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Chromogranin A (CgA) is transported restrictedly to secretory granules in neuroendocrine cells.
In addition to pH- and Ca2�-dependent aggregation, CgA is known to bind to a number of vesicle
matrix proteins. Because the binding-prone property of CgA with secretory proteins may be
essential for its targeting to secretory granules, we screened its binding partner proteins using a
yeast two-hybrid system. We found that CgA bound to secretogranin III (SgIII) by specific
interaction both in vitro and in endocrine cells. Localization analysis showed that CgA and SgIII
were coexpressed in pituitary and pancreatic endocrine cell lines, whereas SgIII was not expressed
in the adrenal glands and PC12 cells. Immunoelectron microscopy demonstrated that CgA and
SgIII were specifically colocalized in large secretory granules in male rat gonadotropes, which
possess large-type and small-type granules. An immunocytochemical analysis revealed that
deletion of the binding domain (CgA 48–111) for SgIII missorted CgA to the constitutive pathway,
whereas deletion of the binding domain (SgIII 214–373) for CgA did not affect the sorting of SgIII
to the secretory granules in AtT-20 cells. These findings suggest that CgA localizes with SgIII by
specific binding in secretory granules in SgIII-expressing pituitary and pancreatic endocrine cells,
whereas other mechanisms are likely to be responsible for CgA localization in secretory granules
of SgIII-lacking adrenal chromaffin cells and PC12 cells.

INTRODUCTION

Chromogranin A (CgA) is a granin family protein, which
includes chromogranin B (CgB), secretogranin II (SgII), se-
cretogranin III (SgIII), and secretogranin V (7B2) (Huttner et
al., 1991; Winkler and Fischer-Colbrie, 1992). They are rich in

acidic amino acids, exhibit aggregation at low pH, and pos-
sess a high capacity for calcium binding. Because granins are
localized restrictedly to secretory granules of neuroendo-
crine cells, two characteristics of their sorting mechanisms
have been studied extensively (Tooze, 1998; Tooze et al.,
2001). One is low pH/high calcium–induced aggregation,
with which regulated secretory proteins such as prolactin
and growth hormone are coaggregated, whereas constitutively
secreted proteins such as IgG and albumin are excluded from
the aggregate in vitro (Colomer et al., 1996). Thus, granins are
thought to be essential for the sorting of secretory proteins at
the trans-Golgi network (TGN) (Tooze, 1998).

The second characteristic is an N-terminal disulfide loop
of CgA and CgB. In rat pheochromocytoma-derived PC12
cells, mutant CgB lacking the N-terminal disulfide loop is
missorted to the constitutive secretory vesicles under condi-
tions in which endogenous protein synthesis was shut down
(Krömer et al., 1998). In rat pituitary tumor–derived GH4C1
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cells, by contrast, mutated CgA lacking the N-terminal loop
is properly sorted to the regulated secretory pathway (Cow-
ley et al., 2000). However, removal of the C-terminal 90
amino acids caused rerouting to the constitutive secretory
pathway and impaired the aggregation properties. Surpris-
ingly, in PC12 cells, this mutant CgA is sorted to the regu-
lated secretory pathway. Thus, the N-terminal loop func-
tions differently between CgA and CgB and between PC12
and GH4C1 (Tooze et al., 2001).

Concerning sorting receptors between secretory proteins
and granule membranes, it was suggested that the mem-
brane-associated form of carboxypeptidase E (CPE) sorts
regulated secretory proteins to secretory granules (Cool et
al., 1997). The sorting of proopiomelanocortin (POMC) to
secretory granules is impaired in the pituitary intermediate
lobe endocrine cells of CPE-deficient mice (Cool et al., 1997).
Thus, CPE is thought to act as a sorting receptor for POMC.
CPE has been shown to bind to lipid rafts within secretory
granules (Dhanvantari and Loh, 2000). Although CgA, like
POMC, is sorted to secretory granules, the sorting of CgA
was not disturbed in Neuro-2a cells depleting CPE (Nor-
mant and Loh, 1998). CgA may use CPE-independent mech-
anisms for targeting to secretory granules. Furthermore,
CgA appears to act as a key molecule not only for the sorting
of secretory proteins but also for the biogenesis of secretory
granules. The biogenesis of secretory granules was impaired in
PC12 cells stably transfected with CgA antisense RNA (Kim et
al., 2001). Other secretory proteins, including CgB, CPE, and
synaptotagmin, were also diminished in their mRNA expres-
sion, whereas transfection of bovine CgA into CgA-deficient
cell lines restored secretory granule formation.

Some granins colocalize, whereas others distribute distinctly
in the same cells. Colocalization of CgA and CgB was demon-
strated in the same secretory granule in rat atrial cardiocytes
(Steiner et al., 1990). Rat pituitary male gonadotropes contain
large and small types of secretory granules. Large granules
contain CgA, whereas small ones contain SgII (Watanabe et al.,
1991). Thus, the expression of each granin appears to be tissue-
specific; furthermore, the sorting of granins is not always com-
mon to each secretory granule-type. Some granins may have a
potential to generate their specific granules.

