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Abstract. To gain insight into the mechanisms govern-
ing protein sorting, we have developed a system that
reconstitutes both the formation of immature secretory
granules and their fusion with the plasma membrane.
Semi-intact PCI12 cells were incubated with ATP and
cytosol for 15 min to allow immature granules to
form, and then in a buffer containing 30 uM [Ca?*]¢eec
to induce exocytosis. Transport via the regulated path-
way, as assayed by the release of secretogranin II
(SgID) labeled in the TGN, was inhibited by depletion
of ATP, or by the inclusion of 100 uM GTP+S, 50
pM AlF;;s or 5 ug/ml BFA. When added after imma-
ture granules had formed, GTP4S stimulated rather
than inhibited exocytosis. Thus, exocytosis of imma-
ture granules in this system resembles the characteris-
tics of fully matured granules. Transport of Sgll

via the regulated pathway occurred at a fourfold higher
efficiency than glycosaminoglycan chains, indicating
that SgllI is sorted to some extent upon exit from the
TGN. Addition of A23187 to release Ca?* from the
TGN had no significant effect on sorting of SglI into
immature granules. In contrast, depletion of lumenal
calcium inhibited the endoproteolytic cleavage of
POMC and proinsulin. These results establish the im-
portance of intra-cisternal Ca?" in prohormone pro-
cessing, but raise the question whether lumenal cal-
cium is required for proper sorting of SglII into
immature granules. Disruption of organelle pH gra-
dients with an ionophore or a weak base resulted in
the inhibition of transport via both the constitutive and
the regulated pathways.

brane enter the ER and travel via transport vesicles

through the Golgi before delivery to the cell surface
(Pfeffer and Rothman, 1987). In the TGN, proteins targeted
for secretion are sorted into two distinct exocytic pathways:
constitutive and regulated (for reviews, see Burgess and
Kelly, 1987; Miller and Moore, 1990). The regulated path-
way, characteristic of neuronal, exocrine, and endocrine cell
types, packages proteins into granules where they are stored
until an appropriate physiological signal triggers their re-
lease, whereas the constitutive pathway delivers proteins
directly to the plasma membrane. One cell line that has been
useful for studying regulated secretion is the PC12 cell line
(Greene and Tischler, 1976), derived from a rat adrenal
medulla tumor. PC12 cells have may characteristics of neu-
ronal cells; they secrete the neurotransmitter norepinephrine
in response to membrane depolarization (Green and Rein,
1977) and form neuronal processes upon treatment with
nerve growth factor (Greene and Tischler, 1976). PC12 cells

IN eucaryotic cells, proteins directed to the plasma mem-

Address all correspondence to H.-P. H. Moore, University of California at
Berkeley, Department of Molecular and Cell Biology, 142 Life Sciences Ad-
dition #3200, Berkeley, CA 94720-3200. Ph.: (510) 643-6528. Fax: (510)
643-8708.

© The Rockefeller University Press, 0021-9525/94/11/693/13 $2.00
The Journal of Cell Biology, Volume 127, Number 3, November 1994 693-705

also have the ability to sort regulated proteins very efficiently
(>95%) into the regulated pathway (Rosa et al., 1985;
Gerdes et al., 1989; Miller et al., 1992). The sorting can be
measured using an easily identifiable marker, secretogranin
II (SglI),' which is tyrosine sulfated in TGN (Baeuerle and
Huttner, 1987; Niehrs and Huttner, 1990; Rosa et al., 19924)
and therefore can be monitored by pulse labeling with
{>*S]sulfate. Several previous studies have used PC12
cells to investigate individual steps of the regulated secre-
tory pathway, such as the formation of regulated granules
from the TGN (Tooze and Huttner, 1990), or the fusion
of mature secretory granules with the plasma membrane
(Ahnert-Hilger et al., 1985; Peppers and Holz, 1986;
Ahnert-Hilger and Gratzl, 1987; Carroll et al., 1990; Hay
and Martin, 1992). In this paper, we describe a semi-
intact cell system using streptolysin-O (SL-O)-perme-
abilized cells to reconstitute the formation of immature
regulated granules from the TGN and their targeting/fu-
sion with the plasma membrane. Such a system provides
us the opportunity to examine the processes of sorting,

1. Abbreviations used in this paper: ACTH, adrenocorticotropic hormone;
GAG chains, glycosaminoglycan chains; NEM, N-ethylmaleimide; POMC,
proopiomelanocortin; Sgll, secretogranin II; SL-O, streptolysin-O.
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budding, targeting, and fusion of regulated secretory
granules within the same experimental system.

One advantage to using an in vitro system to study trans-
port is that we are able to control cytoplasmic ionic condi-
tions during the transport process. The ionic conditions in
the cytoplasm and within the lumen of organelles are essen-
tial in a variety of vesicular transport events. In particular,
it has been proposed that Golgi/TGN lumenal calcium and
pH are critical in sorting proteins into the regulated secre-
tory pathway (see below). The role of these ionic conditions
in sorting has been difficult to assess in intact cells. The
problem with intact cells is that one cannot properly control
both cytoplasmic and lumenal ionic conditions by relying on
ionophores to work effectively across both plasma and or-
ganelle membranes. Furthermore, moderate increases in cy-
toplasmic calcium (e.g., due to ineffective buffering) could
cause release of proteins from regulated secretory granules
thereby complicating sorting measurements. In SL-O-perfo-
rated cells, cytoplasmic ionic conditions can be effectively
buffered and the lumenal ions can be manipulated with iono-
phores or other reagents which can gain access directly to
the cytoplasm.

