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We identified in a yeast two-hybrid screen the EF-hand Ca2�-binding protein Cab45 as an interaction partner of Munc18b.
Although the full-length Cab45 resides in Golgi lumen, we characterize a cytosolic splice variant, Cab45b, expressed in
pancreatic acini. Cab45b is shown to bind 45Ca2�, and, of its three EF-hand motifs, EF-hand 2 is demonstrated to be crucial
for the ion binding. Cab45b is shown to interact with Munc18b in an in vitro assay, and this interaction is enhanced in
the presence of Ca2�. In this assay, Cab45b also binds the Munc18a isoform in a Ca2�-dependent manner. The endogenous
Cab45b in rat acini coimmunoprecipitates with Munc18b, syntaxin 2, and syntaxin 3, soluble N-ethylmaleimide-sensitive
factor attachment protein receptors with key roles in the Ca2�-triggered zymogen secretion. Furthermore, we show that
Munc18b bound to syntaxin 3 recruits Cab45b onto the plasma membrane. Importantly, antibodies against Cab45b are
shown to inhibit in a specific and dose-dependent manner the Ca2�-induced amylase release from streptolysin-O–
permeabilized acini. The present study identifies Cab45b as a novel protein factor involved in the exocytosis of zymogens
by pancreatic acini.

INTRODUCTION

The exocrine acinar cells of the pancreas constitute a well
established model for the study of regulated exocytosis in
nonexcitable polarized cells (for review, see Wäsle and
Edwardson, 2002; Williams, 2006). They synthesize a variety
of digestive enzymes, which are released into the pancreatic
duct and the duodenum upon demand. The enzymes are
transported from the trans-Golgi network to zymogen gran-
ules (ZGs) in the form of inactive proenzymes. The condens-
ing granules undergo a series of maturation steps that in-
volve concentration of the zymogens and reduction of
membrane surface. The mature ZGs are found predomi-
nantly in the apical region of the cells. Exocytosis of the
zymogens occurs via the apical surface of the acinar cells,
which accounts for �10% of the cell surface area. The ZGs
are clamped from undergoing spontaneous release, and
binding of secretagogues such as acetylcholine or cholecys-
tokinin to cell surface receptors activates well characterized
Ca2�-dependent signal transduction pathways, evoking re-

arrangements of the actin cytoskeleton and apical exocytosis
(Gaisano, 2000; Wäsle and Edwardson, 2002; Williams,
2006).

It is widely accepted that the core machinery responsible
for membrane fusion in intracellular vesicle transport con-
sists of membrane-anchored proteins denoted as soluble
N-ethylmaleimide-sensitive factor attachment protein recep-
tors (SNAREs) (for review, see Rothman, 2002; Jahn and
Scheller, 2006). In ZG exocytosis from acinar cells, the rele-
vant target membrane SNAREs (t-SNAREs) are syntaxin 2
(syn2) reported to reside in the apical membrane, and syn-
taxin 3 (syn3), which localizes to the ZG limiting membrane
(Gaisano et al., 1996, 1997). Digestion of syn2 with botulinum
toxin C resulted in complete inhibition of ZG–plasma mem-
brane fusion, demonstrating a central role of this t-SNARE
in ZG exocytosis (Hansen et al., 1999). The major vesicle
SNARE (v-SNARE) detected on the ZG is vesicle-associated
membrane protein (VAMP)2, but proteolytic cleavage of this
protein by tetanus toxin only caused partial inhibition of ZG
exocytosis (Gaisano et al., 1994). A knockout mouse model
suggests VAMP8/endobrevin as a v-SNARE with a key role
in ZG exocytosis in acini (Wang et al., 2004). Toxin cleavage
experiments suggested that syn3 on the granule membranes
is involved in homotypic fusion of the granules (Hansen et
al., 1999), which is an important part for the compound
fusion process leading to rapid secretion of large amounts of
zymogens upon stimulus (Nemoto et al., 2001; Pickett and
Edwardson, 2006). Furthermore, the small GTPases Rab3D
and Rab27b are present on ZG and regulate zymogen secre-
tion from acini (Ohnishi et al., 1997; Chen et al., 2002, 2004;
Pickett and Edwardson, 2006).
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The Sec1–Munc18 (SM) proteins are essential accessory
components of the SNARE machineries. These cytosolic pro-
teins interact with specific syntaxins, modulating the capac-
ity of these t-SNAREs to interact with their cognate SNARE
partners [reviewed in (Gallwitz and Jahn, 2003; Toonen and
Verhage, 2003)]. In mammals there are seven SM proteins, of
which the Munc18 isoforms a, b, and c are involved in
exocytosis at the plasma membrane. Pancreatic acinar cells
express Munc18b and c. Munc18b, which interacts with both
syn2 and syn3, was found to be present on the acinar cell
plasma membrane and on the ZG (Gaisano et al., 1999).
Munc18c was reported to localize on the basal membrane
where it interacts with syn4, and release of this SM protein
from the basal surface by supramaximal cholecystokinin
stimulation was suggested to redirect apical exocytosis to
the basal membrane (Gaisano et al., 2001). Munc18b has been
shown to control apical exocytosis in several epithelial cell
types (Riento et al., 2000; Kauppi et al., 2002), H�-ATPase
insertion into the apical membrane of kidney inner medul-
lary collecting duct cells (Nicoletta et al., 2004), and mast cell
granule secretion (Martin-Verdeaux et al., 2003). Further-
more, Munc18b was recently shown to impact on amylase
release from rat parotid acinar cells by controlling the inter-
action of the synaptotagmin-like protein Slp4-a/granuphilin
with syn2 and -3 (Fukuda et al., 2005).