CgA has been shown to bind to the inositol (1,4,5)-triphos-
phate (IP3) receptor and a number of vesicle matrix proteins
(Yoo, 1996, 2000). Binding partner proteins for each granin
may participate in the biogenesis of mature secretory gran-
ules, because IP3 receptor is essential for secretory function
(Yoo, 2000). In seeking CgA binding partners, we considered
that the yeast two-hybrid screen is sensitive, although we
noted that the intranuclear pH of yeast is neutral, i.e., it is
not acidic. Even in the neutral condition, CgA binds weakly
to vesicle matrix proteins (Yoo, 1996).

In the present study, we demonstrated that CgA binds to
SgIII in secretory granules of endocrine cells. CgA appears
to target to secretory granules by specific binding with SgIII
in pituitary corticotropes, gonadotropes, and perhaps pan-
creatic �-cells.

MATERIALS AND METHODS

Yeast Two-Hybrid Screens
Rat CgA cDNA was cloned from a PC12 cDNA library (Iacangelo et
al., 1988). For the yeast two-hybrid screens, we used a rat brain

cDNA library of postnatal day 8 in pVP16–3 as described previ-
ously (Vojtek et al., 1993; Hosaka and Südhof, 1999). A bait vector,
pLexN, contained a full-length rat CgA (CgA 1–448) fused to LexA
without a putative signal sequence. The rat CgA amino acid se-
quence is numbered by counting the first methionine as the �18th
residue (Iacangelo et al., 1988).

Rat SgIII cDNA was obtained by PCR with rat brain RNA. The
sequence was identical to that in the previously reported data
(Dopazo et al., 1993). The first methionine of rat SgIII was numbered
as 1. Rat granin cDNAs were used in most experiments except
where otherwise specified.

Quantitative �-Galactosidase Assays of Yeast Two-
Hybrid Interactions
Full-length or partial fragments of rat CgA, rat SgIII, or lamin (as a
negative control) were cloned into pLexN or pVP16–3. Bait vector
pLexN contained 1) rat CgA 1–448; 2) rat CgA 1–111; 3) rat CgA
112–448; 4) rat CgA 1–54; 5) rat CgA 48–111; 6) mouse CgA 48–115
(Wu et al., 1991); 7) human CgA 48–95 (Konecki et al., 1987); and 8)
rat CgA 48–111�Q, excluding 20 polyglutamine residues CgA 75–
94. Prey vector pVP16–3 contained 1) rat SgIII 187–214; 2) rat SgIII
214–373; 3) rat SgIII 214–277; and 4) rat SgIII 214–373. Yeast strain
L40 was cotransfected with bait and prey vectors by use of lithium
acetate. The transformants were plated on selection plates lacking
uracil, tryptophane, and leucine. After 3 d of incubation at 30°C,
colonies were inoculated into the selection medium and incubated
for 48 h at 30°C. �-Galactosidase assay was performed on yeast
extracts with a protein concentration of 20–40 mg/l per assay (Rose
et al., 1990).

Construction of Bacterial Expression Vectors for
Recombinant Proteins
SgIII cDNA fragments were placed in the bacterial expression vec-
tor pGEX-KG (Guan and Dixon, 1991). SgIII 187–373 was used for
coprecipitation experiments, and SgIII 23–186 was used for anti-
body preparation. Glutathione S-transferase (GST)-fusion proteins
were expressed in BL21(DE3) and were purified on glutathione
beads.

Antibodies
The antibodies used were mouse monoclonal antibody (mAb) to
human LH� (Immunotech S.A., Marseille, France), mouse mAb to
FLAG (Sigma, St. Louis, MO), rat mAb to HA (Roche, Hertfordshire,
UK), rabbit polyclonal antiserum to ACTH (Chemicon, Temecula,
CA), FITC-labeled antimouse IgG, and Texas Red–labeled anti-
rabbit IgG (Jackson ImmunoResearch, West Grove, PA). We raised
antiserum to CgA (CgA-C#101) against a peptide covering rat CgA
430–442 and antiserum to SgIII (SgIII-N#1) against a GST-rat SgIII
23–186 in rabbits.

Cell Culture
Mouse corticotrope-derived AtT-20 cells and rat insulinoma-de-
rived INS-1 cells (Asfari et al., 1992) were maintained in DMEM
supplemented with 10% fetal bovine serum.

Immunoprecipitations
AtT-20 and INS-1 cells grown in 100-mm dishes were solubilized in
1 ml of 50 mM 2-[N-morpholino]ethanesulfonic acid (MES), pH 5.5,
containing 0.15 M NaCl, 10 mM CaCl2, 0.1% NP-40, and a protease
inhibitor cocktail. After removal of insoluble materials by centrifu-
gation, an aliquot (1 ml) of soluble extracts was incubated for 1 h at
4°C with 5–10 �l of antisera (diluted 1:100–200), after which 30 �l of
a 50% (wt/vol) slurry of protein A or G-Sepharose was added, and
the mixture was further incubated for 12 h at 4°C under continuous
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rotation. The immunocomplexes were run on SDS-PAGE, followed
by immunoblotting.

