
Molecular Biology of the Cell
Vol. 8, 2171–2185, November 1997

Distinct Molecular Events during Secretory Granule
Biogenesis Revealed by Sensitivities to Brefeldin A
Carlos J. Fernandez,* Michael Haugwitz, Benjamin Eaton,
and Hsiao-Ping H. Moore†

Department of Molecular and Cell Biology, University of California, Berkeley, California 94720-3200

Submitted June 5, 1996; Accepted August 18, 1997
Monitoring Editor: Ari Helenius

The biogenesis of peptide hormone secretory granules involves a series of sorting,
modification, and trafficking steps that initiate in the trans-Golgi and trans-Golgi network
(TGN). To investigate their temporal order and interrelationships, we have developed a
pulse–chase protocol that follows the synthesis and packaging of a sulfated hormone,
pro-opiomelanocortin (POMC). In AtT-20 cells, sulfate is incorporated into POMC pre-
dominantly on N-linked endoglycosidase H-resistant oligosaccharides. Subcellular frac-
tionation and pharmacological studies confirm that this sulfation occurs at the trans-
Golgi/TGN. Subsequent to sulfation, POMC undergoes a number of molecular events
before final storage in dense-core granules. The first step involves the transfer of POMC
from the sulfation compartment to a processing compartment (immature secretory
granules, ISGs): Inhibiting export of pulse-labeled POMC by brefeldin A (BFA) or a 20°C
block prevents its proteolytic conversion to mature adrenocorticotropic hormone. Pro-
teolytic cleavage products were found in vesicular fractions corresponding to ISGs,
suggesting that the processing machinery is not appreciably activated until POMC exits
the sulfation compartment. A large portion of the labeled hormone is secreted from ISGs
as incompletely processed intermediates. This unregulated secretory process occurs only
during a limited time window: Granules that have matured for 2 to 3 h exhibit very little
unregulated release, as evidenced by the efficient storage of the 15-kDa N-terminal
fragment that is generated by a relatively late cleavage event within the maturing
granule. The second step of granule biogenesis thus involves two maturation events:
proteolytic activation of POMC in ISGs and a transition of the organelle from a state of
high unregulated release to one that favors intracellular storage. By using BFA, we show
that the two processes occurring in ISGs may be uncoupled: although the unregulated
secretion from ISGs is impaired by BFA, proteolytic processing of POMC within this
organelle proceeds unaffected. The finding that BFA impairs constitutive secretion from
both the TGN and ISGs also suggests that these secretory processes may be related in
mechanism. Finally, our data indicate that the unusually high levels of unregulated
secretion often associated with endocrine tumors may result, at least in part, from
inefficient storage of secretory products at the level of ISGs.

INTRODUCTION

Newly synthesized peptide hormones traverse the se-
cretory pathway until the trans-Golgi network (TGN),1
where they are packaged into nascent secretory vesi-

cles that mature into regulated granules (reviewed in
Burgess and Kelly, 1987; Bauerfeind and Huttner,
1993; Moore et al., 1993). Bioactive peptides are gener-
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ated from prohormones by proteolytic cleavage at
paired basic residues (reviewed in Hutton, 1990; Lind-
berg, 1991; Steiner et al., 1992; Seidah et al., 1993). The
exact compartment in which processing takes place
appears to depend on the individual peptide hor-
mone, although in general, it is a relatively late event
occurring in the TGN or maturing secretory granules
(Tooze et al., 1987a; Davidson et al., 1988; Schnabel et
al., 1989; Huang and Arvan, 1994; Orci et al., 1994; Xu
and Shields, 1994). In some cases, the lumenal pH of
these compartments has been shown to play a direct
role in activating propeptide processing (for example,
see Schmidt and Moore, 1995; Anderson et al., 1997).

Sorting of constitutive secretory proteins from reg-
ulated secretory proteins was first shown to occur in
the TGN (Orci et al., 1987; Tooze et al., 1987b; Tooze
and Huttner, 1990), but more recent studies suggest
that it continues in immature secretory granules
(ISGs). This argument is based on the following find-
ings: 1) Kinetic analysis of secretion in parotid cells
indicates that constitutive secretion from this cell type
occurs almost entirely after the pulse-labeled secretory
proteins have appeared in newly formed granules
(von Zastrow and Castle, 1987), 2) pulse–chase exper-
iments in islet b-cells demonstrate that the C-peptide
of insulin is preferentially secreted from ISGs in an
unregulated manner (Kuliawat and Arvan, 1992), and
3) ISGs isolated from PC-12 cells contain more consti-
tutive proteins than mature granules do, suggesting
that continual sorting must occur as the granules ma-
ture (Grimes and Kelly, 1992). Sorting is thought to be
accomplished by budding of “constitutive-like vesi-
cles” from ISGs (Kuliawat and Arvan, 1992). In addi-
tion, ISGs probably undergo other budding and fusion
events during maturation. Electron microscopic, phys-
iological, and cell biological studies suggest that ISGs
may fuse with each other (Kalina et al., 1988; de Toledo
and Fernandez, 1990; Tooze et al., 1991; Lew et al.,
1994). Excess membranes may then be removed from
the fused granules by vesicle budding, resulting in an
increase in granule density. Recent data suggest that
ISGs may bud off vesicles destined for endosomes/
lysosomes (Kuliawat and Arvan, 1994). At present, the
mechanism for ISG maturation is poorly understood.
It is unclear how many vesicle budding and/or fusion
steps are required and whether any of these steps are
interrelated. For instance, it is not known whether
budding of constitutive-like vesicles contributes to the
change in buoyant density and/or acidity of ISGs. In
the endosomal system, vesicle-mediated removal of
Na1-K1-ATPase from the early endosomes is believed
to allow further acidification of the late endosomes
(Cain et al., 1989; Fuchs et al., 1989). Budding of con-
stitutive-like vesicles from ISGs could involve a mech-
anism similar to budding of constitutive vesicles from
the TGN. Alternatively, the two budding processes
may employ completely different mechanisms.

In this study, we employed the mouse anterior pi-
tuitary cell line AtT-20 to study these questions.
AtT-20 cells have been used extensively as a model
system to study vesicular traffic, sorting, targeting,
and processing of peptide hormones (Mains and
Eipper, 1978; Moore et al., 1983b; Tooze et al., 1987b;
Thomas et al., 1991; Ngsee et al., 1993). We took ad-
vantage of the finding that pro-opiomelanocortin
(POMC) is sulfated in AtT-20 cells and developed a
labeling protocol suitable for pulse–chase experiments
to study the interrelationship of events occurring in
granule biogenesis. We have found that brefeldin A
(BFA) inhibits constitutive secretion from the TGN
and blocks the transfer of POMC from the site of
sulfation to the site of processing. At the level of ISGs,
BFA impairs the unregulated release from this or-
ganelle. These results suggest that constitutive secre-
tion from the TGN and the process of unregulated
release from ISGs may involve a similar BFA-sensitive
mechanism. By contrast, BFA has no effect on the
proteolytic activation of prohormone within ISGs. The
density increase of secretory granules resulting from
condensation is also not significantly affected by BFA.
These results suggest that g-adaptin and clathrin,
which have been shown to be recruited by ISGs in a
BFA-sensitive manner (Dittie et al., 1996), do not play
a major role in regulating prohormone processing and
condensation within this organelle.