The exact mechanisms by which the ZG fusion is clamped
in the absence of stimulus and by which the Ca2� signals are
transmitted to the fusion machinery are poorly understood
(Wäsle and Edwardson, 2002; Williams, 2006). In the present
study, we identify a novel interaction partner of Munc18b in
pancreatic acini, a Ca2�-binding EF-hand protein Cab45b,
and we provide evidence for its function in the ZG exocy-
tosis process.

MATERIALS AND METHODS

Antibodies and Other Reagents
Antibodies against Cab45b were produced in New Zealand White rabbits,
which were immunized with glutathione S-transferase (GST)-Cab45b (see
below) by using a standard protocol. The antibodies were affinity purified on
a CNBr-Sepharose 4B column (GE Healthcare, Little Chalfont, Buckingham-
shire, United Kingdom) with coupled GST-Cab45b as described previously
(Laitinen et al., 2002). The anti-SNAP23 antiserum was generated in a similar
manner. The anti-Munc18b antiserum was generated as described previously
(Riento et al., 1996). The rabbit anti-syn2 and -syn3 as well as mouse mono-
clonal anti-tubulin were from Sigma-Aldrich (St. Louis, MO), rabbit anti-
VAMP2 was from Stressgen (Nventa Biopharmaceuticals, San Diego, CA),
and mouse monoclonal anti-Na�/K�-ATPase was from Upstate Biotechnol-
ogy-Chemicon International (Temecula, CA). Rabbit antibody against Munc
18c was a gift from Dr. Y. Tamori (Kobe University, Kobe, Japan). Recombi-
nant streptolysin-O (rSLO) was purchased from S. Bhakdi (University of
Mainz, Mainz, Germany).

Yeast Two-Hybrid Screening
The full-length Madin-Darby canine kidney (MDCK)II cell Munc18b cDNA
(accession no. L41609) was cloned in the GAL4 DNA binding domain bait
vector pGBT9 (Clontech, Mountain View, CA), and transformed into the
Saccharomyces cerevisiae strain HF7c. Interacting clones were selected from a
human lymphocyte cDNA library in the pACT GAL4 activation domain
vector (catalog no. HL4006AE; Clontech) by using Leu-Trp-His triple selec-
tion according to the manufacturer’s instructions. Of the clones surviving the
selection, those positive in an 5-bromo-4-chloro-3-indolyl-�-d-galactoside test
were included for further analysis. After removal of the bait plasmid in the
absence of Trp selection, the prey plasmids were isolated and transformed
into Escherichia coli DH5� to produce DNA for sequencing.

Identification of Cab45 Splice Variants in the Pancreas
Initially, the National Center for Biotechnology Information sequence data-
base was searched with the human Cab45 sequence (accession no.
NM_016176), revealing a number of putative splice variants lacking exon 2,
which encodes the cleavable amino-terminal signal sequence of Cab45. There-
after, oligonucleotide primers ATATGAATTCGAAAGATGGCAGTGGCCT-
GATC (forward) and ATATGAATTCGCGTCGGCA ACCTCCTTCTC (re-

verse) annealing with human Cab45 exons 1 and 4, respectively, were
designed. These primers were used to amplify and clone sequences from
human pancreatic cDNA. The clones in pBluescript SK(�) (Stratagene,
LaJolla, CA) were sequenced with a cycle-sequencing kit (BigDye; Applied
Biosystems, Foster City, CA) and an automated ABI3730 sequencer (Applied
Biosystems). This revealed cDNAs that are spliced directly from exon 1 to
exon 4. To further verify the existence of such variants (denoted as b-variants)
in the pancreas, a 5� primer, GGCAGACCGGACGAGTATAAG, with nine
bases from exon 1 and 12 bases from exon 4, and a 3� primer, GGTGGGGTC-
CGGGACAGCC, from exon 7 (downstream of the stop codon) were used to
selectively amplify b-variants from cDNAs transcribed from human total
mRNAs from colon, heart, kidney, liver, lung, pancreas, and skeletal muscle
(Stratagene). The reverse transcription was carried out using the above-
mentioned primer that anneals with Cab45 exon 7 and the Pfu Turbo poly-
merase (Stratagene). To produce a cDNA for the Cab45b splice variant, the
cDNA fragment encoding amino acid region M262-F362 of Cab45 was iso-
lated by polymerase chain reaction (PCR) by using the full-length Cab45a
cDNA as template and the primers ATATGGATCCATGCTCAGGTTCATG-
GTGAAGG and TCCGGAATTCTCAAAACTCCTCGTGCACGC. From here
on, the amino acid (aa) residues of Cab45b are numbered M1-F130.

