analysis (Figure 6B) indicated that the rate of
BSDL new synthesis was poorly modified by genistein (less than
20-25%).

Surprisingly, and although genistein inhibited the BSDL
secretion and had a weak effect on its synthesis, no accumulation
of the BSDL activity was detected within AR4-2J cells treated
with this drug (Table 1). This result suggested that a rapid
degradation of BSDL, which cannot be detected under our
experimental conditions [5,7], occurred or that inactive BSDL
accumulated. In fact we have shown that the membrane-
associated BSDL was poorly active [4] and that phosphorylation
of the enzyme led to the release of the protein from intracellular
membranes [10]. Therefore, the inhibition of BSDL phosphoryl-
ation by genistein could explain the inhibition of enzyme
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Figure 8 Localization of BSDL and the 58K Golgi protein in AR4-2J rat
pancreatic cells upon genistein treatment

AR4-2J cells were grown on coverslips and incubated for 1 h in the absence (A) or in the
presence of 60 x«g/ml genistein (B, C and D). At the end of the incubation cells were
permeabilized with 0.05% saponin in PBS buffer. Cells were treated with rabbit polyclonal
antibodies to rat BSDL and with mouse monoclonal antibodies to 58K Golgi protein. The
antigen—antibody complexes were then detected with secondary antibodies to rabbit or mouse
IgG, conjugated with FITC and RITC, respectively. Coverslips were mounted on microscope
slides and observed with a fluorescence microscope. (R) Control experiment, detection of BSDL
with rabbit anti-BSDL antibodies and FITC-conjugated anti-rabbit IgG. (B, C) AR4-2J cells were
treated with genistein and incubated with antibodies specific for BSDL (B) or for the 58K Golgi
protein (CG). Antibody—antigen complexes were detected using FITC-conjugated anti-rabbit 1gG
(B) or RITC-conjugated anti-rabbit 1gG (C). (D) Represents the merged photograph (B + C).

secretion and its constant intracellular activity upon genistein
treatment by a retention of inactive BSDL within a genistein-
sensitive compartment. We firstly determined whether the
genistein inhibited BSDL phosphorylation. For this purpose,
cells were starved (30 min) in phosphate-free DMEM and
radiolabelled with [*?Plorthophosphate (0.5 mCi/ml) for 3 h in
the absence or presence of genistein. Then, cells were harvested
and homogenized; BSDL was immunoprecipitated from the
cleared homogenate (250 ug of proteins) and analysed by
SDS/PAGE followed by autoradiography. As shown in Figure
7, the phosphorylation of BSDL (p74) was only partially inhibited
by 30 ug/ml genistein (less than 20 %, inhibition), but was almost
totally abolished (more than 90 9%, inhibition) when this drug was

Table 2 Effect of DRB on «-amylase and BSDL activities

used at the final concentration of 60 ug/ml. These results
indicated that this drug, which perturbs cargo-vesicle traffic in
the trans-Golgi network, also acted as an inhibitor of both
phosphorylation and secretion of BSDL. As a consequence,
the phosphorylation of BSDL should occur within this cell com-
partment. Then casein kinase II, which phosphorylates BSDL,
might also be associated with this compartment. A 94-kDa 3*P-
labelled protein (p94) co-precipitates with BSDL independently
of the phosphorylation state of the enzyme. This 94-kDa
phosphoprotein is likely the (auto)phosphorylatable Grp94 [27].
This chaperone, which co-precipitates with the enzyme, is in-
volved in the folding of human [4] and rat [5] BSDL. Secondly,
we attempted to demonstrate that BSDL protein accumulated
within the Golgi compartment consecutively to genistein treat-
ment. For this purpose, AR4-2J cells were grown on coverslips
and treated with either genistein vehicle only (DMSO, control)
or genistein. Coverslips were then treated for immuno-
fluorescence studies. As shown on Figure 8(A), in AR4-2]
control cells, BSDL located within a reticulated compartment
and did not display retention. However, once treated with
genistein at a concentration that inhibited BSDL secretion and
phosphorylation (60 xg/ml), we observed an accumulation of
the enzyme (Figure 8B, arrowhead) in a cell compartment where
it had co-located with the 58K Golgi protein (Figure 8C,
arrowhead), as demonstrated by the merged picture (Figure 8D).