Another important issue concerns the molecular de-
fects associated with secretory granule biogenesis in
endocrine tumors. Targeting of peptide hormones to
dense-core granules of endocrine tissues in vivo oc-
curs efficiently (Rhodes and Halban, 1987; Carroll et
al., 1988; Kuliawat and Arvan, 1992). By contrast, tu-
mor endocrine cell lines often secrete a large amount
of hormones in an unregulated manner (Gumbiner
and Kelly, 1982; Moore et al., 1983a; Reaves et al., 1990),
which may explain the elevated serum levels of hor-
mones associated with many endocrine tumors (Mod-
lin et al., 1993; Meko and Norton, 1995; Orth, 1995).
The molecular basis for this defect is unknown. It
could, in principle, be due to defective sorting in the
TGN, defective retention at the level of ISGs, or other
defects associated with mature secretory granules. We
provide evidence to show that a major secretion defect
in the AtT-20 tumor cell line lies in inefficient storage
of hormone products at the level of ISGs.

MATERIALS AND METHODS

Antisera and Reagents
Affinity-purified rabbit anti-porcine adrenocorticotropic hormone
(ACTH) was prepared as described (Moore and Kelly, 1985). It
recognizes POMC as well as all peptides containing residues 1–39 of
mature ACTH (Figure 1). BFA was purchased from Boehringer
Mannheim (Indianapolis, IN), monensin was from Fluka
(Ronkonkoma, NY), tunicamycin was from Sigma (St. Louis, MO),
endoglycosidase H (endo H) was from Boehringer Mannheim (In-
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dianapolis, IN), and endo F was from New England Biolabs (Bev-
erley, MA).

Cell Culture and Pulse–Chase Experiments
AtT-20 cells were maintained in DMEM (BioWhittaker, Walkers-
ville, MD) supplemented with 10% fetal calf serum under 15% CO2
at 37°C. For radiolabeling experiments, cells were seeded at a den-
sity of 2 3 105 cells/well in a 12-well dish (Corning, Oneonta, NY)
and grown for 36 to 48 h. For sulfate labeling, the cells were
preincubated for 30 min at 37°C in buffer A [110 mM NaCl, 5.4 mM
KCl, 0.9 mM Na2HPO4, 10 mM MgCl2, 2 mM CaCl2, 1 g/l glucose,
20 mM N-(2-hydroxyethyl)piperazine-N9-(2-ethanesulfonic acid)
(HEPES), pH 7.2]. The cells were then labeled with 150–200 ml of
1–2.5 mCi/ml [35S]sulfate (ICN, Costa Mesa, CA) in buffer A. Drug
treatments and chases were all performed in DMEM. Methionine
labeling was performed as described (Moore et al, 1983a). Medium
samples were collected and cleared of cell debris by centrifugation
(15,000 3 g, 5 min); iodoacetamide (IAA) and phenylmethylsulfonyl
fluoride (PMSF) were added to a final concentration of 0.3 mg/ml.
To recover ACTH-containing peptides by immunoprecipitation, the
cells were extracted with ice-cold NDET [1% Nonidet P-40, 0.4%
deoxycholate, 66 mM EDTA, 10 mM Tris(hydroxymethyl)amin-
omethane, pH 7.4] containing IAA and PMSF. Insoluble materials
were removed by centrifugation (15,000 3 g, 10 min), and the
supernatants from cell extracts and medium were used for immu-
noprecipitation. To analyze all sulfated products (see Figure 5),
pulse-labeled cells were washed and incubated in DMEM supple-
mented with bovine serum albumin to a final concentration of 20
mg/ml at 37°C for indicated chase times. Secretion medium was
collected, cleared of debris, and then precipitated with trichloroace-
tic acid (TCA; final concentration, 20%) for 1 h on ice followed by
centrifugation in a Microfuge at 15,000 3 g for 15 min at 4°C. Pellets
were washed once with acetone before loading on the gels. Cells
were harvested with 0.7% Triton X-100, 25 mM HEPES, pH 7.2,
PMSF, IAA, and the insoluble materials was removed by centrifu-
gation as above. The cell extracts were either precipitated with TCA
as above (see Figure 5B) or precipitated with 4 times the volume of
ice-cold acetone (see Figure 5A). Acetone precipitates were collected
by centrifugation at 2500 3 g for 1 h at 4°C and analyzed by
SDS-PAGE.

An epitope-tagged human Rab 11 vector was constructed as
described (Chen et al., 1993), and a stable clone of AtT-20 cells was
isolated according to Chavez et al. (1994).

Secretion of glycosaminoglycan (GAG) Chains
Cells grown in 12-well plates were incubated in sulfate-free DMEM
containing 0.5 mM 4-methylumbelliferyl b-d-xyloside (xyloside;
Sigma) for 30 min and then radiolabeled with 150 mCi/ml [35S]sul-
fate (ICN Biochemicals) for 5 min. Cells from one well were ex-
tracted to determine the amount of total label incorporated, and the
remainders were chased in the presence or absence of 5 mg/ml BFA.
Medium samples were collected after each chase and the cells were
extracted at the end of the chases. Samples were processed for
cetylpyridinium chloride (CPC) assays of GAG chains as described
(Miller and Moore, 1992).

Immunoprecipitation and Immunoblotting
POMC products were isolated from sulfate-labeled samples by sin-
gle immunoprecipitation (Moore and Kelly, 1985) and from methi-
onine-labeled samples by a double immunoprecipitation procedure
(Moore and Kelly, 1986). Where indicated, immune precipitates
were eluted from staphylococcus A with 0.5% SDS, 1% 2-mercap-
toethanol and one-half of each sample was incubated with endo H
in 50 mM sodium citrate, pH 5, for 12 to 16 h at 37°C or endo F in
24 mM Na2HPO4, pH 7.4, 10 mM EDTA, 0.5% Triton X-100 for 1 h

at 37°C. Immunoprecipitates were subjected to reducing SDS-PAGE
and exposed for 48 to 72 h to a PhosphorImager cassette (Molecular
Dynamics, Sunnyvale, CA). For immunoblot of rab11, transfected
AtT-20 cells were fractionated as described below, and proteins
from each fraction were precipitated with TCA. The precipitates
were subjected to SDS-PAGE and transferred onto nitrocellulose
(Schleicher and Schuell, Keene, NH). The blot was probed with the
monoclonal antibody 12CA5 (BABCO, Berkeley, CA) against hem-

Figure 1. Subset of POMC-derived peptides secreted from AtT-20
cells can be labeled with [35S]sulfate. (A) Domain structure of POMC
relevant to this study, showing N-linked glycosylation (CHO) sites
and the temporal order of proteolytic cleavages at pairs of basic
residues. Dark-shaded portion indicates the mature ACTH peptide
against which antibodies used in this study were raised. Only
POMC peptides that contain the major sulfation sites are shown. SP,
signal peptide; 6CHO, the glycosylation site is not always used.
ACTH-containing peptides secreted from [35S]methionine-labeled
cells (B) and from [35S]sulfate labeled cells (C). Identical cultures of
AtT-20 cells were labeled with [35S]methionine for 15 min or
[35S]sulfate for 5 min. The cells were then chased in unlabeled
DMEM for three consecutive 1-h periods. During the last hour of
chase, 8-Br-cAMP was added to one well to stimulate release from
mature regulated secretory granules. A parallel culture was chased
in medium lacking 8-Br-cAMP as control. Chase medium was col-
lected, ACTH-related peptides were immunoprecipitated with af-
finity-purified anti-ACTH, and radiolabeled bands in the immuno-
precipitates were separated by SDS-PAGE on 18% gels and
analyzed by PhosphorImager.
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agglutinin and analyzed by the chemiluminescence method (ECL,
Amersham, Arlington Heights, IL).