Production of Wild-Type (wt) and Mutant Cab45b
Proteins in E. coli
For protein production in E. coli, the Cab45b cDNA was subcloned into the
BamHI/EcoRI sites of pGEX1�T (GE Healthcare). For production of site-
specifically mutated protein variants, mutagenesis was carried out on
Cab45b-pGEX1�T by using the Quikchange kit (Stratagene). Point mutations
were generated in EF-hand 1 (E25Q), EF-hand 2 (E70Q), and EF-hand 3
(E106Q). In addition, all three combinations of two EF-hand mutations were
created. N- or C-terminally truncated variants making up aa residues D41-
F130 and M1-G116, respectively, were generated by PCR, and the cDNA
fragments obtained were inserted in the same vector. All constructs were
verified by sequencing using a cycle sequencing kit (BigDye) and an auto-
mated ABI3730 sequencer (Applied Biosystems). The GST fusion proteins
were produced in E. coli strain BL21(DE3) and purified on glutathione-
Sepharose 4B (GE Healthcare) according to the manufacturer’s instructions.
Protein concentrations were determined by using the DC assay (Bio-Rad,
Hercules, CA).

Production of His6-tagged Munc18b in Insect Cells
A recombinant baculovirus expressing His6-Munc18b was generated and
used for protein production in Sf9 cells as described previously (Riento et al.,
2000). The protein was purified on nickel-nitrilotriacetic acid agarose
(QIAGEN, Valencia, CA) according to the manufacturer’s instructions.

Western Blotting
For visualization of Cab45b, rat pancreas snap frozen in liquid N2 was thawed
and homogenized directly in Laemmli sample buffer containing the complete
protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany), fol-
lowed by incubation in a boiling water bath for 5 min. Approximately 20 �g
of total protein (estimated from Coomassie-stained gels) was applied in 15%
SDS-polyacrylamide gel electrophoresis (PAGE) gels, and the separated pro-
teins were transferred onto Hybond-C Extra nitrocellulose filter (GE Health-
care). The filters were incubated with anti-Cab45b antiserum, and the bound
antibodies visualized using goat anti-rabbit IgG (H�L) horseradish peroxi-
dase conjugate (Bio-Rad) and enhanced chemiluminescence (ECL; GE Health-
care) followed by visualization by exposure to Kodak X-OMAT AR films
(Eastman Kodak, Rochester, NY). For inhibition of specific Cab45b immuno-
reactivity, 200 �g/ml purified GST-Cab45b (see above) was incubated for 3 h
at room temperature with the primary antibody, before the antibody was
applied on the filter.

Immunoprecipitation
Lysates of rat acini containing equal amounts of protein were clarified by
centrifugation (12,000 � g; 10 min). Aliquots of the resulting supernatants
containing 600 �g of protein, precleared for 40 min by using 40 �l of 50%
suspension of protein G-Sepharose (GE Healthcare), were incubated with
Munc18b or Cab45b antibodies. Immunocomplexes were captured using 40 �l
of protein G-Sepharose, which was washed four times with lysis buffer
containing 1 mM Na3VO4. Samples of immunoprecipitated proteins or total
cell lysates were dissolved in Laemmli buffer and boiled for 5 min. Equal
amounts of protein were separated on 8% SDS-PAGE and transferred to
nitrocellulose membranes (Bio-Rad), which were blocked for 1 h in Tris-
buffered saline containing 5% bovine serum albumin (BSA) and then incu-
bated with the appropriate primary antibodies. The bound antibodies were
visualized using relevant peroxidase-coupled secondary antibodies and ECL.

Calcium Binding Assay
Plain GST and the purified GST-Cab45b (wild-type and all mutant/truncated
proteins), 0.5 �g each, were resolved on 12.5% SDS-PAGE, electrotransferred
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onto Hybond-C extra nitrocellulose filter (GE Healthcare), and allowed to
renature for 1 h in 60 mM KCl, 10 mM imidazole, 5 mM MgCl2, pH 6.8. The
filters were probed for 10 min at room temperature with 45Ca2� (11.63
mCi/mg; PerkinElmer, Wellesley, MA), at 1 �Ci/ml in the above-mentioned
buffer, washed with H2O, and exposed on Kodak X-OMAT AR films.

In Vitro Assay for Munc18–Cab45b Interaction
MaxiSorb 96-well plates (NUNC A/S, Roskilde, Denmark) were coated with
GST-Cab45b (3 �g/well) in 50 mM NaHCO3 buffer, pH 9.6, for 16 h at 4°C.
The binding of [35S]methionine-labeled in vitro transcribed/translated (Tnt-
coupled rabbit reticulocyte system; Promega, Madison, WI) Munc18a,
Munc18b, Munc18b to the immobilized GST-Cab45b was assayed essentially
as described in Riento et al. (2000), with the exceptions that unspecific binding
was now blocked with 1% BSA, 0.05% Tween 20 in 10 mM HEPES, pH 7.2,
and incubation of the in vitro-translated radioactive Munc18 proteins was
carried out overnight at 4°C. Ten micromolar CaCl2 or 100 �M EGTA was
added to the in vitro-translated Munc18b and to the washing buffer. For the
Munc18b binding curve, 2500–250,000 cpm of the in vitro translation mixture
was used. When the interactions of Munc18b, Munc18a, and Munc18c pro-
teins were compared, equal amounts of radioactivity (100,000 cpm) were
used. The numbers of methionine residues in the three proteins are rat
Munc18a, 19; canine Munc18b, 15; and mouse Munc18c, 16. Background
binding to wells coated with plain GST was measured in all experiments. For
competition of Munc18b binding to Cab45b, 0, 1, 3, or 10 �g of His6-Munc18b
purified from insect cells was added in the in vitro-translated Munc18b
aliquots (25,000 cpm) before addition in the GST-Cab45b–coated wells.