In Vitro Binding between CgA and SgIII
For solubilization of the AtT-20 cells and INS-1 cells, we used a
buffer containing 0.1 M NaCl, 1% Triton X-100, 2 mM EGTA, and a
protease inhibitor cocktail. The buffer was adjusted to pH 5.5 by 50
mM MES or to pH 7.4 by 20 mM HEPES. The high-calcium solution
was made by supplementing CaCl2 at a final concentration of 10
mM. Soluble extracts were incubated for 12 h at 4°C with either GST
or GST-SgIII 187–373 immobilized on glutathione beads under con-
tinuous rotation. The beads were then pelleted by centrifugation.
The proteins bound to the GST or GST-SgIII 187–373 were run on
SDS-PAGE, followed by immunoblotting.

Northern Blot Analysis
Total RNAs (10 �g) from rat tissues and culture cells were electro-
phoresed on an agarose gel and then blotted onto a membrane. The
blot was hybridized with radiolabeled cDNAs encoding rat CgA
300–448 or rat SgIII 1–471.

Immunoelectron Microscopy
AtT-20 cells grown in 100-mm dishes were fixed first with 0.2%
glutaraldehyde–4% paraformaldehyde in 0.1 M phosphate buffer,
pH 7.2 (10 min, 4°C), and subsequently with 4% paraformaldehyde
in 0.1 M sodium phosphate buffer (pH 7.2) containing 3% sucrose (1
h, 4°C). The cells were gently scraped from dishes and microcentri-
fuged to pellets, which were dehydrated with 70% ethanol and
infiltrated into pure LR White resin (London Resin, Hampshire, UK)
for 12 h at 4°C. The pellets were placed in gelatin capsules with fresh
LR White resin and polymerized for 24 h at 55°C.

For preparing tissue samples from pituitary glands, three male
rats were anesthetized with pentobarbital, perfused with 50 ml of
physiological saline, and then perfused with 250 ml of 0.2% glutar-
aldehyde–4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.2.
The pituitaries were quickly excised, cut into small pieces, and
immersed in 4% paraformaldehyde in 0.1 M sodium phosphate
buffer (pH 7.2) containing 3% sucrose for 2 h at 4°C. The samples
were subjected to 7.5% sucrose replacement and ethanol dehydra-
tion, then placed into LR White resin for polymerization.

Immunogold labeling was performed as described previously
(Watanabe et al., 1998). Briefly, ultrathin sections from tissue blocks
were incubated for 12 h at 4°C with the rabbit first antisera to CgA
(diluted 1:500), SgII (diluted 1:4000), or SgIII (diluted 1:500). For
double immunostaining, the two-face technique (Bendayan, 1982)
was applied. Four colloidal gold particles (5, 10, 15, or 20 nm in
diameter) conjugated to goat anti-rabbit IgG (Amersham Pharmacia
Biotech) were used. To identify gonadotropes, the sections were
simultaneously immunostained with the mouse mAb to LH� (di-
luted 1:2000) and colloidal gold particles (5 nm in diameter) conju-
gated to goat antimouse IgG. The sections were contrasted with
saturated aqueous solutions of uranyl acetate and lead citrate and
examined with a Hitachi H-7100 electron microscope (Hitachi, To-
kyo, Japan).

Expression of CgA or SgIII Constructs
CgA and SgIII constructs fused to FLAG (Stratagene) or HA (Roche)
were made in the pcDNA3 (Invitrogen) with a putative signal
sequence. The following constructs with FLAG were made: 1) CgA
1–448, 2) CgA 1–112, 3) CgA �(41–109) deleting CgA 41–109, 4) CgA
�(17–38) deleting CgA 17–38, 5) SgIII 1–471, and 6) SgIII �(187–373)
deleting SgIII 187–373. The following constructs with HA were
made: 1) CgA 1–448, 2) CgA �(41–109) deleting CgA 41–109, 3) SgIII
1–471, and 4) SgIII �(187–373) deleting SgIII 187–373. AtT-20 cells
were cultured on eight-well Lab-Tek chamber slides and then ex-
pressed constructs with LipofectAMINE 2000 reagents (Invitrogen).

Laser Confocal Microscopy
AtT-20 cells were fixed with 4% paraformaldehyde and then per-
meabilized with high-salt TPBS (0.01 M sodium phosphate buffer,
0.5 M NaCl, 0.1% Tween 20, pH 7.3) containing 0.1% Triton X-100.
The cells were incubated with a mixture of rabbit anti-ACTH (1:500)
and mouse monoclonal anti-FLAG (1:2500) antibodies for 18 h at
4°C. For the second antibody reaction, the cells were incubated for
1 h at 20°C with a mixture of FITC-labeled antimouse IgG and Texas
Red–labeled anti-rabbit IgG. The coverslips were mounted in 90%
glycerol (vol/vol in PBS) containing 0.1% p-phenylenediamine di-
hydrochloride (Sigma). Stained cells were observed with a laser
scanning confocal microscope (Olympus, Tokyo, Japan).

Radiolabeling and Immunoprecipitation
After transfection with the CgA or SgIII constructs, the AtT-20 cells
were radiolabeled with 0.2 mCi of [35S] methionine (Amersham
Pharmacia Biotech) for 2 h. After radiolabeling, the medium was
changed to DMEM with or without 5 mM 8-Br-cAMP for 1 h. The
cell extracts and culture medium were immunoprecipitated with
anti-FLAG antibody and analyzed by SDS-PAGE for fluorography.
The 35S signals of blots were recorded in BAS2000 (Fujifilm, Tokyo,
Japan). An automatic integration method was used to calculate the
intensity of each band. The relative signals were obtained for each
cell extract and medium.