BSDL phosphorylation and secretion

In a previous study [10] we have shown that the phosphorylation
of human BSDL is important for the release of the protein from
microsome membranes. Taken together with data presented
here, this result supports strongly that the phosphorylation of
BSDL might be essential for its secretion. To ascertain this
point, AR4-2J cells were incubated in the presence of the casein
kinase II inhibitor DRB [21] or in the presence of the drug vehicle
only (controls). At the conclusion of the incubation, the cell-free
medium was withdrawn and used to record BSDL and a-amylase
activities. Alternatively, cells were harvested, lysed and the
homogenate was cleared by centrifugation. BSDL and LDH
activities of the cleared homogenate were determined. Under
these conditions, the amount of BSDL activity present in cell-
free medium of DRB-treated cells was significantly decreased by
some 309, (P < 0.05, Student’s ¢ test) compared with controls
(Table 2), whereas no modification was observed when a-amylase
activity was recorded in cell-culture medium. No LDH activity
was detected in this medium, and that determined in the cell
homogenate was not modified. These results strongly suggest
that the phosphorylation of BSDL is an essential step for its
secretion process. As already found with genistein, the inhibition
of BSDL secretion by DRB did not induce a concomitant
increase in intracellular BSDL activity.

AR4-2J cells were cultured in DMEM supplemented with DRB. After 15 min of incubation, cells were harvested and lysed. Cell homogenates were cleared by centrifugation and parameters, as
indicated (DNA, protein, LDH, a-amylase and BSDL activities), were recorded. Values are means + S.D. of at least three independent experiments. All intra- and extracellular activities are given

as 107° units/mg of cell protein. *P < 0.05 (Student's ¢ test).

Intracellular activities

Extracellular activities

DNA (ug/ml) Protein (mg/ml) LDH BSDL o-Amylase BSDL
Control 204422 0.4140.06 5360+ 240 2236+14.1 355418 72406
DRB (60 M) 234427 0.4540.08 5100 4 840 21144202 335404 52408"
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DISCUSSION

In its fundamental attributes, the secretion pathway of pancreatic
BSDL follows that described for all enzymes involved in regulated
secretion. However, BSDL is subjected to translational modifi-
cations. The first one, N-glycosylation of the enzyme at Asn-187,
seems essential to establish the correct conformation of the
enzyme [12]. This correct folding state is compatible with the full
expression of BSDL activity and its secretion [12]. Once trans-
ferred en bloc to the nascent BSDL, the oligosaccharide precursor
can be matured further without any effect on the enzyme activity
or on its rate of secretion [12]. This result corroborates the fact
that the N-glycosylation of BSDL may vary with pancreatic
pathologies without affecting the presence of the enzyme in the
pancreatic juice [28,29]. Amino acid sequences rich in Pro, Glu,
Ser and Thr, referred to as PEST sequences, are common to
rapidly degraded proteins [8]. Such sequences are present on
pancreatic BSDL, where they are associated with tandemly
repeated mucin-like sequences located in the C-terminal domain
of the enzyme [6]. The second translational modification con-
sists in the O-glycosylation of Thr residues [30] of these
PEST sequences. The O-glycosylation is suspected to mask PEST
sequences and to drive the protein towards the secretion pathway
instead of a degradation route [7].