The mechanisms for protein sorting between the constitu-
tive and the regulated pathway are not well understood. En-
try of proteins from TGN into the constitutive pathway is
thought to proceed by a bulk flow process, while transport
of proteins into the regulated pathway requires a positive
sorting signal (Burgess and Kelly, 1987; Miller and Moore,
1690). A postulated model for the sorting of regulated pro-
teins is that selective aggregation of these proteins in the
TGN causes them to be segregated away from nonag-
gregated, constitutive proteins (Burgess and Kelly, 1987;
Pfeffer and Rothman, 1987, Huttner and Tooze, 1989;
Chanat and Huttner, 1991). This model is based on morpho-
logical data (Orci et al., 1987) that proteins destined for the
regulated pathway appear to aggregate near budding sites at
the TGN. The model is also corroborated by biochemical
evidence which suggests that the ionic milieu of the TGN
may facilitate selective aggregation of certain regulated
secretory proteins. In vitro studies have shown that under
low pH (5.2 and 6.4) and high calcium (10 mM) conditions,
secretogranins and other exocrine granule proteins aggre-
gate while constitutive proteins do not (Gerdes et al., 1989;
Gorretal., 1989; Yoo and Albanesi, 1990; Chanat and Hutt-
ner, 1991; LeBlond et al., 1993). Aggregation under these
conditions is consistent with the estimated pH of 6.4 within
the TGN (Anderson and Pathak, 1985), and the estimated
calcium concentration within the Golgi lumen, believed to
be in the millimolar range (Roos, 1988; Chandra et al.,
1991). However, the importance of these lumenal ionic con-
ditions in sorting has not been directly tested in reconstituted
transport systems where these conditions can be more easily
manipulated. In this report, we have used our semi-intact
cell transport system to examine the role of TGN lumenal
calcium and pH in the transport and the sorting of regulated
secretory proteins in PC12 cells.

Materials and Methods

Materials
SL-O was purchased from Burroughs-Wellcome (Research Triangle Park,
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NC). It was reconstituted as 20 I.U./ml stock solution in distilled H>O and
frozen in aliquots at —80°C until use. EGTA was purchased from Fluka AG
(Buchs, Switzerland). ATP, creatine kinase, creatine phosphate, BFA, and
A23187 were purchased from Boehringer-Mannheim Biochemicals (Indi-
anapolis, IN). N-ethylmaleimide, nigericin, hexokinase, 4-methylumbellif-
eryl 8-p-xyloside, and fetal calf serum were obtained from Sigma Chemical
Co. (St. Louis, MO). [3S]Na,;SO, was obtained from ICN Biomedicals,
Inc. (Costa Mesa, CA). DME was purchased from Bio-Whittaker (Walkers-
ville, MD). Enriched calf serum and horse serum were purchased from
Gemini Bioproducts, Inc. (Calabasas, CA).

Cell Culture

PCI12 cells were obtained from Dr. Stuart Feinstein (University of Califor-
nia, Santa Barbara, CA) and were maintained in DME containing 5% en-
riched calf serum and 5% horse serum under 10% CO, atmosphere, AtT-
20-NIH cells (a subclone of the AtT-20 cell line) were maintained in DME
containing 10% fetal calf serum under 15% CO; atmosphere.

Semi-intact Cell Transport Assay

Transport of Secretogranin from the TGN to the. Cell Surface via the
Regulated Secretory Pathway. PC12 cells were plated onto 12-well plates
coated with poly-D-lysine (50 ug/ml) at a density of 5 X 10° per well and
grown for 2-3 d. The cells were rinsed twice in buffer A (20 mM Na-
Hepes, pH 7.2, 110 mM NaCl, 5.4 mM KCl, 0.9 mM Na;HPO4, 10 mM
MgClz, 2 mM CaCl,, and 1 g/ glucose) and then incubated in buffer A for
30 min at 37°C to deplete cells of unlabeled sulfate. The celis were pulse
labeled with buffer A containing 1 mCi/ml [*S]sulfate (250 ul/well) for 5
min at 37°C to label SglI in the TGN. The labeling buffer was aspirated
and the cells were washed in buffer B (125 mM Na-glutamate, 15 mM NaCl,
20 mM Hepes, pH 7.2, 5 mM Mg-acetate, 5 mM EGTA, and 5 mM
Na;S04). Semi-intact cells were prepared as follows. The cells were per-
meabilized by the addition of 250 ul of buffer B containing 3 IU/ml SL-O
for 8 min on ice. After prebinding, the excess SL-O was removed and
replaced with ice-cold buffer B. The plate was then floated in a 37°C water
bath for 3 min to allow for pore formation. The cells were then incubated
on ice for 10 min in transport buffer C (125 mM K glutamate, 15 mM KCl,
5 mM EGTA, Mg-acetate to S mM free magnesium ions, 20 mM Hepes,
pH 7.2) and an ATP-regenerating system (500 uM ATP, 40 IU/ml creatinine
kinase, and 2 mM creatinine phosphate). In some experiments, the concen-
tration of free calcium in buffer C was adjusted with a Ca/EGTA buffering
system, and the concentrations of free calcium and magnesium ions were
determined using the program Mathematica (Wolfram Research Inc.,
Champaign, IL), with the stability constants of the EGTA complexes cor-
rected for temperature and pH as described by Martell and Smith (1974).
Where indicated, bovine brain cytosol (prepared as described in Miller and
Moore, 1992) was added to each reaction mixture at 60-75 ug/ml. The plate
was then floated in a water bath for 15 min at 37°C to allow for the budding
of vesicles from the TGN. To induce release of labeled Sgll from granules,
the buffer was collected from the cells and replaced with buffer C containing
an ATP-regenerating system and 30 uM buffered free calcium ions. The
cells were then incubated for an additional 15 min at 37°C. Unstimulated
release was determined during the same time period in a parallel culture
using a calcium-free transport buffer (buffer C). For each experiment a con-
trol was included, in which parallel cultures were treated with an ATP-
depleting system consisting of 30 IU/ml hexokinase and 2 mM glucose in-
stead of an ATP-regenerating system. Release of Sgll from intact PC12 celis
was performed as previously described in (Miller et al., 1992). Media were
collected into microfuge tubes and centrifuged to pellet any detached cells.
The supernatants containing 5 ug BSA as a carrier were then precipitated
with trichloroacetic acid (10% final concentration} on ice for 10 min, and
centrifuged at 4°C for 30 min at 3,000 rpm in a GPR centrifuge (Beckman
Instruments, Inc., Fullerton, CA). The pellets were rinsed with acetone
(—20°C) and spun for 20 min at 3,000 rpm at 4°C. The supernatants were
aspirated and the pellet air dried. Laemmli sample buffer (Laemmli, 1970)
was added to the pellets and the samples were boiled for 5 min before analy-
sis by SDS-PAGE (12.5% gel). The cells were extracted with 100 pl of
NDET buffer (1% Nonidet P40, 0.4% wt/vol, sodium deoxycholate, 66
mM EDTA, and 10 mM Tris, pH 7.4). 1/10 of the cell extract was added
to an equal volume of 2Xx Laemmli sample buffer and boiled for 5 min be-
fore analysis by SDS-PAGE. Radiolabeled SglII bands were quantitated by
exposing the gels to a Phosphorlmager screen and analyzed with the Image-
Quant program (Molecular Dynamics, Sunnyvale, CA).