RESULTS

Yeast Two-Hybrid Screen Identified SgIII as a
Binding Partner for CgA
To identify partner proteins for CgA, we screened a rat brain
cDNA library using a yeast two-hybrid system with a bait
vector containing the full-length rat CgA. Thirty million
transformants were screened, yielding 128 positive clones, of
which 43 were positive. The positive clones were retested for
interaction with the bait CgA and were then sequenced.
Twenty-four of the 43 prey clones encoded SgIII, which was
selected frequently as the independent overlapping clones
SgIII 187–373 and SgIII 177–471. Another eight clones en-
coded activating transcription factor 4 (Nehring et al., 2000),
and three clones encoded exo70 (Kee et al., 1997). The rest of
the sequenced clones could not be identified in the data
banks of cDNA. Among the proteins identified, SgIII is a
residential protein in the secretory granules of neuroendo-
crine cells. The latter two are cytosol proteins, which are less
likely to encounter CgA at the TGN in vivo. We consider
that SgIII is a physiological binding partner for CgA.

Determination of Specific Interaction Domains
between CgA and SgIII
We examined a combination of bait and prey vectors con-
taining various CgA and SgIII regions for their specific
interaction. The interaction of SgIII 187–373 with CgA 48–
111 was as strong as that with CgA 1–448, whereas CgA
1–54 and CgA 112–448, lacking 48–111, did not bind to the
SgIII 187–373 (Figure 1A). This finding suggests that CgA
48–111 constitutes a binding domain for SgIII. Because the
rat CgA 48–111 contains a cluster of polyglutamine (polyQ),
which exists in rat and mouse CgAs but not in human CgA
(Figure 1B) (Winkler and Fischer-Colbrie, 1992), we sus-
pected that polyQ is required for the binding. The SgIII
187–373 efficiently bound to the polyQ-deleting rat CgA
48–111�Q and human CgA 48–95, as well as to the polyQ-
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containing rat CgA 48–111 and mouse CgA 48–115 (Figure
1C). Thus, the polyQ region is not required for binding to
SgIII.

We next determined the binding domains of SgIII for CgA
using the four constructs SgIII 187–214, 214–373, 214–277,
and 278–373. Only SgIII 214–373 reacted strongly with the

Figure 1. Quantification of the in-
teractions between CgA and SgIII
by a yeast two-hybrid assay. (A)
Yeast cells cotransfected with bait
vectors containing rat CgA 1–448,
1–111, 112–448, 1–54, 48–111, or
lamin and prey vectors containing
rat SgIII 187–373 or vector only
were grown and lysed for �-galac-
tosidase assay. Data are shown in
nmol/min per mg protein as the
mean � SE (n � 5). (B) Alignment
of putative binding domains to
SgIII from the rat, mouse, and hu-
man CgA sequences. Human CgA
does not have a cluster of polyglu-
tamine. (C) Yeast cells cotransfected
with bait vectors containing rat
CgA 48–111, mouse CgA 48–115,
human CgA 48–95, or rat CgA 48–
111�Q and prey vectors containing
rat SgIII 187–373 or vector only
were grown and lysed for �-galac-
tosidase assay. Data are shown in
nmol/min per mg protein as the
mean � SE (n � 5). (D) Prey vectors
containing rat SgIII 187–214, 214–
373, 214–277, or 278–373 and bait
vectors containing rat CgA 1–448 or
vector only were grown and lysed
for �-galactosidase assay. Data are
shown in nmol/min per mg protein
as the mean � SE (n � 5).
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CgA 1–448, whereas the other three did not (Figure 1D).
These data suggest that the SgIII 214–373 is required, al-
though its half-split fragments, SgIII 214–277 and 278–373,
are insufficient for binding with CgA.

CgA and SgIII Form a Complex in Culture
Cell Lines
We confirmed the specific binding of CgA and SgIII with a
combination of immunoprecipitation and immunoblot anal-
yses in endocrine cell lines, AtT-20 cells, and INS-1 cells. We
initially immuno-detected endogenous CgA in AtT-20 cells,
INS-1 cells, cell extracts and culture medium from COS-7
cells expressing CgA, and rat adrenal glands at the expected
molecular size positions (Figure 2A). Endogenous SgIII was
also confirmed in AtT-20 cells, INS-1 cells, cell extracts and
culture medium from COS-7 cells expressing SgIII, and rat
pituitary gland extracts (Figure 2B). Both CgA and SgIII
were extensively released to the culture medium and re-
mained a negligible amount within the granin-expressing
COS-7 cells. No bands of both CgA and SgIII appeared in
cell extracts and medium from nontransfected COS-7 cells.

When AtT-20 and INS-1 cell extracts were precipitated
with the SgIII-specific antiserum, CgA was recovered in the
precipitates and was detected with the CgA-specific anti-

serum (Figure 3A). A similar pull-down experiment using
the CgA-specific antiserum revealed the presence of SgIII in
the precipitates (Figure 3B). To prove the specificity of CgA
or SgIII immunoblot, we used the SgII-specific antiserum for
the similar pull-down experiment. The SgII-specific anti-
serum pulled down SgII alone without SgIII and CgA (Fig-
ure 3C, lane 3); furthermore, neither SgIII- nor CgA-specific
antiserum pulled down SgII (Figure 3C, lanes 1 and 2).
These findings suggest that CgA forms a complex with SgIII
but not with SgII in AtT-20 and INS-1 cells.