Transfection and Immunofluorescence Microscopy
The Cab45b cDNA subcloned into the mammalian expression vector
pcDNA4HisMaxC (Invitrogen, Carlsbad, CA) was transfected into the Chi-
nese hamster ovary (CHO)-K1 cell line alone or together with MDCKII
Munc18b/pcDNA3.1 (Invitrogen) and/or rat syn3/pBK-CMV (Stratagene)
expression plasmids, using Lipofectamine 2000 reagent (Invitrogen). After
24 h, the cells were fixed with 4% paraformaldehyde, 250 mM HEPES, pH 7.4,
permeabilized with 0.05% Triton X-100/phosphate-buffered saline, and pro-
cessed for indirect immunofluorescence microscopy as described previously
(Johansson et al., 2005). The bound primary antibodies were visualized using
anti-mouse and anti-rabbit immunoglobulin G (IgG)-Alexa488 and -568 con-
jugates (Invitrogen), and the specimens were observed/images recorded with
a TCS SP1 laser scanning confocal microscope (Leica, Heidelberg, Germany).
Shift of the expressed Cab45b to the plasma membrane was quantified blind
by visual judgment from three independent coverslips. From each double- or
triple-transfected coverslip, 100 or 50 transfected cells, respectively, were
analyzed.

Assay for Amylase Release from SLO-permeabilized Acini
Rat acini were prepared by collagenase digestion as described previously
(Gaisano et al., 2001). Isolated acini were suspended at 4°C in a permeabili-
zation buffer consisting of 20 mM piperazine-N,N�-bis-2-ethanesulfonic acid,
pH 6.6, 139 mM K�-glutamate, 4 mM EGTA, 1.78 mM MgCl2, 2 mM MgATP,
0.1 mg/ml soybean trypsin inhibitor, 1 mg/ml bovine serum albumin, and 1
�g/ml rSLO and divided into 200-�l aliquots. rSLO does not require reducing
because the single thiol group of wild-type SLO has been removed (Pinkney
et al., 1989). We have evaluated that this concentration of rSLO under the
present incubation conditions induces 90–100% permeabilization as deter-
mined using trypan blue staining. Acini in rSLO-containing buffer were
incubated in 4°C for a minimum of 10 min to allow toxin to partition into the
plasma membrane. Excess rSLO in the supernatant was removed by low-
speed centrifugation, and the pellet was resuspended in fresh permeabiliza-
tion buffer at 200 �l/cell aliquot. The acini were then incubated at 37°C for 3
min to initiate pore formation. For experiments on antibody inhibition of
amylase release, nonimmune rabbit IgG, total IgG from a rabbit immunized
with Cab45b, or affinity-purified anti-Cab45b antibodies were added to rSLO-
permeabilized acini at a final concentration of 0, 0.1, 1.0, 10, 40, or 100 �g/ml
and incubated at 37°C for 30–45 min. Ca2�-evoked amylase secretion was
then induced with an equal volume of ice-cold permeabilization buffer sup-
plemented with CaCl2 at either low (0.05 mM CaCl2 � 10 nM free Ca2�) or
high (9.8 mM CaCl2 � 10 �M free Ca2�) concentration to reach the desired
free Ca2� level that was calculated as described previously (Kitagawa et al.,
1990). Amylase released into the supernatant during the incubation was
quantified using a colorimetric method described previously and expressed
as a percentage of total cellular amylase (Gaisano et al., 2001). Total amylase
is the sum of the amylase in the supernatant and acinar cell pellet, from which
the stimulated amylase is expressed as a percentage of total amylase. To
obtain the net stimulated release, mean basal release (10 nM Ca2�) performed
in every experiment was subtracted from mean stimulatory release (10 �M
Ca2�).

RESULTS

Identification of a Novel Interaction Partner of Munc18b
Syntaxins are so far the only known binding partners for
Munc18b, whereas its neuronal counterpart Munc18a binds
several other protein factors involved in regulated secretion
(Toonen and Verhage, 2003). To identify novel interaction
partners for Munc18b, we carried out a yeast two-hybrid
screen of a human lymphocyte cDNA library. This yielded
74 cDNAs, 68 of which represented sequences that encode
Cab45, a previously identified Ca2�-binding protein with six
EF-hand motifs (Scherer et al., 1996; Koivu et al., 1997;
Honore and Vorum, 2000). The longest cDNAs represented
the full-length coding region, and the shortest cDNA a frag-
ment of amino acids Q269-F362 that contains two EF-hand
motifs. Cab45 carries a cleavable signal sequence and has
been characterized as a soluble protein that localizes to the
Golgi lumen (Scherer et al., 1996; Koivu et al., 1997).