Constitutive Transport of Glycosaminoglycan Chains from the TGN
to the Cell Surface. PC12 cells were plated at 5 x 10° per well onto 12-
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well plates and rinsed three times in buffer A. The cells were incubated in
buffer A containing 1 mM 4-methylumbelliferyl xyloside (xyloside) for 30
min to induce synthesis of free glycosaminoglycan chains. Cells were then
pulse labeled with 250 ul of buffer A containing 1 mM xyloside and
[>3S]sulfate at 0.5 mCi/ml for 3 min at 37°C. The labeled cells were rinsed
in buffer B, permeabilized as described above, and incubated for the indi-
cated times in buffer C containing 60-75 ug/ml bovine brain cytosol and
an ATP-regenerating system. Media were collected and cells were extracted
with PBS containing 0.5% Triton X-100. The amount of labeled GAG chains
was quantitated using the precipitation/filtration assay as previously de-
scribed (Miller and Moore, 1992).

Pracessing of Proopiomelanocortin in At1-20 Cells

AtT-20 cells were plated at a density of 5 X 10° cells per well onto a six-
well plate and grown for 3-4 d. The cells were rinsed twice and starved
for 30 min in buffer A. The cells were then labeled in 250 pl buffer A con-
taining [35S]sulfate (2.5 mCi/ml) for 5 min followed by a rinse with buffer
D (127 mM NaCl, 5 mM KCl, 0.33 mM Na;HPO,, 0.44 mM KH,PO,,
4.2 mM NaHCO3, 20 mM Hepes, pH 7.2, and 56 mM glucose) contain-
ing 2.2 mM CaC); and 5 mM Na,;SO4. Next the cells were pretreated on
ice for 3 min with buffer D containing 5 mM MgCl; plus 5 mM EGTA ei-
ther in the presence or absence of 10 uM A23187. The buffer was replaced
with fresh buffer D containing 5 mM MgCl; and 10 gM A23187 and
preincubated on ice for 5 min. To initiate transport, the dish was floated
in a 37°C water bath for 45 min. The media samples were collected and
stored at —20°C. The cells were extracted with ice-cold 5 N acetic acid and
subjected to three freeze-thaw cycles. The cell debris was removed by cen-
trifugation in a microfuge at 14,000 rpm and the supernatant was lyophilized
and resuspended in NDET. Both the cell extracts and media samples were
double-immunoprecipitated using an antibody to ACTH as described in
(Moore and Kelly, 1986). The samples were analyzed using SDS-PAGE
(10-18% polyacrylamide gradient gel).

Transfection and Processing of Rat Proinsulin II in
PC12 Cells

PC12 cells were plated at 1.5 X 10° per well in a poly-D-lysine-coated six-
well plate for 12-24 h. The cells were transfected with rat proinsulin II
genomic DNA using the lipofectAMINE (GIBCO BRL, Gaithersburg,
MD) procedure. 32 ug of lipofect AMINE reagent, 2.5 ug pRSV-rat proinsu-
lin (Orci et al., 1987), 6 ug of a plasmid carrying neomycin resistance
(pSV2 neo) were added to 100 L of DME (no serum). The mixture was
added to .9 mL of DME and incubated at room temperature for 15-45 min
before adding to the cells. After 6 h, 1 ml of DME supplemented with 10%
enriched calf serum and 10% horse serum was added to the cells containing
the lipofectinAMINE solution. 8-12 h later, the lipofectinAMINE solution
was replaced with normal PC12 media for 30 h. Stable clones were selected
with 0.325 mg/ml G418 (active concentration). For the pulse—chase pro-
cessing experiments, stably transfected PCI2 cells expressing proinsulin
were plated at 1 x 10° per well into a six-well plate coated with poly-D-
lysine and grown for 3 d. The cells were rinsed twice in cysteine-free DME
and then incubated for 30 min in the same media. The cells were then pulse
labeled with [33S]cysteine (500 xCi/ml) for 45 min. Buffer D containing 5
mM MgCl;, 5 mM EGTA, and 10 pM A23187 was added to the cells for
S min at 0°C. Calcium-free DME containing 10 uM A23187 was then added
to the cells and incubated on ice for an additional 10 min before incubation
at 37°C for 2 h. The media was collected and cells were extracted with
NDET. Both the media and cell extracts were double-immunoprecipitated
with an antibody against porcine insulin. No A23187 controls were per-
formed in DME containing normal levels of calcium during the entire chase
period. The samples were analyzed by SDS-PAGE (10-18 % polyacrylamide
gradient gel) and visualized using a phospholmager.