To examine specific binding domains between CgA and
SgIII, we made two CgA constructs: CgA 1–448 and �(41–
109) fused to HA; and two SgIII constructs: SgIII 1–471 and
�(187–373) fused to FLAG. These constructs were expressed
in AtT-20 cells with four combinations: CgA 1–448 and SgIII
1–471 (Figure 4, lane 1), CgA 1–448 and SgIII �(187–373)
(lane 2), CgA �(41–109) and SgIII 1–471 (lane 3), and CgA
�(41–109) and SgIII �(187–373) (lane 4). With anti-FLAG
antibody, CgA 1–448-HA was pulled down with SgIII
1–471-FLAG, but CgA �(41–109)-HA was not (Figure 4A,
top). Likewise, with the anti-HA antibody, SgIII 1–471-
FLAG was detected, but not SgIII �(187–373)-FLAG (Figure
4A, bottom). Thus, for CgA and SgIII binding, CgA 41–109
and SgIII 187–373 domains appear to be essential. As an
input control, Figure 4B shows that all constructs were ex-
pressed in AtT-20 cells and secreted to culture media.

Granin aggregation is induced under low pH/high-cal-
cium conditions that mimic the luminal milieu at the TGN
(Chanat and Huttner, 1991; Colomer et al., 1996). To inves-
tigate the intensity of CgA binding to GST-SgIII 187–373, the
GST-SgIII 187–373 immobilized on the glutathione beads
was incubated with AtT-20 or INS-1 cell extracts at pH 5.5 or
pH 7.4. SgIII 187–373 bound to CgA at pH 5.5/10 mM Ca2�

(Figure 5, lane 3) and less strongly even without Ca2� at pH
7.4 in either AtT-20 or INS-1 cell extracts (Figure 5, lane 2).
At pH 5.5, SgIII bound to CgA much more strongly with 10
mM Ca2� than without Ca2�, whereas at pH 7.4 the differ-
ence with or without 10 mM Ca2� was minimal. Thus, CgA
binding to SgIII was enhanced by pH 5.5 and 10 mM Ca2�.

SgIII and CgA are Colocalized in the Same
Secretory Granules
The codistribution of CgA and SgIII was examined using rat
tissues and culture cell lines. On Northern blot analyses,
they were coexpressed in the brain and pituitary gland but
not in nonneuroendocrine tissues, such as heart, lung, liver,
kidney, and testis. Their coexpression was also observed in
neuroendocrine cell lines, AtT-20, INS-1, and MIN6, but not
in CHO cells (Figure 6A). In contrast, only CgA was detected
and no SgIII message was detected in adrenal glands (Figure
6A). On Western blot analysis, no SgIII bands were detected
in adrenal glands and rat pheochromocytoma-derived PC12
cells (Figure 6B).

Because CgA and SgIII are coexpressed in the AtT-20,
their intracellular localization was examined by immuno-
electron microscopy. As shown in Figure 7A, distinct colloi-
dal gold particles for CgA and for SgIII were colocalized on
most secretory granules. To further confirm their specific
association, we selected the male rat gonadotropes as ideal
subjects because they possess two distinct secretory gran-
ules: large ones containing CgA and small ones containing
SgII (Watanabe et al., 1991). LH (5 nm gold) is contained in

Figure 2. Immunoblot of CgA and SgIII. Cell extracts were from
AtT-20 cells, INS-1 cells, COS cells expressing CgA or SgIII, control
COS cells, rat adrenal glands, or rat pituitary glands. Culture me-
dium was collected from COS cells expressing CgA or SgIII, and
from control COS cells. Samples were immunoblotted with anti-
body to CgA (A) and to SgIII (B).
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the two types of granules (Figure 7, B–D). SgIII was expected
to localize with CgA in the large granules. Indeed, SgIII (15
nm gold) was colocalized with LH in large granules (Figure
7B, arrows). Furthermore, SgIII (20 nm gold) was also colo-
calized with CgA (10 nm gold) along with LH (Figure 7C).
However, SgII (10 nm gold) was localized in small granules
distinctly from SgIII (20 nm gold) (Figure 7D). These find-
ings suggest that SgIII is specifically associated with CgA in
the large secretory granules, and SgII has a distinct charac-
teristic from CgA and SgIII in association with other secre-
tory proteins.

CgA Constructs Lacking the SgIII-binding Domain
Could Not Target to Secretory Granules
To examine the functional significance of CgA binding to
SgIII in their sorting to secretory granules, we made a series
of deletion constructs of CgA and SgIII tagged with a FLAG
epitope, as shown in Figure 8, left. Their targeting to secre-
tory granules was evaluated in AtT-20 cells with immuno-
cytochemistry and pulse-chase labeling experiments. By im-
munostaining, CgA 1–448 and CgA 1–112, containing the
binding domain for SgIII, were localized densely at the tips
of cell processes and a Golgi area near the nucleus (Figure 8,
A and B). Both of them were colocalized virtually with
ACTH, suggesting that CgA containing the binding domain
41–109 is properly targeted to secretory granules. To test the
functional significance of the domain 41–109, we made two
additional constructs, CgA �(41–109) and CgA �(17–38),

lacking the disulfide loop. Although these constructs were
comparable in length, their intracellular localizations were
strikingly distinct: CgA �(41–109) was virtually restricted to
the Golgi area and failed to target to secretory granules
(Figure 8C). In contrast, CgA �(17–38) was properly targeted
to secretory granules at the tips of cell processes (Figure 8D).
These findings suggest that the CgA-binding domain 41–109
for SgIII is indispensable for CgA targeting to secretory
granules and that the N-terminal disulfide loop region 17–38
of CgA is not required for its targeting to secretory granules
in AtT-20 cells.