Subcellular Fractionation of Sulfated POMC
Products
Equilibrium Centrifugation. The D2O-Ficoll gradient procedure of
Chavez et al. (1994) was used to isolate mature secretory granules
(Figure 3). Alternatively, a D2O-sucrose gradient was used (see
Figure 9). Cells in 15-cm dishes were homogenized (1 ml/dish), and
a postnuclear supernatant (PNS) was prepared by centrifugation for
10 min at 1000 3 g. Four hundred microliters of PNS were loaded
onto a step gradient containing 1-ml steps of 50, 30, 27.5, 25, 22.5, 20,
17.5, 15, 12.5, and 10% sucrose, all in D2O buffered with 10 mM
HEPES, pH 7.4. The gradient was centrifuged for 3 h at 36,000 rpm
at 4°C in a SW41 rotor. One-milliliter fractions were collected from
the bottom. Labeled POMC products in each fraction were analyzed
as above. Labeled POMC products were detected by solubilizing
each fraction with NDET buffer and immunoprecipitation with
anti-ACTH.
Velocity Centrifugation. The velocity gradient procedure of Tooze
and Huttner (1990) was employed to separate ISGs from trans-
Golgi/TGN (see Figure 6). Sulfate-labeled cells in a 15-cm dish were
lifted by incubating with Ca21/Mg21-free PBS containing 1 mM
EDTA and collected by centrifugation at 800 rpm in a GPR centri-
fuge (Beckman, Palo Alto, CA). Cell pellets were washed once in
iced homogenization buffer (1 mM EDTA, 1 mM magnesium ace-
tate, 1.6 mM Na2SO4, 250 mM sucrose, 10 mM HEPES, pH 7.15,
PMSF, IAA), and resuspended in 0.7–0.8 ml of iced homogenization
buffer. The resuspended cells were passed through a 20-gauge
needle and then homogenized by using an EMBL homogenizer. The
homogenate was centrifuged (10 min 1000 3 g) and the resulting
postnuclear supernatant was loaded onto a linear 0.3–1.2 M sucrose
gradient prepared in homogenization buffer. The gradients were
centrifuged for 15 min at 25,000 rpm in a Beckman SW 41 Ti rotor at
4°C. The load volume was discarded and 0.8-ml fractions were
collected. The fractions were diluted with water to 1 ml and pre-
cipitated with 4 ml of acetone at 220°C for 1 h, and the precipitates
were collected by centrifugation in a Beckman GPR centrifuge at
3500 rpm for 1 h.

RESULTS

[35S]Sulfate Is Incorporated into a Subset of POMC-
derived Peptides in AtT-20 Cells
Previous trafficking studies have used methionine or
cysteine labeling of AtT-20 cells. In this study, we have
developed a pulse–chase protocol taking advantage of
the fact that POMC is sulfated (Hoshina et al., 1982;
Moore et al., 1983). Because sulfation usually occurs in
the Golgi or TGN, labeling with [35S]sulfate allows a
more precise kinetic analysis of the post-Golgi events.
We first compared POMC products labeled with
[35S]methionine or [35S]sulfate (Figure 1). Pulse-la-
beled cells were chased for 2 h and then stimulated
with 8-Br-cAMP to trigger secretion from the regu-
lated pathway. ACTH-related peptides were immuno-
precipitated from the chase medium with affinity-
purified antibodies recognizing epitopes on mature
ACTH (residues 1–39; Figure 1A). [35S]Methionine-
labeled cells secreted a number of peptides in an un-
regulated manner (Figure 1B): a doublet of 30–35 kDa
corresponding to singly and doubly glycosylated
POMC precursors, and bands of 20–25 kDa corre-

sponding to intermediates generated by the first en-
doproteolytic cleavage at ACTH-b-Lipotropin junc-
tion (Figure 1A). 8-Br-cAMP stimulated the secretion
of two processed peptides corresponding to 13-kDa
glycosylated mature ACTH and 4.5-kDa unglycosy-
lated mature ACTH (Figure 1B). [35S]Sulfate labeling
of cells produced a similar pattern (Figure 1C), with a
notable exception that the unglycosylated 4.5-kDa
ACTH was not labeled. Thus, [35S]sulfate may be used
to specifically label a subset of POMC peptides. Tar-
geting of POMC peptides to the regulated pathway
does not appear to depend on their states of sulfation.

POMC Is Sulfated Predominantly on N-linked
Oligosaccharides in the trans-Golgi/TGN
Because 13-kDa and 4.5-kDa ACTH differ only in N-
linked glycosylation on Asn152 (Figure 1A), we tested
whether sulfate is incorporated into POMC on N-
linked carbohydrates. Cells were pretreated with tu-
nicamycin and then labeled with either [35S]sulfate or
[35S]methionine (Figure 2). Tunicamycin caused
[35S]methionine-labeled POMC doublet to collapse
into a single unglycosylated form without signifi-
cantly affecting the amount of methionine incorpora-
tion (Figure 2, compare lanes 1 and 3). The same
treatment caused [35S]sulfate-labeled POMC to col-
lapse into a similar band, but the amount of sulfate
incorporated was reduced by more than 90% (Figure
2, compare lanes 5 and 7). In a separate experiment,
we show that endo F treatment of [35S]sulfate-labeled
POMC decreased the recovery of radioactivity to be-
low detection levels (Figure 2, lanes 9 and 10). Thus,
the majority of sulfate incorporation on POMC occurs
on N-linked carbohydrates.

To determine the intracellular location of POMC
sulfation, the above samples were subjected to endo H
digestion. POMC labeled in the endoplasmic reticu-
lum (ER) by a [35S]methionine pulse was in the endo
H-sensitive form (Figure 2, lanes 1 and 2); the ungly-
cosylated form was not sensitive to endo H as ex-
pected (Figure 2, lanes 3 and 4). By contrast, POMC
labeled by a 5-min [35S]sulfate pulse was resistant to
endo H digestion (Figure 2, lanes 5 and 6), suggesting
that sulfation occurs after POMC has reached at least
the medial-Golgi. To further resolve the site of POMC
sulfation, we treated cells with monensin prior to sul-
fate labeling. Monensin is known to block transport of
viral glycoproteins from the medial-Golgi to the trans-
Golgi (Griffiths et al., 1983). If sulfation of POMC oc-
curs at or beyond the trans-Golgi, it should greatly
reduce sulfate incorporation. Indeed, POMC sulfation
was reduced to 20–25% of control levels during a 5- to
60-min pulse (Table 1), suggesting that POMC sulfa-
tion occurs after the protein has been delivered to at
least the trans-Golgi. Treatment with BFA also sup-
ported this view: pretreatment of cells with BFA
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caused a two- to fivefold reduction in sulfate incor-
poration into POMC (Table 1). This finding is con-
sistent with the notion that POMC sulfation nor-
mally occurs in the TGN and that BFA, by
uncoupling the TGN from the Golgi/ER system
(Chege and Pfeffer, 1990), prevents POMC from
reaching the sulfotransferase compartment. How-
ever, the possibility that BFA may exert its effect
indirectly by inhibiting sulfotransferase activity
could not be excluded in this experiment.