Results

Reconstitution of Transport via the Regulated Pathway
of Sgll in SL-O-permeabilized Cell

A system that reconstitutes the budding and sorting events
accompanying the formation of regulated granules and tar-
geting and fusion events leading to exocytosis would facili-
tate the analysis of these processes. Fig. 1 shows a schematic
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Figure 1. Scheme for in vitro transport from the TGN to the cell
surface via the regulated secretory pathway in semi-intact PC12
cells. PC12 cells were pulse labeled with [**S]sulfate for S min to
label Sgll (circle) and GAG chains (triangle) in the TGN, which
are markers for the regulated and constitutive pathways, respec-
tively. The plasma membrane was then selectively perforated using
SL-O. Export from the TGN was initiated by the addition of a trans-
port buffer containing an ATP-regenerating system and incubating
at 37°C for 15 min (chase I). In some cases, bovine brain cytosol
was added to the incubation mixture during the chase period. Free
calcium was buffered to less than 10 nM to allow budding of both
constitutive and regulated granules from the TGN which prevented
regulated secretion of Sgll. After the 15-min incubation, the cells
were incubated for an additional 15 min in transport buffer with an
ATP-regenerating system containing 30 uM buffered calcium to in-
duce secretion of Sgll from the regulated granules (chase IT).

illustration of our in vitro reconstitution of transport of mole-
cules through the regulated secretory pathway in PC12 cells.
In the first step, the cells are pulse labeled for 5 min with
[*3S]sulfate which labels both a soluble marker, free gly-
cosaminoglycan (GAG) chains, as well as the regulated
protein, Sgll, in the TGN (Tooze and Huttner, 1990). The
cells are then permeabilized using the cytolysin, SL-O, that
forms pores 15-20 nm in diameter and is specific for the
plasma membrane (step 2). These pores are large enough to
allow passage of molecules up to about 200 kD (Bhakdi et
al., 1985), but too small for TGN or transport vesicles
(80-200 nm in diameter) (Orci et al., 1987) to leak out of
the cell boundary. Transport of regulated proteins from the
TGN to immature granules and secretion of constitutive pro-
teins can be initiated by incubation at 37°C for 15 min in a
buffer that resembles the ionic environment of the cytoplasm
and an ATP-regenerating system (step 3). In most reactions,
the transport buffer contained EGTA to chelate the calcium
concentrations to <10 nM (herein referred to as “0 Ca?*”).
Where indicated, the free Ca?* concentration was buffered
to 100 nM to mimic physiological cytoplasmic conditions.
During this chase period (chase I) the pulse-labeled Sgll is
expected to exit the TGN and enter immature secretory gran-
ules, since previous studies in intact PC12 cells have shown
that sulfated Sgll is chased into immature granules within 15
min (Tooze and Huttner, 1990). Some of the labeled GAG
chains are also expected to be exported via the constitutive
pathway during this period (the #,, for this pathway is on
the order of 7-10 min, Kelly, 1985). In intact cells, immature
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granules formed during a 15-min chase period are fusion
competent (Fig. 2 C; Tooze et al., 1991). Thus after chase
I, we induced exocytosis of immature secretory granules by
incubating the semi-intact cells in the complete transport
buffer containing 30 uM buffered calcium for 15 min at 37°C
(step 4, chase II).

Fig. 2 shows a typical result of the transport of labeled SgII
in semi-intact PC12 cells. During chase I, very little labeled
Sgll was detected in the medium (Fig. 2 A4, lanes ] and 2),
consistent with the previous finding that it is sorted effi-
ciently to the regulated pathway in PC12 cells (Tooze and
Huttner, 1990). After the 15 min chase, a portion of the la-
beled SgIlI had entered a compartment which could undergo
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calcium-induced exocytosis, since secretion was stimulated
by the addition of 30 uM buffered calcium during chase II
(Fig. 2 A, lane 4, stimulated; lane 3, unstimulated). The
stimulated release of SgII that we observed after 15 min of
chase most probably originates from immature granules
rather than from fully matured granules, since in intact PC12
cells maturation of secretory granules has been shown to
take 90 min or longer after their formation from the TGN
(Tooze et al. 1991; Grimes and Kelly, 1992). In these experi-
ments, we noticed that the heparan sulfate proteoglycan (Fig.
2 A, the smear migrating just below the interface between
stacking and separation gels) was also released upon calcium
stimulation. This result is consistent with the finding of Sal-
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Figure 2. Reconstitution of transport from the TGN to the cell sur-

face via the regulated secretory pathway in SL-O permeabilized
PC12 cells. (A) Identical cultures of PC12 cells grown in a twelve
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Sgl - >Q!l ||

-

" well plate were pulse labeled with [**S]sulfate for 5 min and then

permeabilized with SL-O as described in Materials and Methods.
The cells were chased for 15 min in complete transport reaction in
the absence of calcium (chase I) and then 15 min in the presence
of 30 uM buffered calcium (chase IT). All of the media and one tenth
of the cell extracts were analyzed and quantitated by SDS-PAGE.
Lanes / and 2 are media during chase I, lanes 3 and 4 are media
during chase II in the absence or presence of 30 uM buffered cal-
cium, respectively, and lanes 5 and 6 are extracts of cells at the end
of incubation from unstimulated and stimulated cultures, respec-
tively. (B) Effect of ATP depletion on transport. PC12 cells were
labeled, permeabilized and used for in vitro transport assay as de-
scribed in 4, except that an ATP-depleting system was used instead
of an ATP-regenerating system. (C) Regulated secretion of Sgil
from intact PC12 cells. Cells were pulse labeled for 5 min with
[*S]sulfate and chased for 15 min in a buffer containing 5 mM
KCl (lanes / and 2). After the chase the cells were stimulated by
membrane depolarization with a buffer containing 55 mM KCl
(lane 4). A parallel culture was incubated in the low potassium
buffer as a control (lane 3). Lanes 5 and 6 are extracts of cells at
the end of incubation from unstimulated and stimulated cultures,
respectively. (D) Quantitation of secretion of SglI via the regulated
pathway. The data from A-C were quantitated with a Phos-
phorlmager and expressed as the percent of total labeled SgII re-
covered from the media and cell extract. The bar graph illustrates
the percent of labeled SgllI released into the medium during chase