In human as well as in rat pancreas, BSDL was shown to be
associated with intracellular membranes by means of a multi-
protein complex including a 94-kDa Grp94-related chaperone
[4,5]. This complex plays an essential role in the folding and
transport of BSDL. Because the membrane-associated BSDL
was N- and O-glycosylated [5], we have suggested that it might
be released from intracellular membranes in the trans-Golgi
compartment where glycans of BSDL experience terminal fuco-
sylation. This terminal fucosylation is implicated in the estab-
lishment of the fucosylated oncofetal structure termed J28
epitope [31]. This oncofetal epitope, located on the C-terminal
mucin-like structure of the oncofetal isoform of human BSDL
[31-33] and which co-locates with PEST sequences, is generated
by the core 2-£(1-6) N-acetylglucosaminyltransferase and the
a(1-3/4) fucosyltransferase (FUT 3) [34], two glycosyltrans-
ferases associated with trans-Golgi membranes [35].

Another interesting point was to show that ATP, which is able
to translocate within the endoplasmic reticulum [9], triggers the
association of human BSDL to intracellular membranes [10]. In
fact, ATP energy may be used to alter the structural properties
of BSDL and allows the enzyme to associate with the membrane-
folding complex [10]. In light of data showing that ATP helps
BSDL to adopt an enzymically inactive conformation, we have
postulated that the association of BSDL with the folding complex
may be important for protecting the pancreatic cell from any
alteration of lipid turnover [11]. Another possibility could be that
the association of BSDL with endoplasmic reticulum and Golgi
membranes is important in keeping the enzyme in close inter-
action with membrane glycosyltransferases.

The last-known post-translational modification is the phos-
phorylation of human BSDL at one site, probably a serine
residue [10], and work is currently in progress to identify this
residue. In human pancreas, a cascade of protein kinases controls
the phosphorylation of BSDL [10]. The simplest model that can
be deduced from published data could be that a first protein
kinase sensitive to calphostin C, probably a protein kinase C,
would inactivate by phosphorylation a second Ca?*-sensitive and
cyclic-nucleotide-independent kinase [10]. The latter kinase, when
up-regulated by inactivation of the protein kinase C, phos-
phorylates BSDL [10]. After its phosphorylation, in a late Golgi
compartment, BSDL is released from intracellular membranes

and, consequently, could enter into the normal secretion pathway
of pancreatic enzymes.

Although we strongly suspect that the release of human BSDL
from intracellular membranes, consecutive to its phosphoryl-
ation, is an essential event in the enzyme-secretion process, no
direct link was established between phosphorylation and se-
cretion of the protein. In the present study, we have demonstrated
that BSDL expressed by rat pancreatic AR4-2J cells is phos-
phorylated. This phosphorylation is most likely to be promoted
by casein kinase II, which was further co-localized with BSDL
within the lumens of microsomes of these cells. The casein kinase
11 is sensitive to cations [25] and could possibly be inhibited by
cation chelators such as BAPTA-AM, which abolishes the
phosphorylation in vitro of human BSDL [10] and decreases that
of the AR4-2J cells. Therefore, the Ca®*-sensitive and cyclic-
nucleotide-independent protein kinase involved in the phos-
phorylation of the human BSDL could be casein kinase II.
Interestingly, a protein kinase sensitive to EDTA and EGTA,
and cAMP-independent, has been located within the Golgi
apparatus (but not in the endoplasmic reticulum) of rat liver cells
[36]. This kinase, which phosphorylates the apolipoproteins
B100 and B48 [36], may be important in the assembly and
secretion of apolipoprotein B-containing lipoproteins. Although
casein kinase II autophosphorylates on the p-subunit [37], it
seems that its activity, expressed by the «-subunit, could not be
regulated by phosphorylation, and consequently could not de-
pend upon another protein-kinase activity. A way to conciliate
data obtained on human microsomes with these present results
on rat microsomes is to postulate that the inhibition of the
calphostin C-sensitive protein kinase, which promotes the phos-
phorylation of BSDL by casein kinase II, might be a contaminant
of our human-microsome preparation. This contaminant protein
kinase may act indirectly on the activity of casein kinase II by,
for example, affecting the synthesis of phospholipids that modu-
late the casein kinase II activity. The lack of effect of inhibitors
of protein kinases A, C and G such as H-7, H-8, H-89 and
calphostin C argues in favour of the absence, in our rat-
microsome preparation, of any other kinases which may alter the
casein kinase II activity. However, we can also argue for a species
difference (rat compared with human) and for a different
pathophysiological state of the cell model, normal human tissue
versus tumoral rat cell line, used. More studies will help us to
elucidate this point.