Because Munc18b is cytosolic, a genuine interaction with
Cab45 was initially regarded as unlikely. However, search of
sequence databases with the full-length human Cab45 se-
quence revealed a number of expressed sequence tags from
different sources that lacked exon 2 encoding the amino-
terminal signal sequence (e.g., AL546806 from human pla-
centa and AL558725 from human T cells). Because such
mRNAs may encode cytosolic variants of Cab45, we sought
for such mRNAs in the human pancreas by shotgun cloning
reverse transcriptase (RT)-PCR products amplified using
primers that anneal with exons 1 and 4 of Cab45 (Figure 1A),
and the cDNA fragments obtained were sequenced. Of the
12 fragments sequenced, six represented variants that
skipped exon 2, the splice acceptor site located at the junc-
tion of exons 1 and 2 and the donor sites in the junction of
exons 3 and 4 or within exons 2 or -3. To further verify the
existence of such splice variants, we designed a forward
primer whose 5� half anneals with exon 1 and whose 3� half
anneals with exon 4. This “exon1/4 primer” was used for
RT-PCR from mRNA of different human tissues, together
with a primer from downstream of the Cab45 stop codon in
exon 7. The primer pair did not amplify anything from a

Figure 1. Structures of the human Cab45b mRNA and protein. (A)
The mRNAs encoding full-length Cab45 (Cab45a) or Cab45b. The
exons are numbered 1–7; ATG, methionine start codon; STOP, stop
codon; SS, cleavable amino-terminal signal sequence of Cab45a. The
genomic structure was elucidated by blasting the Cab45a cDNA
sequence (NM_016176) against the human genome at National Cen-
ter for Biotechnology Information. (B) Schematic presentation of
Cab45b structure. The numbers indicate amino acid positions; EF-
hands 1, -2, and -3 are shown. Point mutations in the EF hands are
indicated with and asterisk (*). N-trunc and C-trunc represent the
N- and C-terminally truncated protein variants, respectively.
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plasmid template carrying the full-length Cab45a cDNA,
demonstrating specificity for the desired type of splice vari-
ant (data not shown). The tissue RT-PCR analysis revealed a
product of the expected size (510 base pairs) in the pancreas.
In the other tissues, hardly any products were detectable
(Figure 2). Further RT-PCR analysis using 3� primers from
exons 4 and -5 confirmed that the splice variant, denoted
from hereon as Cab45b, is in its 3� parts similar to full-length
Cab45 (data not shown). Skipping of exons 2 and -3 in
Cab45b results in a protein that is initiated at M232 of the
full-length reading frame and consists of 130 amino acid
residues and three EF-hand motifs (D14-E25, D58-E70, and
D95-E106) predicted by the SMART software (http://smart.
embl-heidelberg.de/) (Figure 1B). The deduced molecular
mass of the protein is 15,139 kDa.

Cab45b Protein Is Present in Rat Pancreatic Acini
To study the presence of such a short Cab45 variant protein
in rat pancreas, we created rabbit antibodies against GST-
Cab45b produced in E. coli. Western blotting using the an-
tiserum detected in a total protein preparation of rat acini a
major protein with the apparent molecular mass of 13 kDa
and a weaker reactive band with an apparent mass of 44 kDa
(Figure 3A). The size of the 13-kDa protein is consistent with

the deduced mass of Cab45b, 15.1 kDa, and that of the larger
protein with the deduced mass of the full-length Cab45
isoform, 41.8 kDa. Preincubation of the antibody with puri-
fied GST-Cab45b at 200 �g/ml specifically abolished both
reactivities, demonstrating that the proteins indeed repre-
sent the endogenous Cab45 isoforms in the pancreas. The
presence of the strongly reactive 13-kDa band further sup-
ports the notion that a short cytosolic variant of Cab45,
similar to the Cab45b identified above at the nucleic acid
level, is expressed in the pancreas. On immunofluorescence
microscopy, the antibody stained in several cell lines the
juxtanuclear Golgi apparatus, consistent with the previously
reported localization of the endogenous full-length Cab45
isoform (Scherer et al., 1996; shown for COS-1 cells in Figure
3B). When Cab45b was expressed in COS-1 cells, it dis-
played a relatively even cytoplasmic distribution consisting
in part of small dots. Some immunostaining was also de-
tected within the nucleus (Figure 3B).

Cab45b Binds Ca2� Ions, EF-Hand 2 Being Essential for
This Activity
To confirm that Cab45b binds Ca2� ions and to investigate
the structural requirements for the Ca2� binding, nitrocel-
lulose filter overlay assays with 45Ca2� were carried out
using wild-type and mutant GST-Cab45b fusion proteins.
We generated point mutants with EF-hand 1 (E25Q, denoted
mEF1), 2 (E70Q, denoted mEF2), or 3 (E106Q, denoted
mEF3) inactivated, and all three combinations of two muta-
tions. In addition, we generated N- and C-terminally trun-
cated constructs making up aa D41-F130 and M1-G116, re-
spectively (Figure 1B). The N-terminal truncation removes
EF-hand 1 and part of the region between EF-hands 1 and -2,
and the C-terminal truncation 14 aa from the C-terminal
end. The overlay assay verified that wt Cab45b binds cal-
cium ions and revealed defective binding by all mutants
with EF-hand 2 inactivated, whereas inactivation of EF-
hands 1 or -3, or the truncations, did not significantly affect
the Ca2� binding (Figure 4).