II under unstimulated (8, 0 Ca**) or stimulated conditions (m, 30 4uM Ca?*) in transport reactions containing an ATP-regenerating sys-
tem (+ATP) or an ATP-depleting system (—ATP). In comparison, intact cells secrete 1.94% + 0.23% of labeled SglI in a buffer containing
low K* and 7.10% + 0.59% in buffer containing high K* during this period (quantitated from C). Values shown are the mean of triplicate

points + SEM.
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ton et al. (1983) that proteoglycans are released from de-
polarized PC12 cells, and may be explained by the findings
of Grimes and Kelly (1992) that some of this constitutively
released proteoglycan is first packaged into immature gran-
ules that become subsequently sorted (see Discussion).

The observed release of labeled SglI is not due to cell ly-
sis, since depletion of energy using an ATP depletion system
completely abolished release during chases I and II (Fig. 2
B, lanes I and 2, chase I; lanes 3 and 4, chase II). Exocytosis
of preformed mature granules from a variety of permeabil-
ized cells is known to occur in the absence of ATP (Gom-
perts, 1990), whereas the formation of granules from the
TGN is energy dependent (Tooze and Huttner, 1990). The
requirement for ATP and the calcium-induced secretion in
our system suggest that we have reconstituted both the forma-
tion of immature secretory granules from the TGN and their
regulated exocytosis. Thus, similar to mature stored gran-
ules (Ahnert-Hilger et al., 1985; Peppers and Holz, 1986,
Senyshyn et al., 1992), immature granules can also be stimu-
lated to fuse with the plasma membrane by micromolar
calcium.

The efficiency of transport in the semi-intact cell system
was compared to that in intact cells (Fig. 2 C). Intact PC12
cells were labeled and chased for the same periods of time.
During chase II, the cells were stimulated by membrane
depolarization with high potassium (55 mM KCl} in the
presence of millimolar calcium (Fig. 2 C). Secretion from
intact cells follows a similar pattern as in semi-intact cells;
relatively little is secreted during chase I, while high potas-
sium (Fig. 2 C, lane 4) causes an enhanced secretion of SgII
over the unstimulated control (Fig. 2 C, lane 3). Overall,
secretion from intact cells is higher than that in semi-intact
cells. Quantitation of the experiment shown in Fig. 2 (4-C)
is summarized in Fig. 2 D. In SL-O-permeabilized cells, cal-
cium stimulation caused on average 3.91% of the total-
labeled Sgil to be secreted into the medium during chase II.
This is two- to threefold higher than the 1.51% release seen
in the absence of calcium. In intact cells, high potassium
caused 7.1% total labeled Sgll to be released during the same
chase period, or three- to fourfold higher than that released
from unstimulated cells (1.94%). Thus, the calcium stimu-
lated release of Sgll attained in SL-O-permeabilized cells
(3.91%) is ~50% of the level seen in intact cells (7.1%). This
degree of reconstitution is similar to the level achieved for

constitutive secretion in SL-O-treated CHO cells (Miller
and Moore, 1992).

To determine if sorting occurs in this reconstituted system,
we compared the transport of SgII to a fluid phase tracer, sul-
fated GAG chains. GAG chains are synthesized and sulfated
in the trans-Golgi/TGN when cells are incubated with a
membrane permeant xyloside (Schwartz et al., 1974; Ki-
mura et al., 1984; Farquhar, 198S; Velasco et al., 1988). In
several systems they have been shown to behave as a soluble
marker which enters transport vesicles exiting the TGN
(Burgess and Kelly, 1984; Brion et al., 1992; Matsuuchi and
Kelly, 1991). For each marker, we measured a “sorting in-
dex” in semi-intact cells (Moore and Kelly, 1985), which
corresponds to the efficiency at which a given molecule
enters the regulated pathway relative to the constitutive (or
unregulated) pathway. Table I shows the sorting index mea-
sured under various conditions; the sorting index was calcu-
lated by taking the ratio of calcium-induced secretion over
constituted secretion (see Table I). The sorting index of SgII
measured when transport was carried out in physiological
calcium (100 nM buffered calcium) was 1.43, which is simi-
lar to that found in intact cells (1.8). When the reaction was
carried out in a transport buffer containing 5 mM EGTA to
reduce the free calcium level to <10 nM (see Table I, O
Ca?* condition), the sorting index was 3.02. We found that
labeled GAG chains also entered the regulated pathway to
some extent in the semi-intact PC12 cells, consistent with
earlier studies in intact AtT-20 cells (Matsuuchi and Kelly,
1991). The sorting index of GAG chains in 0 Ca?* transport
buffer was .81, which is about fourfold lower than the corre-
sponding number for SglII (3.02). This indicates that a larger
fraction of SgII compared to GAG chains is secreted via the
regulated pathway. Thus, sorting of molecules has occurred
in this in vitro system. Addition of bovine brain cytosol
(60-75 ug/ml) to the transport buffer increased both the
calcium-dependent and -independent release of SgIl by
about twofold (Table II), but did not increase the percentage
of SgllI entering the regulated pathway.