If sulfation indeed occurs in the trans-Golgi/TGN,
one would expect to find pulse-labeled POMC in a
low-density organelle and subsequent chases should
result in its transfer to denser compartments. Cells
were pulse-labeled with [35S]sulfate, and subcellular
organelles were fractionated on a D2O-Ficoll equilib-
rium gradient (Chavez et al, 1994). As shown in Figure
3, labeled POMC immediately after the pulse was in
low-density membranes at the top of this gradient. For
comparison, we treated the same cells with a mem-
brane-permeant xyloside to induce synthesis of the
constitutive secretory marker, GAG chains (Miller and
Moore, 1992): labeled GAG chains after a 5-min pulse
were found cofractionating with sulfated POMC.
These fractions also contained rab11, a GTPase re-
ported to reside in TGN and post-Golgi vesicles in
PC-12 cells (Urbe et al., 1993). By contrast, when cells
were labeled for 3 h instead of 5 min, the majority of
labeled sulfate was associated with the 13-kDa
ACTH found in dense fractions (Figure 3B) that
corresponded to mature secretory granules (Chavez
et al., 1994); the constitutive marker GAG labeled
during the last 30 min was found in light fractions
as expected. These data indicate that POMC and
GAG chains are sulfated in compartment(s) with
density corresponding to trans-Golgi/TGN. Within
3 h, the labeled cleavage products are sorted away
from constitutively secreted markers and stored in
dense organelles.

Proteolytic Processing of POMC Occurs
Predominantly after Its Export from the Sulfation
Compartment
Kinetic analysis demonstrated that POMC sulfation
precedes proteolytic processing (Figure 4A): a 5-min
pulse produced only labeled POMC, but extending the
label to 20–60 min resulted in the progressive appear-
ance of labeled intermediate and the 13-kDa mature
ACTH. These results were further confirmed by pulse-
–chase experiments (Figure 4B). The only labeled
products after a 5-min pulse labeling were unproc-
essed POMC. After a 15-min chase at 37°C, a small
amount of labeled intermediate began to appear. By
the end of a 90-min chase, most of the radiolabel
remaining in the cells was proteolytically converted to
mature ACTH. The sequential appearance of POMC,
intermediates, and then mature ACTH suggests that
sulfate is incorporated into POMC, which then gives
rise to labeled intermediates and mature ACTH by
proteolytic processing. We noticed that the amount of

Figure 2. POMC is sulfated primarily on N-linked carbohydrates
after the acquisition of endo H resistance. AtT-20 cells were pre-
treated with 5 mg/ml tunicamycin for 3.5 h and then labeled with
[35S]sulfate for 5 min or [35S]methionine for 15 min. The cells were
immediately extracted and labeled POMC was immunoprecipi-
tated. One-half of each sample was then subjected to digestion with
endo H. Lanes 1–4 are samples from methionine-labeled cells, and
lanes 5–8 are from sulfate-labeled cells. For lanes 9 and 10, cells
were labeled with [35S]sulfate as in lanes 5 and 6, except that
digestion was performed with endo F instead of endo H. CHOS and
CHOR, endo H-sensitive and endo H-resistant forms, respectively.

Table 1. Effects of monensin and BFA pretreatment on [35S]sulfate incorporation into POMC-derived peptides

Pulse
time
(min)

Control Monensin BFA

Total
incorp.
(cpm)

% in
POMC

% in
interm.

% in
mature

Total
incorp.
(cpm)

% in
POMC

% in
interm.

% in
mature

Total
incorp.
(cpm)

% in
POMC

% in
interm.

% in
mature

5 1,252 100 0 0 286 100 0 0 402 100 0 0
20 13,270 89 10 1 3,312 100 0 0 2,535 100 0 0
60 9,892 65 28 7 2,006 100 0 0 4,462 100 0 0

AtT-20 cells were pretreated with 10 mM monensin or 5 mg/ml BFA for 45 min before labeling with [35S]sulfate for 5, 20, or 60 min in the
presence of the agents. The cells were extracted without further chases, and the total amount of label incorporated (incorp.) into POMC
precursors plus intermediates (interm.) plus mature forms was quantitated by using a PhosphorImager. For each condition, the relative
amount of individual POMC form was expressed as the percentage of total label incorporated into all forms for that time point.
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cellular radioactivity increased at 0–15 min and then
dropped precipitously between 15 and 90 min of
chase. The increase is most likely due to a short lag in

chasing out the intracellular [35S]sulfate pool. The loss
of radiolabel can be attributed to 1) about half of the
labeled POMC and intermediates were secreted from
the cells (see Figure 1C) and 2) the N-terminal seg-
ments carrying a major sulfation site were not recov-
ered in the immune precipitates.

To test whether POMC is processed after sulfation
within the same compartment or in a later part of the
pathway, we tested the effect of inhibiting TGN export
on proteolytic conversion. A manipulation known to
block export from the TGN is the 20°C treatment
(Matlin and Simons, 1983). Incubation of cells at 20°C
for 2 h after a 5-min pulse labeling resulted in little
conversion of labeled POMC to mature ACTH (com-
pare Figure 4B, lane 1, to Figure 4C, lanes 1 and 2).
Control experiment shows that this inhibition is not
due to inactivation of prohormone convertase activity
at low temperatures: mature ACTH could be pro-
duced at 20°C if labeled POMC was first chased out of
the sulfation compartment by a 15-min incubation at
37°C (compare Figure 4B, lane 2, to Figure 4C, lanes 3
and 4). Reduced POMC processing at 20°C is consis-
tent with previous finding using methionine labeling
(Milgram and Mains, 1994). Our data suggests the
following sequence of events: sulfation of POMC 3
export3 processing to intermediate forms3 process-
ing to mature ACTH.

Incompletely Processed POMC Products Are
Secreted Constitutively from ISGs during a Limited
Time Window
The above analysis suggests that the majority of
POMC processing occurs after it exits the sulfation
compartment, presumably in ISGs (see below). Be-
cause cleaved POMC products were released from the
cells in an unregulated manner (see Figure 1), we
surmise that constitutive secretion continues to occur
after the labeled proteins have reached the ISGs. This
process, termed “constitutive-like secretion” from
ISGs, has slower kinetics than constitutive secretion
from the TGN in other cell types. We therefore exam-
ined the time course and composition of the unregu-
lated release of POMC products from AtT-20 cells to
determine its origin.