Furthermore, the phosphorylation of BSDL occurred in a
genistein-sensitive compartment of AR4-2J cells. Because geni-
stein inhibits the formation and the release of cargo vesicles in
the trans-Golgi network [25], and the phosphorylation of BSDL
as well, one may postulate that BSDL is phosphorylated within
this subcellular compartment. We further show that, upon
treatment of cells by genistein, BSDL accumulates in a com-
partment where it co-locates with the 58K Golgi protein.
Therefore, BSDL appears to be phosphorylated in a late com-
partment of the Golgi apparatus. This result agrees with data
indicating that the release of BSDL from membranes, which
occurs after its phosphorylation, is sensitive to monensin [5]. It
also agrees with the full glycosylation of the membrane-associated
BSDL [4,5]. Another important result was to show that DRB, a
casein kinase II-specific inhibitor [21], inhibits the phosphoryl-
ation of BSDL and alters its secretion. However, DRB did not
affect the a-amylase secretion and the LDH intracellular activity,
meaning that neither the secretory mechanisms nor the tran-
scription processes were affected by this drug under our experi-
mental conditions. Taken altogether, these data suggest
strongly that the phosphorylation of BSDL by casein kinase 11
takes place within the trans-Golgi compartment, where the
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enzyme is released from membranes and secreted consecutively.
Genistein and DRB, which alter BSDL secretion, did not induce
an increase of BSDL intracellular activity; however, the former
drug induces the accumulation of the protein within the Golgi.
Monensin also inhibits the enzyme secretion by impairing the
Golgi transport of proteins [5]. This results in a higher association
of inactive BSDL with intracellular membranes and its routing to
a degradation compartment [5]. Thus genistein, which alters the
Golgi functions, and DRB, which inhibits BSDL phosphoryl-
ation, could increase the association of BSDL with membranes
(probably in an inactive conformation) and/or target the protein
to degradation.

Another important item is that Grp94, which normally resides
within the endoplasmic-reticulum vesicles tends, under stressful
conditions, to redistribute to the Golgi apparatus [38]. Grp 94
was found in the secretion of exocrine pancreatic cells [39]. This
chaperone can be phosphorylated by numerous kinases, including
a Ca%- and Mg**-dependent autophosphorylation activity [27]
and a labile kinase activity, which shares some similarity with
casein kinase II [40]. Grp94, the role of which is still uncertain
[41], is also known to be associated with casein kinase I1 [42] and
seems to be phosphorylated in another compartment than the
endoplasmic reticulum [43]. Grp94 has been reported to exist in
a C-terminally truncated form [44], which may help its escape
from the endoplasmic reticulum by losing the C-terminal KDEL
retention signal, suggesting that the localization of Grp94 may be
versatile. Then it seems that, as BSDL, Grp94 could reach the
trans-Golgi, where its phosphorylation, coupled to that of BSDL,
could help to dissociate the folding complex from intracellular
membranes [5]. However, and as suggested by results presented
in Figure 7, a 94-kDa phosphoprotein, which could be Grp94,
can be co-precipitated with specific antibodies to the rat BSDL,
even when the phosphorylation of the enzyme was abolished by
genistein. Although the phosphorylation of BSDL leads to its
release from intracellular membranes [10] or from its folding
complex [5], the dissociation of the BSDL-Grp94 complex [5]
could not depend upon the phosphorylation state of BSDL. This
allows the secretion of BSDL, a fraction of which can be still
complexed to Grp94, in pancreatic juice [45].
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