Interaction of Cab45b and Munc18b In Vitro
To verify in vitro the interaction of Cab45b and Munc18b
observed in the two-hybrid system, a previously established
solid phase binding assay was used. Here, purified GST-
Cab45b was immobilized on Nunc Maxisorb 96-well plates,
and association of in vitro-translated [35S]Met-labeled

Figure 2. Reverse transcriptase-PCR assay for Cab45b mRNA in
human tissues. Total RNA from the indicated human tissues was
reverse transcribed as specified in Materials and Methods, and the
resulting cDNA was amplified with primers specific for the Cab45b
splice variant. Mobilities of size markers (base pairs) are indicated
on the left. Ctrl, water control (no RNA in reverse transcriptase
reaction). The specific 510-base pair product is indicated with an
arrow.

Figure 3. Antibody detection of Cab45b in rat pancreas and COS-1
cells. (A) Total rat pancreas protein extract was Western blotted
with anti-Cab45b antiserum (�), or the same antibody preincubated
with GST-Cab45b at 200 �g/ml (�). The specific immunoreactive
bands of 13 and 44 kDa are indicated with arrows. Mobilities of
molecular mass markers are indicated on the left. (B) Immunofluo-
rescence microscopic localization of Cab45 in untransfected COS-1
cells or cells transfected with Cab45b. The transfected cell in the
center shows staining of punctate structures within the cytoplasm,
whereas the endogenous full-length Cab45 in the surrounding un-
transfected cells localizes to the juxtanuclear Golgi complex (arrow).
Bar, 10 �m.

Figure 4. Calcium binding is inhibited by inactivation of Cab45b
EF-hand 2. Equal amounts of GST-fusion proteins of wt Cab45b,
mutants with one or two EF-hands inactivated (mEF1, mEF2, and so
on), and the N- or C-terminally truncated proteins (N-trunc and
C-trunc, respectively) were resolved on SDS-PAGE and transferred
to nitrocellulose, followed by probing with 45Ca2� (top). A Coom-
assie-stained gel (CB) of the specimens showing equal loading is
displayed in the bottom panel. Plain GST (GST) was included as a
negative control. Mobilities of molecular mass markers are indi-
cated.
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Munc18b or the related proteins Munc18a and Munc18c
with the immobilized Cab45b was assayed as described
previously (Riento et al., 2000). Because Cab45b was shown
to bind Ca2� ions (see above), binding assays were per-
formed both in the presence and the absence of 10 �M
CaCl2. Munc18b was found to associate with Cab45b in a
dose-dependent and saturable manner. The background
binding to GST represented 7–14% of the signals obtained
with GST-Cab45b coating at the amounts of added radioac-
tivity of up to 50,000 cpm. Furthermore, the specific binding
of Munc18b to Cab45b was enhanced by an average of 45%
in the presence of 10 �M Ca2� (Figure 5A). The specific
nature of the interaction detected by using the solid-phase
binding assay was verified by competing the binding signal
with increasing amounts of purified His6-Munc18b. The de-
gree of inhibition reached with 10 �g of purified His6-
Munc18b/well was 68% (Figure 5B). In addition to Munc18b,
Munc18a was also found to interact with Cab45b. In this case,
the binding was abolished in the presence of EGTA, suggesting
strong Ca2� dependency. However, Cab45b binding by
Munc18c was hardly detectable (Figure 5C).

Immunoprecipitation Confirms the Association of Cab45b
and Munc18b in Acini
To analyze the interaction of Munc18b and Cab45b in rat
acinar cells, lysates of acini were subjected to immunopre-
cipitation with either anti-Munc18b or anti-Cab45b antisera,
followed by Western blotting of the precipitates by using
antibodies against Munc18b, Cab45b, syn2, syn3, synapto-
some-associated protein of 23 kDa (SNAP23), VAMP2,
Munc18c, tubulin, and Na�/K�-ATPase. The results re-
vealed reciprocal and specific coprecipitation of Munc18b
and Cab45b (Figure 6). Importantly, both syn2 and syn3,
previously known interaction partners of Munc18b, were
present in the immunoprecipitates obtained using anti-
Munc18b (Figure 6A), and syn3 was also present in the
anti-Cab45b immunoprecipitates (Figure 6B). In accordance

Figure 5. Interaction of Munc18 proteins with
Cab45b in vitro. (A) Increasing amounts of in
vitro-translated [35S]Met-labeled Munc18b (x-
axis) were incubated in wells coated with GST or
GST-Cab45b. The assay was carried out in the
presence or 100 �M EGTA or 10 �M CaCl2. The
bound radioactivity (y-axis) was quantified by
scintillation counting. (B) An assay similar to
that described in A was carried out using 25,000
cpm of [35S]Met-labeled Munc18b in the pres-
ence of 0, 1, 3, or 10 �g/well (indicated at the
bottom) of competing purified His6-Munc18b.
Inset, SDS-PAGE of the His6-Munc18b used,
Coomassie blue staining. Mobilities of molecular
mass markers are indicated on the left. (C) In-
teraction of Munc18a, -b, and -c with Cab45b in
the presence or 100 �M EGTA or 10 �M CaCl2.
For each Munc18 protein, 100,000 cpm of radio-
activity was used. The results are expressed as
cpm bound (mean � SEM; n � 3). The symbols
are as in A. Inset, fluorogram of an SDS-PAGE
gel showing the [35S]Met-labeled Munc18a, -b,
and -c in vitro translation products used. Mobil-
ities of molecular mass markers are indicated on
the left.