POMC undergoes sequential cleavages, and the pat-
tern of the secreted peptides provides useful informa-
tion regarding the selectivity and time window of
release. In particular, the 18-kDa N-terminal fragment
is known to be further cleaved at Arg101–Arg102 to give
rise to a 15-kDa N-terminal fragment (Cullen and
Mains, 1987; see Figure 1). We found that both the
18-kDa and the 15-kDa fragments were labeled with
[35S]sulfate and could be followed by simple TCA
precipitation (Figure 5). Furthermore, conversion of
the 18-kDa to the 15-kDa fragment was a relatively
late event that could be blocked at 15°C: if pulse-

Figure 3. Sulfated POMC products migrate through intracellular
compartments with increasing densities. (A) Sulfated POMC was
recovered in light-density membranes immediately after pulse la-
beling. To localize the compartment for sulfation of POMC, AtT-20
cells were labeled with [35S]sulfate for 5 min and homogenized.
Membranes from a PNS were fractionated on a D2O-Ficoll density
gradient and labeled POMC products in each fraction were ana-
lyzed by SDS-PAGE and PhosphorImager. Under this condition,
only unprocessed POMC was recovered. M, Relative amount of
sulfate-labeled POMC (in arbitrary scanning units). To localize a
constitutive secretory marker on this gradient, AtT-20 cells were
treated with xyloside for 30 min and then pulse-labeled with
[35S]sulfate for 5 min to label GAG chains. Cells were homogenized
and membranes were fractionated as above. The amount of labeled
GAG chains in each fraction was assayed by a CPC precipitation/
filtration assay. F, Amount of GAG-associated radioactivity (in
cpm) in each fraction. To localize rab 11-containing membranes on
the same gradient, AtT-20 cells stably transfected with an influenza
hemagglutinin epitope-tagged rab 11 were used, and rab11 immu-
noreactivity in each fraction was determined by immunoblotting
using anti-hemagglutinin antibody. E, Relative intensity obtained
from scanning the Western blot. (B) Cells were continuously labeled
with [35S]sulfate for 3 h. Xyloside was added to the cells during the
last 30 min to label newly synthesized [35S]GAG chains. Cells were
then homogenized and the membranes were fractionated as above.
One half of each fraction was assayed for GAG, and the other half
was subjected to immunoprecipitation with anti-ACTH. F, Amount
of GAG-associated radioactivity (in cpm) in each fraction; M, dis-
tribution of labeled mature ACTH in arbitrary scanning units. Be-
cause no chase was performed, a small peak corresponding to
newly labeled POMC was also present on the top of this gradient
(not shown). POMC, GAG, and rab11 peak at a density of 1.12 g/ml,
and mature ACTH peaks at a density of 1.20 g/ml.
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labeled cells were first chased for 15 min at 37°C to
allow POMC to exit the sulfation compartment and
then incubated at 15°C for 3 h, the 18-kDa N-terminal
fragment predominated instead of the 15-kDa N-ter-
minal fragment seen at 37°C (Figure 5A, compare lane
2 to lane 3). To determine whether both the 18-kDa
and the 15-kDa N-terminal fragments were released
equally from the cells, we monitored the time course
of secretion by using TCA precipitation (Figure 5B).
The bulk of unregulated release of sulfated products
occurred during the first 2–3 h of chase (Figure 5, lanes
1–14). The processed peptides found in the cells were
released into the medium with a lag of ;30 min, the
first hour being mostly unprocessed POMC and inter-
mediates and the second hour mostly the 18-kDa N-
terminal fragment and the 13-kDa ACTH (Figure 5,
lanes 9 and 11). Much less release was observed dur-
ing the third hour of chase (Figure 5, lane 13). A
striking difference is that although a significant
amount of the 18-kDa N-terminal fragment was se-
creted, very little of the 15-kDa N-terminal fragment
was released into the medium even after prolonged
chases (Figure 5, lanes 11–14). Quantitation of the
secretion of POMC, the 18-kDa and the 15-kDa N-
termini is shown in Figure 5C. To compare these se-
cretion kinetics with that of a constitutive marker, we
treated cells with xyloside for 30 min to induce syn-
thesis of the constitutive secretory marker GAG and
pulse-labeled them with [35S]sulfate for 5 min. The
amount of labeled GAG secreted was determined and
plotted in Figure 5C. GAG chains secretion occurred
with considerably faster kinetics, reaching a plateau
within 1 h of chase. Because significant amounts of
POMC intermediates and the 18-kDa N terminus were
still secreted after 1 h, we suggest that these processed

POMC products were released from ISGs rather than
directly from the TGN. Additionally, constitutive-like
secretion from ISGs took place only within a limited
time window of 2–3 h, after which little additional
secretion occurred. This time window coincided with
the production of the 15-kDa N-terminal fragment,
resulting in its efficient storage in mature granules.

To obtain more direct evidence that ISGs are the
major site for POMC processing and for the unregu-
lated release of cleavage products, we employed the
velocity gradient procedure of Tooze and Huttner
(1990) to separate ISGs from trans-Golgi/TGN. Imme-
diately after the pulse labeling, the majority of sulfated
POMC was associated with fast-migrating organelles
in fractions previously described to correspond to the
trans-Golgi/TGN (Figure 6A); very little processed
forms were detected when the PNS was prepared
immediately after the 5-min pulse labeling. By con-
trast, when pulse-labeled cells were first chased for 15
min at 37°C before preparation for PNS, the majority
of label was associated with slower-migrating or-
ganelles in fractions corresponding to ISGs (Figure
6B). Notably, some processed intermediate, the 18-
kDa N terminus, and the 13-kDa ACTH were also
detected in fractions corresponding to ISGs (fractions
12–14) but not the trans-Golgi/TGN (fractions 3–7).
We noticed that the amount of processing observed in
gradient centrifugation experiments were consistently
more extensive than in secretion experiments (for ex-
ample, compare Figure 6B with Figure 5B, lane 4). This
discrepancy was observed only from cells that had
been chased at 37°C (Figure 6B) but not from pulse-
labeled cells (Figure 6A), and our unpublished results
indicate that this was due to continued proteolytic
cleavage in the processing compartment during ma-

Figure 4. Sulfate incorporation
precedes endoproteolytic pro-
cessing. (A) Continuous labeling.
AtT-20 cells were labeled with
[35S]sulfate for 5, 20, or 60 min.
Cells were extracted with deter-
gent, and the samples were im-
munoprecipitated with anti-
ACTH antibodies. The labeled
proteins in the immune precipi-
tates were analyzed by SDS-
PAGE and PhosphorImager. (B)
Pulse–chase analysis. Cells were
pulse-labeled with [35S]sulfate for
5 min and then chased for the
times indicated. At the end of
each chase, labeled POMC prod-
ucts in the cells were extract-
ed, immunoprecipitated, and analyzed as in A. (C) Effect of a 20°C incubation on proteolytic processing; duplicate samples are shown. Lanes
1 and 2, cells pulse-labeled as in B (lane 1) were shifted to 20°C for 2 h before extraction. Under this condition, little processing occurred
during the 20°C incubation period. Lanes 3 and 4, pulse-labeled cells were first chased at 37°C for 15 min as in B (lane 2) before being shifted
to 20°C for 2 h. The 15-min chase allowed labeled POMC to exit the sulfation compartment, and subsequent incubation at 20°C resulted in
the production of mature ACTH. Thus, processing requires POMC exit from the TGN, and the prohormone convertase is not inactivated at
20°C.
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nipulations of PNS at 4°C. These data support our
conclusion that POMC sulfation occurs in the trans-
Golgi/TGN and that the major site for proteolytic
processing is the ISG.