In contrast to the results of the CgA constructs, the bind-
ing domain 187–373 of SgIII for CgA did not affect its tar-
geting to secretory granules; both SgIII 1–471 and SgIII
�(187–373) were targeted to secretory granules at the tips of
cell processes (Figure 8, E and F). These observations sug-
gest that the targeting of SgIII to secretory granules is inde-
pendent of its binding to CgA in AtT-20 cells. The experi-
ments with use of a FLAG epitope were reproduced by those
with HA-epitope tagged granins, and similar results were
obtained (our unpublished data).

We then confirmed these morphological data by 1 h of
pulse labeling with [35S] methionine and 1 h of chasing with
or without 8-Br-cAMP, a stimulant of ACTH secretion. As
shown in Figure 9, radiolabeled CgA 1–448 and CgA �(17–
38) were detected two to three times as often in the cell
extract as in the culture medium in a nonstimulating state. In
an 8-Br-cAMP–stimulating state, their radio content in the
cell extract decreased to one-third of that in the culture

Figure 3. Coimmunoprecipitation of CgA and
SgIII from AtT-20 and INS-1 cells. AtT-20 and
INS-1 cell lysates were subjected to immunopre-
cipitations using rabbit antibody to SgIII (A) and
to CgA (B) (lanes 1 and 3, respectively). Control
immunoprecipitations were performed without
the primary antibody (lanes 2 and 4). One-fifth of
starting cell lysates (lanes 5 and 6) were used for
immunoblotting without immunoprecipitations.
Immunoprecipitates (lanes 1–4) were run on an
SDS-PAGE for immunoblotting using rabbit anti-
body to CgA (A) and to SgIII (B). (C) Immunoblot
with the antibody to SgII. AtT-20 cell lysates were
immunoprecipitated with the antibody to SgIII
(lane 1), to CgA (lane 2), and to SgII (lane 3) for
immunoblotting with the antibody to SgII. One-
fifth of the cell lysate was run on lane 4.
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medium, indicating that it was secreted more to the culture
medium. In contrast, �2.5-fold more radiolabeled CgA
�(41–109) was secreted into the culture medium than in the

cell extract, even in a nonstimulating state. Thus, it appears
that the SgIII-binding domain CgA 41–109 is essential for the
retention of CgA inside the cell extract. Together with the
immunocytochemical results shown in Figures 8, it is appar-
ent that CgA requires the SgIII-binding domain 41–109 for
its targeting to secretory granules in AtT-20 cells. In contrast,
both SgIII 1–471 and SgIII �(187–373) were detected at the
same ratio in the cell extract and in the culture medium in
either the nonstimulating or 8-Br-cAMP-stimulating state.
Although SgIII 187–373 acts as a binding domain for CgA,
we suggest that in AtT-20 cells, SgIII does not need the
CgA-binding domain to target to secretory granules.

DISCUSSION

Granins are known as residential proteins in secretory gran-
ules of neuroendocrine cells. Granins display two proper-
ties, aggregation and binding to specific partner proteins
exemplified by CgA to IP3 receptor (Yoo, 2000). In the
present study, using CgA as a bait, we screened a rat brain
cDNA library with a yeast two-hybrid system to find other
binding partner proteins with CgA in secretory granules.
Although membrane-bound proteins such as IP3 receptor
were initially expected, a soluble secretory protein, SgIII,
was identified. Biochemical and immunocytochemical anal-
yses clearly demonstrated that SgIII is one of the physiolog-
ical binding partners of CgA. Consistently, in AtT-20 cells,
binding of CgA with SgIII is involved in the targeting of

Figure 4. Coimmunoprecipitation of epitope-tagged CgA and SgIII
constructs from the AtT-20 cell lysates. (A) AtT-20 cell lysates trans-
fected with combinations of CgA 1–448-HA and SgIII 1–471-FLAG
(lane 1), CgA 1–448-HA and SgIII �(187–373)-FLAG (lane 2), CgA
�(41–109)-HA and SgIII 1–471-FLAG (lane 3), or CgA �(41–109)-HA
and SgIII �(187–373)-FLAG (lane 4) were precipitated with mouse
mAb to FLAG (A, top) and rat mAb to HA (A, bottom). Immunopre-
cipitates were run on an SDS-PAGE for immunoblotting with anti-HA
(top) and anti-FLAG (bottom) antibodies. (B) One-fifth of the cell
lysates and the corresponding media were immunoblotted with HA
and FLAG antibodies to confirm their expression in AtT-20 cells.