Figure 6. Coimmunoprecipitation of Munc18b and Cab45b from
rat acini. Acini lysates were subjected to immunoprecipitation with
anti-Munc18b (A) or anti-Cab45b (B) and Western blotted with the
antibodies indicated. The immunoprecipitate lanes each represent
the precipitate from 600 �g of acinar lysate total protein. Western
blots of 15 �g of protein from the total lysates used are shown in the
right-hand panels. No Ab, control specimens treated with protein
G-Sepharose in the absence of primary antibody.
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with the observation that Munc18b inhibits the interactions
of syntaxins with SNAP23 and v-SNAREs (Riento et al., 1998,
2000), neither SNAP23 nor VAMP2 coprecipitated with
Munc18b or Cab45b. The results thus suggested that
Cab45b, Munc18b, and at least syntaxin 3 can form a ternary
complex. Munc18c, also present in the acini (Gaisano et al.,
1999, 2001), was not found in the anti-Cab45b precipitates.
The Na�/K�-ATPase included as a negative control was not
found in the precipitates, further illustrating the specificity
of the coimmunoprecipitation observed.

Morphological Evidence for Cab45b–Munc18b Interaction
To further confirm the interaction of Cab45b with Munc18b
in live cells, CHO-K1 cells, which do not express detectable
amounts of endogenous Munc18b, were transfected with a
Cab45b expression construct together with syntaxin 3,
Munc18b, or both. In cells double transfected with Cab45b
and syn3, the syntaxin was found at the plasma membrane

(PM), whereas Cab45b remained distributed as punctate
structures in the cytoplasm that only rarely coincided with
the PM. In some cells, the protein also showed a tendency to
accumulate within the nucleus (Figure 7, A–C). When
Cab45b was coexpressed with Munc18b, a similar punctate
Cab45b pattern was observed, whereas Munc18b showed an
even cytosolic-looking distribution (Figure 7, D–F). How-
ever, in specimens triple transfected with Cab45b, syn3, and
Munc18b, Munc18b displayed in many cells prominent lo-
calization on PM profiles and cell surface blebs, due to
interaction with the overexpressed syntaxin 3 (also see
Riento et al., 1996). Importantly, pronounced membrane re-
cruitment of Cab45b and a high degree of colocalization
with Munc18b were detectable in these cells (Figure 7, G–I).
Quantification of the immunofluorescence data confirmed a
significant recruitment of Cab45b to the plasma membrane
in the cells in which Munc18b was found at PM location
(Figure 7H). This finding supports the immunoprecipitation
results, suggesting that the shift in Cab45b localization in the
triple-transfected cells is due to bridging of Cab45b and syn3
by Munc18b.

Cab45b Antibodies Inhibit Amylase Secretion from
SLO-permeabilized Acini
To address the putative function of Cab45b in ZG exocytosis,
we carried out amylase secretion assays in acini prepara-
tions permeabilized with streptolysin-O. Assays were per-
formed in the presence of nonimmune rabbit IgG, total IgG
from a rabbit immunized with Cab45b, or affinity-purified
antibodies against Cab45b, by using basal (10 nM) or stim-
ulating (10 �M) Ca2� concentrations. Basal amylase release
was similar in control IgG (2.7 � 0.1% of total cellular
amylase) and anti-Cab45b treated acini (which was 3.6 �
0.4% of total cellular amylase). Release stimulated by 10 �M

Figure 7. Munc18b is able to recruit Cab45b to the plasma mem-
brane. CHO-K1 cells were transfected for 24 h with expression
plasmids encoding and syn3 and Cab45b (tagged with Xpress
epitope) (A–C), Munc18b and Cab45b (D–F), or syn3, Munc18b and
Cab45b (G–I), and processed for confocal immunofluorescence mi-
croscopy. Staining for syn3 (A) and staining for Munc18b (D and G),
as detected with specific rabbit antibodies. B, E, and H represent
Cab45b visualized with the Xpress antibody. Overlays are shown in
C, F, and I. The arrows indicate colocalization of Cab45b with
Munc18b at plasma membrane structures. Bar, 10 �m. Quantifica-
tion of the proportion of cells displaying plasma membrane recruit-
ment of Cab45b is shown in H. The data represent mean � SEM, n �
3 (**p � 0.01; Student’s t test). SC, syn3 � Cab45b transfection; MC,
Munc18b � Cab45b transfection; SMC, syn3 � Munc18b � Cab45b
transfection.

Figure 8. Anti-Cab45b antibodies inhibit Ca2�-evoked amylase
release from SLO-permeabilized pancreatic acini. Rat pancreatic
acini were permeabilized with SLO and then preincubated with
increasing concentrations (identified at the bottom) of control IgG,
total IgG from a rabbit immunized with Cab45b (anti-Cab45b), or
affinity-purified anti-Cab45b antibodies (anti-Cab45b, affinity-puri-
fied), and then they were stimulated with 10 �M Ca2�. Amylase
released into the supernatant was determined and expressed as a
percentage of mean net amylase release without antibody. The data
represents mean � SEM from five independent experiments each
performed in triplicate (*p � 0.05, **p � 0.01; Student’s t test;
difference between treatment with anti-Cab45b and the same con-
centration of control IgG).
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Ca2� in the absence of antibodies was typically �24 � 0.7%
of total amylase before subtraction of the basal levels. Ad-
dition of pre-immune rabbit IgG in the permeabilized acini
at concentrations up to 100 �g/ml did not significantly affect
the stimulated release of amylase, whereas both the total and
affinity-purified anti-Cab45b IgG preparations induced a
dose-dependent and statistically significant inhibition of
amylase secretion at concentrations from 1.0 to 100 �g/ml
(Figure 8). The affinity-purified anti-Cab45b antiserum dis-
played a stronger inhibitory effect than the total IgG, the
difference between the two preparations being statistically
significant (p � 0.05) at the 10, 40, and 100 �g/ml concen-
trations. This observation further supports the specific na-
ture of the inhibition observed.