Inhibition of Transport by NEM, GTPyS, AlF;.;,
and BFA

To further characterize SgIl transport in this system, we in-
vestigated the effects of several reagents that are known to

Table 1. The Sorting Index of Secretogranin Il and GAG Chains in Intact and Semi-intact PCI12 Cells

Conditions Sgll GAG chains
Intact 1.80 + 0.24 (5)
Semi-intact
100 nM Ca™ 1.43 + 0.03 (5) 0.47 1+ 0.10 (6)
0 Ca* 3.02 £ 0.27 (8) 0.81 + 0.13 (6)

0 Ca*™/10 uM A23187
(added after pulse — label)

0 Ca’/10 uM A23187
(added prior to pulse — label)

3.86 + 1.07 (8) 0.69 + 0.06 (6)

3.06 + 0.39 (4)

Transport in semi-intact and intact PC12 cells was carried out as in Fig. 2, 4 and C, respectively, except the free calcium concentration in the transport reaction
was buffered to either the physiological level (100 nM), or <10 nM with EGTA (0 Ca?*). In some experiments, 10 xM A23187 was added to the cells in 0 Ca**
transport buffer either before the pulse label, or after pulse labeling before the start of the reaction. Sgll in the media and the extract was analyzed by SDS-PAGE
and a Phosphorlmager as described in Fig. 2. Transport of GAG chains was carried out as in Fig. 5. The sorting index is defined as (stimulated release — basal
release during chase II)/(constitutive release during chase II). Numbers in parenthesis indicate the number of data points averaged.
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Table II. The Requirements for In Vitro Transport of
Sgll from the TGN to Cell Surface Via the Regulated
Secretory Pathway

Conditions Relative extent of transport
Complete 100.0

—ATP 182 + 7.8

NEM 113 + 2.0

No cytosol 54.3 + 14.1
GTPyS 29.7 £ 2.7

A1F3.5 : 2.0 + 0.6

BFA 11.9 + 2.5

Transport of Sgll semi-intact PC12 cells was carried out as described in Fig.
2. The percentage of labeled SglI secreted in response to 30 uM Ca?* during
chase II was normalized to complete transport reaction containing cytosol and
ATP.

affect vesicular transport (Balch et al., 1984; Melancon et
al., 1987; Barr et al., 1991; Schwaninger et al., 1992). In
each case, transport was normalized to the amount observed
in control cells without the reagent. Fig. 3 A shows the rela-
tive amount of SglI secreted during chase II from stimulated
(30 uM Ca?) or unstimulated cells (0 Ca?*) compared to
control cells. Transport of SglI in our assay was inhibited by
the alkylating agent NEM, consistent with the notion that

vesicular fusion requires the NEM-sensitive factor (NSF)
(Malhotra, 1988; Beckers and Balch, 1989; Carroll et al.,
1990; Miller and Moore, 1991; Yang et al., 1992). NEM
also inhibited SgII secretion when added after the first chase
(data not shown), indicating it indeed exerts its effect at a late
step during transport. Addition of 100 uM of the non-
hydrolyzable analogue GTP%S at the start of the reaction in-
hibited both unstimulated and stimulated release of SgIl:
secretion in the absence of calcium was reduced from 46 to
25.2% (0 Ca?), and secretion in the presence of calcium
was decreased from 100 to 29.7% (30 uM Ca?*). Similarly,
AlF; 5, which activates trimeric G proteins but not low mo-
lecular weight GTP-binding proteins (Kahn, 1991), com-
pletely abolished transport when added immediately after
permeabilization to a final concentration of 50 uM: 0.9%
from unstimulated cells (—Ca?*) and 1.9% from stimulated
cells (+Ca?*). Very little labeled SgIl was recovered in the
medium during chase I (data not shown), implying that the
lack of secretion via the regulated pathway did not result
from a diversion to the constitutive pathway. Consistent with
earlier studies (Miller et al., 1992; Rosa et al., 1992a), trans-
port of Sgll from the TGN to the cell surface was inhibited
by 5 ug/ml BFA when added early during the transport reac-
tion (Fig. 3 A). These results are summarized in Table II.

We found that GTP+S exerts distinct effects depending on
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Figure 3. (A) In vitro transport of SgII from the TGN to the cell surface via the regulated pathway is inhibited by NEM, GTPvS, AlFs,
and BFA. Cells were pulse-labeled with [*>S]sulfate for 5 min to label SgllI in the TGN. The cells were permeabilized with SL-O, and
treated with 100 uM GTPvS, AlF;.s (50 uM AICl; and 20 mM NaF), or 5 ug/ml BFA in buffer C on ice for 10 min. 500 uM NEM was
added for 15 min on ice and then removed and replaced with a buffer containing 1 mM DTT to inactivate the NEM. To initiate the transport
reaction, the cells were shifted to 37°C and chased for 15 min in transport buffer containing the various reagents to allow granule formation.
The buffer was collected and the fresh transport buffer containing GTPyS, AlF;.s, and BFA were added. The cells were then incubated
in the absence or the presence of 30 uM buffered calcium for 15 min. The percent of total labeled SglI secreted during chase II was calculated
for each condition, and normalized to control untreated cells. Hundred percent is defined as secretion from control stimulated cells. (B)
Effect of GTP+S on exocytosis of immature granules. Cells were pulse labeled, permeabilized, and chased for 15 min as in A except without
GTP~S. To examine the effects of GTPyS on immature granules that had formed during chase I, 100 uM GTP~S was added to the transport
buffers during chase II for an additional 15 min. The percent of total labeled SglI secreted during chase II was calculated, and normalized
to control untreated cells. 100% is defined as secretion from control stimulated cells. Values shown are the mean of triplicate points +SEM.
@, 0 Ca’*; m, 30 um Ca?.