Figure 5. Binding of CgA to SgIII at pH 7.4 or 5.5 with or without
10 mM Ca2�. GST-SgIII (lanes 1–4) and GST (lanes 5–8) were
incubated with AtT-20 and INS-1 cell extracts at either pH 7.4 or 5.5
and 10 mM of either Ca2� (�) or Ca2� (�). Cell lysates with
GST-SgIII (lanes 1–4) or GST alone (lanes 5–8) or one-tenth of cell
lysate alone (lanes 9–10) were run on an SDS-PAGE and were
immunoblotted with the antibody to CgA.

Figure 6. Tissue distribution of SgIII and CgA analyzed by North-
ern blot (A) and Western blot (B). Total RNA (10 �g) from the
indicated tissues and cell lines were run on an agarose gel; this blot
was hybridized with a 32P-labeled cDNA probe for SgIII and CgA
(A). Cell lysates (25 �g protein) from the indicated tissues and cell
lines were run on an SDS-PAGE for immunoblotting using the
antibody to SgIII (B).
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CgA to secretory granules, because deletion of the SgIII-
binding domain CgA 41–109 impairs its targeting to secre-
tory granules. In this study, for examining specific binding
and colocalization of CgA and SgIII, we used FLAG and HA
tags instead of the readily available green fluorescent pro-
tein, because green fluorescent protein–tagged protein was

shown to localize in secretory granules in neuroendocrine
cells in PC12 cells, AtT-20 cells, and INS-1 cells (Molinete et
al., 2000; El Meskini et al., 2001).

CgA binds to SgIII via the short primary sequence CgA
48–111 (Figure 1). This sequence contains 20 residues of
polyglutamine (CgA 75–94), which turned out not to be

Figure 7. Immunoelectron microscopy of SgIII and CgA in (A) AtT-20 cells and (B–D) male rat pituitary gonadotropes. (A) Two sizes of
colloidal gold particles indicative of CgA (5 nm gold) and SgIII (10 nm gold) were colocalized in most secretory granules in the AtT-20 cell
(arrows). (B) Gold particles indicative of SgIII (15 nm gold) were observed restrictedly on the large-type secretory granules (arrows) in the
male rat gonadotropes. (C) Gold particles indicative of SgIII (20 nm gold) were localized in the granules labeled with anti-CgA (10 nm gold;
arrows) but (D) not in those labeled with anti-SgII (10 nm gold; arrowheads). (B–D) LH was simultaneously labeled with smaller gold
particles (5 nm gold) in these ultrathin sections. (B and C) Small granules with LH were indicated by an arrowhead. Bars, 200 nm.
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Figure 8. Localization of CgA and SgIII constructs in AtT-20 cells. AtT-20 cells transiently expressing (A) CgA 1–448-FLAG, (B) CgA
1–112-FLAG, (C) CgA �(41–109)-FLAG, (D) CgA �(17–38)-FLAG, (E) SgIII 1–471-FLAG, and (F) SgIII �(187–373)-FLAG were first immu-
noreacted with mouse anti-FLAG antibody followed by FITC- labeled antimouse IgG (left) and rabbit anti-ACTH antiserum followed by
Texas Red–labeled anti-rabbit IgG (middle). Merged images of FLAG (green) and ACTH (red) staining are demonstrated at right. Note that
(A–D) CgA constructs with the SgIII-binding domain (CgA 41–109) are punctately stained with ACTH granules at the tip of cell process
(arrowhead). In contrast, CgA �(41–109) lacking the SgIII-binding domain is restricted to the Golgi area (arrow) (C). Both SgIII 1–471 (E) and
SgIII �(187–373) (F) are localized in the ACTH granules at the tip of the cell process (arrowheads). Bar, 20 �m.
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essential for binding to SgIII. Thus, the binding determinant
was limited to �50 residues on the CgA 48–111. In contrast,
SgIII needs a wider primary sequence, SgIII 214–373, for
CgA binding, and a half-split of this region (214–277 and
278–373) eliminated the SgIII binding to CgA. The CgA
48–111 does not contain a disulfide loop between Cys17 and
Cys38, which is common in CgA from many species, includ-
ing human, bovine, and rat (Winkler and Fischer-Colbrie,
1992). The N-terminal disulfide loop is thought to be essen-
tial for the sorting of CgA and CgB to regulated secretory
granules in adrenal chromaffin cells and PC12 cells (Thiele
and Huttner, 1998; Yoo and Lewis, 2000). However, in
AtT-20 cells, the N-terminal loop–deleted CgA �(17–38) was
correctly targeted to secretory granules, whereas the N-
terminal loop–containing CgA �(41–109) did not in the
present study (Figure 8). Moreover, when this CgA �(41–
109) construct tagged with FLAG was expressed in AtT-20
cells, more CgA �(41–109) was recovered in the culture
medium than in the cell lysate either in a nonstimulating or
in an 8-Br-cAMP–stimulating condition (Figure 9). These
data indicate that the targeting of CgA �(41–109) to the
secretory granules was inefficient in AtT-20 cells. However,
we could not demonstrate that CgA 41–109 sequence–
tagged angiotensinogen, a nongranule secretory protein, did
target to secretory granules in AtT-20 cells (our unpublished
data). This is in contrast with the data by Glombik et al.
(1999), who demonstrated the secretory granule localization
of a constitutive secretory protein, �1-antitrypsin, in PC12
cells when �1-antitrypsin was tagged with two N-terminal
CgB fragments. In GH4C1 cells, CgA lacking a disulfide loop
showed multimeric aggregation properties and normal tar-
geting to secretory granules (Gorr et al., 1999; Cowley et al.,
2000). Further study should be performed on whether CgA
�(41–109) displays aggregation properties like those of di-
sulfide loop–lacking CgA.