Effect of BFA on Export from the TGN
The above analyses indicate that sulfation of POMC
provides a useful tool to study post-Golgi events in
the regulated secretory pathway. We next employed
BFA to examine whether the various events during
granule biogenesis may be uncoupled. We first dem-
onstrate that BFA blocks export of both constitutive
and regulated secretory markers from the TGN.
BFA Blocks Export of the Constitutive Secretory Marker
GAG. Cells were treated with xyloside for 30 min to
induce synthesis of the constitutive secretory marker
GAG and pulse-labeled with [35S]sulfate for 5 min. BFA
(5 mg/ml) was added to the cells immediately after the
pulse and the amount of labeled GAG secreted was
determined (Figure 7). Secretion of GAG chains was
inhibited to 18% of control level. Kinetic analysis shows
that labeled GAG chains passed the BFA block with a
half time of ,10 min, suggesting that in this cell type,
BFA also blocks an early step during budding of consti-
tutive vesicles from the TGN (Miller and Moore, 1992;
Dumermuth, personal communication).
BFA Abolishes Export of the Regulated Secretory
Marker POMC. Likewise, BFA potently inhibits export

Figure 5. Cleavage products of POMC are differentially secreted and
stored by AtT-20 cells. (A) The 15-kDa POMC N-terminal fragment is
generated from the 18-kDa N-terminal fragment by a cleavage event
that is blocked at 15°C. Cells were pulse labeled with [35S]sulfate for 5
min and either extracted immediately (lane 1) or chased for 15 min at
37°C to allow POMC to proceed to the processing compartment. The
cells were then incubated either at 15°C for 3 h (lane 2) or at 37°C for
3 h (lane 3). Sulfate-labeled proteins from the cell extracts were acetone
precipitated and analyzed by SDS-PAGE and PhosphorImager. Incu-
bation at 15°C blocks conversion of the 18-kDa to the 15-kDa N-
terminal fragment. (B) Kinetics of unregulated secretion of all sulfated
products recovered by TCA precipitation. Identical wells of cells were
pulse-labeled with [35S]sulfate for 5 min and then chased for the times
indicated in DMEM containing bovine serum albumin. Medium (M)
and cell extracts (C) were collected and processed by TCA precipita-
tion. Material equal to approximately one-third of a 12-well was loaded
onto the gel. Note the differences in the time course of production and
secretion of the individual POMC-derived products. The total recovery
of radioactivity was within 5% during 1- to 3-h chase. (C) Comparison
of constitutive secretion of GAG chains and constitutive-like secretion
of POMC products from AtT-20 cells. The secretion of POMC and the
18-kDa and the 15-kDa N-termini in B was quantitated by using the
ImageQuant program (Molecular Dynamics) and normalized to the
total amount of each form recovered at 180 min of chase. To determine
kinetics of GAG chain secretion, cells pretreated with xyloside were
pulse-labeled with [35S]sulfate for 5 min and the percentage of labeled
GAG chains secreted into the medium at times indicated was deter-
mined using the CPC filtration assay.

Figure 6. Velocity gradient centrifugation demonstrates that
POMC is sulfated in trans-Golgi/TGN but is processed in vesicular
fractions corresponding to ISGs. A 15-cm dish of AtT-20 cells were
pulse-labeled with [35S]sulfate for 5 min, and the cells were har-
vested either without chase (A) or after a 15-min chase at 37°C (B).
A PNS was prepared and loaded on a 0.3–1.2 M sucrose gradient.
Radiolabeled products were recovered from each gradient by ace-
tone precipitation and analyzed by SDS-PAGE (on a 15% gel) and
PhosphorImager.
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of the regulated secretory marker POMC from the sul-
fation compartment (Figure 8). In control cells not
treated with BFA, POMC labeled during the 5-min pulse
was fully converted to the 13-kDa ACTH at the end of a
135-min chase (Figure 8, lanes 1 and 2). In contrast,
addition of BFA immediately after the pulse labeling
(Figure 8, scheme b) completely blocked the conversion
of POMC to intermediate or mature forms during the
subsequent chases (Figure 8, lanes 3 and 4). Inhibition of
processing was accompanied by a total block of secretion
of labeled POMC products (Figure 8, compare lanes 12
-14 to lanes 8–11). Thus, these results suggest that export
of both constitutive and regulated secretory markers
from the TGN is abolished by BFA. The finding that BFA
prevents POMC processing is consistent with the 20°C
experiment that proteolytic conversion occurs after
POMC exits the TGN.

Effects of BFA at the Level of ISGs
BFA Does Not Interfere with Activation of the Pro-
hormone Processing Machinery in ISGs. To test
whether BFA affects events occurring in ISGs, we first
chased pulse-labeled cells for 15 min before the addi-
tion of BFA (Figure 8, scheme c); the 15-min chase was
included to allow time for POMC to exit TGN and
enter ISGs (Figure 6). After a 15-min chase in unla-
beled medium, the majority of sulfate-labeled hor-
mone within the cells was still in the form of unproc-

essed precursors, indicating that processing did not
occur to a significant extent during the 15 min chase
(Figure 8, lanes 5 and 6). However, addition of BFA at
the 15-min chase time no longer blocked subsequent
conversion of these labeled precursors to mature form
(Figure 8, lane 7). Quantitation of the gel shows that
,15% of POMC labeled during the pulse remained as
unprocessed POMC, compared with .98% when BFA

Figure 8. BFA completely blocks the exit of POMC from the sulfation
compartment and partially inhibits constitutive-like secretion from the
processing compartment. The basic design of this experiment is shown
at the top. AtT-20 cells were pulse-labeled for 5 min with [35S]sulfate.
The cells were then immediately treated with 5 mg/ml BFA (condition
b) or chased first for 15 min to allow the majority of labeled POMC to
exit the sulfation compartment before the addition of BFA (condition
c). Control cells were not treated (condition a). The cells were then
chased for up to 135 min, and labeled POMC products during each
chase and within the cells at the end of the chases were analyzed by
immunoprecipitation, SDS-PAGE, and PhosphorImager analysis. Cell
extracts were prepared at the indicated times. Lanes 1 and 2, untreated
control cells; lanes 3 and 4, cells treated with BFA immediately after the
pulse labeling at time 0; lanes 5–7, cells in which BFA was added after
15 min of chase. Medium samples were collected during the indicated
chase intervals. Lanes 1, 0–15 min; lanes 19, 15–45 min; lanes 2, 45–90
min; lanes 3, 90–135 min. Lanes 8–11 show secretion from untreated
cells. Lanes 12–14 show that BFA completely inhibits export of POMC
from the sulfation compartment. Lanes 15–17 show that BFA also
reduced constitutive-like secretion from the processing compartment.