The Journal of Cell Biology, Volume 127, 1994 698



the time of addition. If GTPyS was added to the assay im-
mediately after pulse, it inhibited both calcium and calcium-
independent secretion of SgII from the TGN (see above).
However, when introduced after chase I (i.e., after some im-
mature granules had already formed) GTPyS did not inhibit
Sgll secretion; Instead, it enhanced calcium-independent re-
lease of SgII (from 30 to 79% of the calcium-dependent re-
lease) (Fig. 3 B); secretion in the presence of calcium was
not affected significantly. This property of immature gran-
ules is reminiscent of that of mature granules: nonhydrolyz-
able GTP analogues are known to enhance release from
stored secretory granules in a number of systems including
PCI12 cells (for a review see Carroll et al., 1990; Gomperts,
1990). This result suggests that immature granules are not
only capable of fusion, but they have also acquired the
biochemical components for proper modulation by both
GTPase(s) and calcium that exist for mature granules. The
distinct effects of GTP analogues also suggest that transport
from the TGN to cell surface is likely to involve more than
one GTPase (see Discussion).

Effect of Calcium Depletion on
Prohormone Processing

Intra-cisternal calcium ions have been postulated to play a
role in a variety of steps in TGN to cell surface transport,
including sorting of proteins into the regulated secretory and
proteolytic processing of secretory products. To test if cister-
nal calcium plays a role in the proteolytic processing of pro-
hormones, we first examined the proteolytic cleavage of
proopiomelanocortin (POMC) in intact mouse pituitary AtT-
20 cells In vitro studies show that the endoproteases, PCl
and PC2, that cleave prohormones at dibasic residues are
calcium dependent (Shennan et al., 1991; Zhou and Lind-
berg, 1993) but a requirement for calcium has not been
directly tested in vivo. In AtT-20 cells and pituitary cortico-
trophs, POMC is processed into a variety of intermediate
forms with the final product being the adrenocorticotropic
hormone (ACTH). Processing of POMC can be con-
veniently monitored by pulse labeling with [*S]SO; in the
TGN (Moore et al., 1983b). Proteolytic processing begins
at the TGN and continues in immature granules (Tooze et al.,
1987; Schnabel et al., 1989), and thus can be followed by
chasing the cells for 1-2 h after the label.

To disrupt intra-TGN calcium, we used the calcium iono-
phore, A23187, since it has been shown to release Golgi/
TGN calcium stores in a variety of cultured cells within
minutes (Chandra et al., 1991; Oda, 1992). It has also been
shown to be effective in releasing ER calcium stores (Booth
and Koch, 1989; Lodish and Kong, 1990). AtT-20 cells were
pulse labeled with [3S}sulfate for 5 min, and placed in a
calcium-free chase medium containing 10 xM A23187 and
5 mM EGTA to chelate any remaining calcium. The cells
were then chased for 45 min in the same medium. Fig. 4 A
shows that depletion of lumenal calcium ions inhibited pro-
cessing of POMC significantly; only a small fraction of the
labeled POMC was cleaved to the intermediate forms, and
no fully processed, mature ACTH was detected compared to
the control. The large fraction of the POMC-related peptides
secreted during the chase is due to high levels of constitutive-
like secretion from AtT-20 cells (Moore et al., 1983a).

We also confirmed the above results in PC12 cells. PC12
cells do not express significant levels of PC1 or PC2 (Benjan-
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Figure 4. Lumenal calcium is required for prohormone processing
and can be blocked by treatment with A23187. (A4) Processing of
POMC in AtT-20 cells. Cells grown in identical six-well dishes
were pulse labeled for 5 min with [**S]sulfate. Following the pulse
the cells were either extracted immediately (PULSE lane), or
pretreated on ice in a calcium free buffer containing 10 uM A23187
followed by incubation for 45 min at 37°C. Media (CHASE lane)
and cell extracts (CELL lane) were collected, double immunopre-
cipitated with an antibody against ACTH, and analyzed using SDS-
PAGE. Control cells were incubated in DME without A23187
throughout the chase period. The positions of the 29-31-kD POMC
precursor, the 21-23-kD intermediate forms, and the 13-kD
glycosylated mature ACTH are indicated in brackets. (B) Process-
ing of rat proinsulin I in PC12 cells. Identical cultures of PC12 cells
stably transfected with rat proinsulin IT were pulse labeled for 45
min with [®S]cysteine. The cells were either extracted immedi-
ately (PULSE lane), or pretreated on ice in a calcium-free buffer
containing 10 M A23187 followed by incubation for 2 h at 37°C.
Media and cell extracts were collected, double immunoprecipitated
with an antibody to porcine insulin, and analyzed using SDS-
PAGE. Control cells were incubated in DME without A23187. Lane
1 shows insulin-related peptides recovered from the cell extracts
immediately after the pulse. Top arrow on the left indicates the posi-
tion of proinsulin (PROINS). Lanes 2 and 3 are cell extract (CELL)
and media samples (CHASE), respectively, from control untreated
cultures collected after the 2-h chase. Bottom arrow on the left indi-
cates the appearance of a processed insulin (processed ins.) in the
cell extract. Lanes 4 and 5 are cell extract (CELL) and media sam-
ples (CHASE), respectively, from cultures treated with A23187 af-
ter the chase.

net et al., 1991; Galanopoulou et al., 1993), but contain high
levels of furin, a Kex2-like processing enzyme that functions
in the constitutive secretory pathway in mammalian cells
(Molloy et al., 1994). Rat proinsulins contain a furin con-
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sensus site (RQKR) in the C-A peptide junction (discussed
in Yanagita et al., 1993), which should be a substrate for fu-
rin in PC12 cells. We therefore made a stably transfected
PCI12 cell line expressing rat proinsulin II. Cells pulse la-
beled with [**S]cysteine and immunoprecipitated with an
anti-insulin antiserum showed the production of unpro-
cessed proinsulin within the cells (Fig. 4 B, pulse lane). Af-
ter a 2-h chase, some proinsulin was converted to a faster
migrating, processed form that was found in the cell extract
(Fig. 4 B, control, cell lane, lower arrow). Secretion of the
insulin-related proteins is slower than in AtT-20 cells, since
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very little was secreted into the media during the 2 h chase
(Fig. 4 B, control, chase lane). In cells treated with A23187
in calcium-free media, no processing was observed after the
2-h chase either in the cells (Fig. 4 B, A23187, cell lane) or
in the media (Fig. 4 B, A23187, chase lane). These results
suggest that lumenal calcium ions within the TGN or imma-
ture granule are required for proper processing of POMC
and rat proinsulin. It also suggests that A23187 is a useful
reagent to deplete intra-cisternal calcium store in compart-
ments involved in the biogenesis of regulated secretory gran-
ules in both AtT-20 and PC12 cells.