SgIII is a product of the mouse 1B1075 gene (Kingsley et
al., 1990). SgIII mRNA is expressed in particular subsets of

CNS neurons and pituitary cells (Ottiger et al., 1990). Mice
missing the 1B1075 gene revealed no major obvious effects
on viability, fertility, or locomotor behavior, so that the
product of the 1B1075 gene, SgIII, may not be required for
their survival (Kingsley et al., 1990). Because SgIII was not
required for visible behavioral changes in mice lacking the
SgIII gene, it has not been as extensively studied as other
granins, such as CgA, CgB, SgII, and 7B2. However, because
SgIII is a residential protein in secretory granules, Martens
and colleagues discussed its secretory function, using the
Xenopus pituitary intermediate lobe. The mRNA levels of
both SgIII and POMC increased more than 30-fold in the
intermediate pituitary when Xenopus was placed on a black
background from a white background, resulting in an in-
crease in melanophore-stimulating hormone for color adap-
tation (Holthuis and Martens, 1996). The coordinated induc-
tion of SgIII and POMC messages and resultant rise in
melanophore-stimulating hormone may imply a finely inte-
grated secretory system for biological adaption. In AtT-20
cells, SgIII 214–373 serves as a binding domain for CgA, but
its half-split fragments, SgIII 214–277 and 278–373, failed to
bind to CgA. Furthermore, the SgIII fragment lacking 187–
373 was sorted to secretory granules. Thus, SgIII appears to
be stored to secretory granules independently of binding to
CgA. Because SgIII may take hold of CgA by specific bind-
ing in AtT-20 cells, it is interesting to see how CgA targets to
secretory granules in SgIII-deleted endocrine cells. In natu-
ral SgIII-lacking cells such as adrenal chromaffin cells and
PC12 cells, CgA homodimerization through the N-terminal
disulfide loop appears to be essential for its targeting to
secretory granules (Thiele and Huttner, 1998).

Currently, two different models of granule protein target-
ing, “sorting for entry” and “sorting by retention,” are con-
troversial (Arvan and Castle, 1998; Glombik and Gerdes,
2000). In the sorting for entry model, sorting takes place at
the TGN, and secretory granule proteins are selected for
immature secretory granules (ISGs), which become mature
secretory granules (MSGs) without losing cargo proteins. In
the sorting by retention model, sorting takes place in the
ISGs. ISGs become MSGs after nongranule proteins are re-
moved, resulting in retention of only secretory granule pro-
teins. Although CgA is a residential protein in MSGs, CgA
�(41–109) did not target to MSGs in AtT-20 cells, and more
CgA �(41–109) was recovered in the culture medium than in
the cell lysate in a nonstimulating condition. Further studies
are required in which CgA binds to SgIII and in which CgA
�(41–109) is removed at the TGN or at the ISGs.

CgA was found to bind to secretory granule membranes
via cholesterol-rich regions (Blàzquez et al., 2000). It should
be examined whether CgA �(41–109) binds to secretory
granule membranes like native CgA. CPE was also reported
to bind to secretory granule membranes by utilizing choles-
terol-sphingolipid–rich lipid rafts (Dhanvantari et al., 2000).
Depletion of cholesterol in lipid rafts by a cholesterol bio-
synthesis inhibitor prevented sorting of POMC and CPE to
regulated secretory granules (Dhanvantari et al., 2000). Thus,
the sorting to the regulated secretory pathway might require
association of regulated secretory proteins with cholesterol-
sphingolipid–rich lipid rafts in the TGN. Further studies
should be performed to ascertain whether SgIII binds to
membrane lipids or to membrane-bound proteins such as
IP3 receptor. In pancreatic �-cells, which highly express

Figure 9. Distribution of CgA and SgIII in AtT-20 cells and media.
AtT-20 cells were transfected with CgA 1–448, CgA �(17–38), CgA
�(41–109), SgIII 1–471, or SgIII �(187–373) tagged with FLAG. The
transfected cells were pulse-labeled with [35S] methionine for 1 h.
The cells were further chased for 1 h in DMEM with or without 5
mM 8-Br-cAMP. The radiolabeled cell extracts (C) and culture me-
dia (M) were immunoprecipitated with the anti-FLAG antibody.
The precipitates were run on an SDS-PAGE for fluorography. The
radioactivity ratio in the cell extract and culture medium was quan-
tified by BAS 2000 (Fujifilm) detection. All experiments were inde-
pendently repeated at least four times.
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CgA, SgII, SgIII, and IP3 receptor, CgA oligomers are shown
to form a complex with IP3 receptor (Yoo, 2000).

In conclusion, we have demonstrated that two distinct
granins, CgA and SgIII, form a heterophilic complex in the
secretory granules of AtT-20 and INS-1 cells via a pair of
novel domains. Although SgIII properties of targeting to
secretory granules require further study, we suggest that
CgA targets to secretory granules in association with SgIII in
pituitary and pancreatic endocrine cells.
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