Figure 7. BFA inhibits constitutive GAG chain secretion from
AtT-20 cells. Cells were treated with xyloside for 30 min and then
pulse-chased with [35S]sulfate for 5 min. BFA was added immedi-
ately after the pulse labeling. The cells were allowed to chase for up
to 1 h. The amount of labeled GAG secreted into the medium was
determined for each time point, and plotted as the percentage of
total label recovered in the cell plus the medium for that time point.
M, Secretion from control untreated cells; E, secretion from BFA-
treated cells.
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was added immediately after the pulse (Figure 8, com-
pare lane 7 versus lane 4). These data indicate that
after a 15-min chase, .85% POMC has exited the
sulfation compartment. Thus, although the formation
and trafficking to ISGs is blocked by BFA, the activa-
tion of the prohormone processing machinery in ISGs
does not involve BFA-sensitive trafficking events.
BFA Impairs Unregulated Release from ISGs. To de-
termine whether the unregulated release of POMC
products from ISGs is sensitive to BFA treatment, the
medium samples from the above experiment were
examined (Figure 8, lanes 15–17). Addition of BFA at
the 15-min chase time did not completely abolish sub-
sequent secretion of unprocessed POMC or interme-
diate forms, but the amount of secretion was greatly
reduced (Figure 8, compare to control, lanes 9–11). A
quantitative comparison of the effect of BFA on export
from the TGN and on the release from ISGs is shown
in Table 2. For POMC, we observed a much more
severe block of export from the TGN than from ISGs
by BFA. Secretion of all forms of POMC products from
the sulfation compartment was blocked to ,1% of

control levels. By contrast, secretion of POMC prod-
ucts from ISGs was 44–47% of control during 15–45
min of chase, and 19–34% of control during 45–90 min
of chase. The reduced unregulated release from ISGs
was accompanied by an increase in the accumulation
of mature ACTH within the cells (250% of control
level).
ISGs Continue to Gain Buoyant Density in the Pres-
ence of BFA. The increase in buoyant density of secre-
tory granules presumably involves fusion of ISGs fol-
lowed by removal of excess membranes, a process that
is likely to involve membrane budding. To test
whether this process is affected by BFA, we pulse-
labeled the cells for 5 min and chased for 15 min. BFA
was added to the cells and the chase was continued for
an additional 4 h. A PNS was prepared at the end of
the chases and fractionated on a D2O-sucrose gradient;
this gradient system was used instead of the Ficoll-
D2O gradient (Figure 3) because it gave similar results
but was easier to work with. Labeled POMC in ISGs
prepared from cells that had been pulse-labeled and
chased for 15 min was found in the light-density frac-

Table 2. Summary of the effects of BFA on constitutive and constitutive-like secretion

2BFA 1BFA % control

GAG chains Medium (0–45 min) 7,167 1,312 18.3
from the sulfation Extract 4,582 9,998 218.2
compartment

POMC products Medium (0–45 min)
from the sulfation POMC 65,202 200 0.3
compartment Int. 28,312 0 0

Mature 3,421 0 0
Medium (45–90 min)

POMC 4,911 260 0.7
Int. 5,355 0 0
Mature 2,856 0 0

Extract
POMC 124,782 NA
Mature 5,985 NA

POMC products Medium (15–45 min)
from the processing POMC 29,126 12,951 44.5
compartment Int. 8,680 4,070 46.9

Mature 810 361 44.5
Medium (45–90 min)

POMC 4,667 1,362 29.2
Int. 7,177 1,377 19.2
Mature 1,227 415 33.8

Extract
Mature 2,147 5,338 249.6

Identical cultures of AtT-20 cells were pulse-labeled with [35S]sulfate for 5 min and then chased for up to 135 min. BFA was added either
immediately after the chase or to cells that had been chased for 15 min in unlabeled medium as described in Fig. 5. POMC-derived products
from the medium and the cells were recovered by immunoprecipitation and analyzed by SDS-PAGE. The gels were quantitated by
PhosphorImager, and the radioactivity associated with each band was expressed in arbitrary scanning unit and compared to values obtained
from untreated cultures. NA indicates that values for percentage of control cannot be obtained due to unknown molar ratio for incorporation
of sulfates into individual POMC forms. For GAG chains, AtT-20 cells were treated with xyloside for 30 min followed by pulse–chase labeling
with [35S]sulfate for 5 min. BFA was added to the cells immediately after the label, and the cells were chased for 45 min. Radioactivities
associated with GAG recovered from the cells and medium were determined by the CPC/filtration assay and expressed in cpm. Int.,
intermediate forms.

C.J. Fernandez et al.

Molecular Biology of the Cell2180



tions at the top of this gradient (Figure 9), whereas
fully matured granules after 4 h of chase were much
denser and were recovered in the bottom half of this
gradient. When BFA was added to the cells after 15
min of chase and allowed to chase in BFA for 4 h, ISGs
still condensed although the density of granules ap-
peared to be slightly lower than that of control cells.
Thus, the condensation process during granule matu-
ration appears to be largely BFA-insensitive.

DISCUSSION

In AtT-20 cells, more than 90% of radiolabeled sulfate
incorporated into POMC was on N-linked carbohy-
drates based on the following findings. 1) Tunicamy-
cin treatment of intact cells or endo F digestion of the
immunoprecipitates drastically reduced the amount of
radiolabel recovered on POMC (Figure 2). 2) The 13-
kDa and the 4.5-kDa ACTH differ in glycosylation on
Asn152, but only the former is labeled with [35S]sulfate
(Figure 1). 3) Doubly glycosylated forms (the upper
bands of POMC and intermediates) were labeled by
[35S]sulfate to higher specific activities than singly gly-
cosylated forms (Figure 1, compare [35S]methionine

labeling to [35S]sulfate labeling). Several lines of evi-
dence suggests that sulfation incorporation occurs in a
late Golgi compartment. First, pulse-labeled POMC is
in the endo H-resistant form (Figure 2). Second, sul-
fation incorporation is inhibited by pretreatment of
cells with monensin or BFA, which prevents traffick-
ing of newly synthesized POMC to the trans-Golgi or
TGN (Table 1). Finally, pulse-labeled POMC was
found in membrane fractions corresponding to trans-
Golgi/TGN (Figures 3 and 6).

Several observations support our conclusion that
sulfation and processing of POMC occur in distinct
compartments. Incubation of cells at 20°C (Figure 4) or
in BFA (Figure 8) immediately after the pulse labeling
completely blocks proteolytic cleavage of POMC.
However, applying these treatments to cells after a
15-min chase does not exert the same effects on pro-
cessing, suggesting that the inhibition was due to a
block in transport rather than direct inhibition of pro-
hormone convertase activities. These results suggest
that labeled POMC was transported from the sulfation
compartment to a processing compartment with a half
time of much less than 15 min; a similar time course
was reported for transport of secretogranin II from the
TGN to ISGs (Tooze et al., 1991). Velocity gradient
analysis confirmed that during a 15-min chase, POMC
moved from large membranous fractions (trans-
Golgi/TGN) to a smaller vesicular fraction (ISGs; Fig-
ure 6). Most likely the sulfation compartment corre-
sponds to the trans-Golgi/TGN, whereas the
processing compartment represents ISGs. Previous
electron microscopic studies have shown that pro-
cessed products were detected in the dilated rim of the
TGN (Schnabel et al., 1989), but some unprocessed
POMC was also present in mature secretory granules
(Tooze et al., 1987a). An interpretation that is most
consistent with all of these data is that POMC process-
ing is initiated in the dilated rim of the TGN but the
majority of processing occurs in ISGs. Milgram et al.
(1994) found that soluble peptidylglycine a-amidating
monooxygenase was secreted from unstimulated
AtT-20 cells with a t1/2 ; 2 h after a methionine/
cysteine pulse and suggested that this release was
from ISGs. Their results are in good agreement with
our kinetic analysis of sulfate-labeled POMC products
(t1/2 ; 50 min to 2 h), and the slightly faster kinetics in
our system may be due to the late addition of sulfate
in the secretory pathway.