DISCUSSION

A number of non-syntaxin interaction partners have been
identified for the neuronal SM protein Munc18a (Rizo and
Südhof, 2002; Gallwitz and Jahn, 2003; Kauppi et al., 2004). In
the present study, we identified a cytosolic splice variant of
the EF-hand calcium-binding protein Cab45 (Scherer et al.,
1996), as the first non-syntaxin binding partner of Munc18b.
The variant, denoted as Cab45b, is expressed in the pan-
creas, as evidenced by sequencing of shotgun-cloned
cDNAs, by RT-PCR with specific primers, and by Western
blotting. Cab45b expressed in COS or CHO-K1 cells was
shown to have a punctate cytoplasmic localization, suggest-
ing that it associates with yet unidentified cytoplasmic ves-
icles. The interaction of Munc18b and Cab45b was verified
by a solid-phase binding assay using GST-Cab45b and in
vitro-translated radioactive Munc18b, and by two-way co-
immunoprecipitation from rat acini. The in vitro binding
assay and the coimmunoprecipitation study leave open the
possibility that the interaction of Munc18b and Cab45b
could be indirect. Due to severe problems in handling pu-
rified Munc18b, we have been unable to show a direct
interaction using pure recombinant proteins. However,
identification of Cab45b as a binding partner of Munc18b by
the yeast two-hybrid system suggests that the interaction
could be direct. Results of the solid-phase binding assay
suggest that the interaction between Munc18b and Cab45b is
enhanced in the presence of Ca2�. Cab45b was also found to
interact with the neuronal SM protein Munc18a, and this
interaction showed more pronounced Ca2� dependency
than that with Munc18b. Binding of Cab45b by Munc18c,
which is present abundantly in acini (Gaisano et al., 1999,
2001), was hardly detectable, and the protein was not found
in the anti-Cab45b immunoprecipitates. This suggests that
Cab45b mainly interacts with Munc18b in the acini.

Our biochemical and morphological results suggest that
Munc18b, Cab45b, and at least syn3 are present in a ternary
complex; in other words, that Munc18b is able to bind Cab45b
and syntaxins simultaneously. That SNAP23 or VAMP2 was
absent from the immunoprecipitated Munc18b/Cab45b/syn
complexes is consistent with the view that, similar to its neu-
ronal counterpart Munc18a (Misura et al., 2000), Munc18b
binds the closed conformation of syntaxins (Kauppi et al., 2002),
and when present in excess amounts, it inhibits the association
of syntaxins with SNAP23 or v-SNAREs (Riento et al., 1998,
2000). In accordance with this notion, we have recently shown
that overexpression of Munc18b in acini inhibits ZG exocytosis
(Lam, Kauppi, Huang, Olkkonen, and Gaisano, unpublished
data).

Importantly, secretion assays using rSLO-permeabilized
acini demonstrated specific and dose-dependent inhibition
of Ca2�-induced amylase release by rabbit antibodies

against the endogenous Cab45b. This finding strongly sup-
ports the notion that Cab45b indeed forms part of the ma-
chinery responsible for ZG exocytosis. The exact mode of
action of the SM proteins is under debate (Gallwitz and Jahn,
2003; Toonen and Verhage, 2003; Kauppi et al., 2004). Several
family members are suggested to act as linkers between the
Rab GTPase-based machinery for vesicle tethering (Guo et
al., 2000; Whyte and Munro, 2002) and the SNAREs respon-
sible for fusion (Jahn and Südhof, 1999; Rothman, 2002).
Examples of such bridging factors are granuphilin, which
binds both Rab3 and Munc18a (Coppola et al., 2002); rabe-
nosyn 5, which binds both Rab5 and the SM protein VPS45
(Nielsen et al., 2000); and S. cerevisiae Vac1p, which binds the
GTPase Vps21p and the SM protein Vps45p (Peterson et al.,
1999; Tall et al., 1999). These findings may explain, e.g., the
observed role of Munc18a in the docking of large dense core
vesicles (Voets et al., 2001). Conversely, functions directly
associated with the trans-SNARE complex formation and
even with fusion pore regulation have been suggested
(Misura et al., 2000; Fisher et al., 2001; Graham et al., 2004).
Calcium ions play a key role in all regulated secretory
events. Therefore, the observed enhancement of the
Munc18b–Cab45b interaction in the presence of Ca2� may
be highly important. The mechanisms by which the ZG
fusion is clamped in the absence of stimulus and by which
the signals from Ca2� oscillations are transmitted to the
fusion machinery, are poorly understood (Wäsle and
Edwardson, 2002; Williams, 2006). Cab45b binds Ca2� and
plays a role in zymogen secretion induced by Ca2�. It is
therefore a tempting possibility that Cab45b could be in-
volved in the calcium triggering of ZG exocytosis.
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