BFA potently inhibits budding of constitutive vesi-
cles from the TGN. It also impairs unregulated release
from ISGs, suggesting that the mechanism underlying
these two events may be similar. Several studies have
also examined the effect of BFA on constitutive-like
secretion from ISGs, but the results appear to differ in
different systems: insulin C-peptide secretion from
pancreatic b cells was not affected by BFA (Huang and
Arvan, 1994), whereas constitutive-like secretion of a

Figure 9. Condensation of secretory granules continues in the
presence of BFA. AtT-20 cells were pulse-labeled with [35S]sulfate
for 5 min and then chased for 15 min in unlabeled medium to allow
the majority of labeled POMC to exit the sulfation compartment. To
study the effect of BFA on subsequent maturation of secretory
granules, BFA was then added to 5 mg/ml, final concentration, and
the cells were chased for an additional 4 h (with fresh BFA added
after 2 h of incubation). Control cells were allowed to chase in the
absence of BFA. At the end of the chases, cells were lifted from the
dish and a PNS was prepared and fractionated on a D2O-sucrose
gradient. Samples from each fraction were immunoprecipitated
with anti-ACTH and analyzed by SDS-PAGE and PhosphorImager.
M, Distribution of unprocessed POMC after 15 min of chase before
BFA addition; E, distribution of mature ACTH after 4 h of chase in
the absence of BFA; L, distribution of mature ACTH after 4 h of
chase in the presence of BFA. The amount of labeled POMC or
mature ACTH in each fraction was calculated as the percentage of
the sum of total label in that form throughout the entire gradient.
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sulfated protein p75 from pancreatic acinar cells is
inhibited by BFA (DeLisle and Bansal, 1996). Our re-
sult with AtT-20 cells is thus more in line with the
findings from acinar cells than from b cells. Whether
these differences reflect cell-type–specific differences
or differences in the pulse–chase protocols used is
presently unknown.

Tumor cells typically package hormones ineffi-
ciently. Examination of the time course of secretion of
sulfated POMC products after a 5-min pulse labeling
(Figure 8, lanes 8–11) shows that although some un-
processed POMC was secreted into the medium dur-

ing the first 15-min chase (Figure 8, lane 8), the ma-
jority of constitutive secretion occurs during the 15–45
min of chase when labeled molecules have already
reached ISGs (Figure 8, lane 9). Both unprocessed
POMC and intermediate forms continued to be se-
creted during chase periods up to 90 min (Figure 8,
lanes 9 and 10). We also observed secretion of mature
ACTH that peaked at 45–90 min of chase (Figure 8,
lanes 9–11). We estimate that unregulated release
from ISGs accounts for at least 50% of newly synthe-
sized hormone. In primary pancreatic b cells, more
than 90% of newly synthesized proinsulin is targeted

Figure 10. Working model for ACTH-granule biogenesis. POMC is transported to the trans-Golgi or TGN where it becomes sulfated.
Budding of both constitutive secretory vesicles and nascent regulated granules is inhibited by BFA. Upon exiting the TGN, the pH of the
nascent granules drops to about 5.5 to initiate proteolytic processing of POMC to yield intermediate forms, the 18-kDa N-terminal fragment,
and mature ACTH. Proteolytic activation in ISGs is a BFA-insensitive process. Some unprocessed POMC, intermediate forms, and the 18-kDa
N-terminal fragment exit the cells from ISGs in an unregulated manner, perhaps by incorporation into constitutive-like vesicles (question
mark). This process is impaired by BFA. Maturation of ISGs is complete after 2–3 h of chase, at which time unregulated release stops and
the mature granules exhibit tightly regulated state of exocytosis. This time coincides with the final cleavage of the 18-kDa N-terminal
fragment, generating the 15-kDa N-terminal fragment. The latter is efficiently stored within mature secretory granules.
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to dense-core granules and becomes proteolytically
converted to mature insulin (Rhodes and Halban,
1987; Carroll et al., 1988; Kuliawat and Arvan, 1992).
Our finding thus argues that at least in this AtT-20
tumor cell line, a major secretion defect is due to
heightened constitutive-like secretion from ISGs.

Our model of the biogenesis of ACTH granules is
shown in Figure 10. POMC is transported as the full-
length precursor from the ER to the Golgi where it
receives terminal glycosylation. The fully glycosylated
precursor then becomes sulfated in the trans-Golgi/
TGN. In these and earlier compartments, the ionic
milieu is inappropriate for the Prohormone Conver-
tase 1 and prevents premature proteolytic cleavage of
POMC (Schmidt and Moore, 1995). Upon exit from the
TGN and entry into ISGs, however, an increase in the
lumenal acidity activates Prohormone Convertase 1
resulting in the sequential production of intermediate
forms and mature ACTH. A significant portion of
POMC precursors, intermediate forms, and the 18-
kDa N-terminal fragment are released from this com-
partment in an unregulated manner. As ISGs mature,
however, this component of unregulated release is
reduced and the products contained in the final ma-
ture secretory granules are efficiently stored within the
cells. This model is in accord with our kinetic data
showing that the unregulated release of POMC prod-
ucts and other sulfated proteins occur within a time
window of 2–3 h after chase and very little additional
release was observed after this period (Figures 1, 5,
and 8). It also explains why a late cleavage product,
the 15-kDa N-terminal fragment, which is generated
after 2 h, is stored much more efficiently compared
with the earlier cleavage products (POMC intermedi-
ates, the 18-kDa N-terminal fragment, and the 13-kDa
ACTH; Figure 5).

The unregulated release from ISGs that we observe in
our study resembles the constitutive-like secretion from
pancreatic cells reported previously (Kuliawat and Ar-
van, 1992). In that cell type, the released materials had a
composition different from those retained within the cell
(relatively more C-peptides than mature insulin secret-
ed). This compositional difference suggests that the con-
stitutive-like secretion results from vesicles that bud
from ISGs rather than direct fusion of ISGs with the
plasma membrane. In our study, we also observed a
compositional difference in the secreted material com-
pared with stored products, but as discussed above, the
difference most likely reflects the time course of proteo-
lytic cleavage rather than selective sorting among the
contents of ISGs. What could then be the function of this
constitutive-like secretion if there is no selective sorting
of contents? An intriguing possibility is that budding of
constitutive-like vesicles from ISGs serves an additional,
and perhaps more important, function of removing
membrane components of the constitutive secretory ma-
chinery that have become misincorporated into nascent

granules during budding at the TGN. Budding of con-
stitutive-like vesicles will then be a key event during the
maturation of the granule membrane. An important fu-
ture quest would be to define the molecular mechanisms
involved and to determine how the temporal aspects of
this process are controlled.
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