Figure 5. Effect of depletion of
intra-cisternal calcium on
sorting and transport of Sgll
and GAG chains from the
TGN to the cell surface. (A4)
A23187 treatment after pulse-
labeling. (Left) Constitutive
secretion of GAG chains.
Cells were pulse labeled for 3
min with [*S]sulfate, per-
meabilized, and chased for 15
min in complete transport
reaction containing 100 nM
buffered Ca?*, 0 Ca?*, or 0
Ca? plus 10 uM A23187. The
buffer was collected and the
cells were incubated for a sec-
ond 15 min with fresh buffer
with the same composition.
T The chases were combined to
determine amount of trans-

|

0Ca?/
A23187

100nM O0Ca?

2+
G Control

8

-2}
o
T

40 | a -

_{

20|

(]
o
Relative % Sgll Secreted

Relative % GAG Chain Secreted

0

10 =15-ll===ee=15 =30 wewvemell =15elloeeeel§ =30 wemmeee|

port for a 30-min period.
(Right) Transport of Sgll via
the regulated pathway. The
cells were pulse labeled, per-
meabilized, and preincubated
for 10 min at 0°C with 10 uM
A23187 in a transport reac-
tion containing 0 Ca?*, and
then chased for 15 min at
37°C (0'~15"). The cells were
then stimulated in 30 uM
buffered calcium containing
A23187 for 15 min at 37°C
(5'-30"). Control unstimu-
lated release was measured in
0 Ca?*. Labeled SgII in me-
dia and extracts were pro-
cessed and quantitated as in
Fig. 3. The numbers shown
are relative secretion during
chase I and chase II. (100%
being secretion from control
stimulated cells during chase
II.) (B) Pretreatment with
A23187 before pulse labeling.
The experiments were per-
formed as in A, except that
A23187 was added to the cul-

10 uM A23187

FE [

0 . v
Control 10 uM |=0-15--|
A23187

Control

The Journal of Cell Biology, Volume 127, 1994

|——=15-30——| |-0-15=] |=—==15-30=——|

tures 5 min before pulse label-
ing and is present throughout
the labeling and chase periods.

10 uM
3 &, 0 Ca’*; m, 30 um Ca?*.

A23187

700



Effect of Intra-Cisternal Golgi/TGN Calcium
Depletion on the Sorting and Secretion of SglI via
the Regulated Pathway

Next, we wished to determine the effect of depleting TGN
calcium on the sorting and transport of proteins into the
regulated secretory pathway. Intact cells are not suitable for
these studies since treatment of intact cells with ionophores
makes it difficult to control the levels of cytoplasmic calcium
ions. This is particularly important in studies measuring the
sorting between the constitutive and the regulated pathways;
since high cytoplasmic calcium levels will cause release of
regulated granules. Thus, we used the semi-intact PC12 sys-
tem described above to study the role of lumenal calcium in
sorting.

Before testing the role of intra-cisternal calcium on the
sorting of Sgll, we examined the effect of depletion of both
cytoplasmic and intra-cisternal calcium ions on the rate of
transport from the TGN to the cell surface. To test whether
cytoplasmic calcium concentrations affect constitutive secre-
tion in semi-intact PC12, transport of GAG chains was car-
ried out in a transport buffer containing physiological levels
of cytoplasmic calcium (buffered to 100 nM) and compared
to transport in a buffer containing no calcium (Fig. 5 A). The
amount of GAG chain secretion during a 30-min incubaticn
period in 100 nM free Ca?* was similar to that in 0 Ca*
(89.7% of the 100 nM level). These data are consistent with
previous studies reconstituting constitutive secretion in CHO
cells (Miller and Moore, 1991), which showed that cytoplas-
mic calcium was not required for constitutive transport from
the TGN to the cell surface. Addition of 10 uM A23187 at
the start of transport in 0 Ca?* caused only a slight decrease
in the rate of GAG chain secretion (from 89.7% of control
100 nM level to 766%, Fig. 5 4). A23187 also caused a
slight decrease in the amount of GAG chains secreted via the
immature granules; therefore the sorting index of GAG
chains is similar with or without A23187 treatment (.69
versus .81, see Table I).

To study SglI sorting, A23187 was added to a calcium-free
transport buffer containing S mM EGTA to chelate any cal-
cium released from the TGN in our in vitro transport system.
Depleting lumenal calcium caused a slight decrease in the
unstimulated and stimulated release of SglI (Fig. 5 A); secre-
tion in 0 Ca?* during chase II was 16.2% from cells treated
with A23187 compared to 24.2% from control cells, and
85.3% in 30 uM Ca?* compared to 100% of control. The
slight decreases in transport rates of SgIl were similar to
GAG chains described above. Importantly, we did not ob-
serve a diversion of SgII to the constitutive pathway, since
the amount of labeled SgII recovered in the media during
chase I or II from unstimulated cells was not increased (Fig.
5 A, 0-15-min chase, control versus A23187). The sorting
index of SglI in A23187 treated cells was 3.86, which is not
significantly different from 3.02 in control cells (Table I).
The observation that sorting is not disrupted by depletion of
intra-cisternal calcium ions implies that a calcium-depen-
dent aggregation of SgII in the TGN is not essential for its
initial sorting into immature secretory granules.

In the above experiments, A23187 was added to the cul-
tures after the pulse labeling. It is possible that an effect was
not observed because labeled SgIl had already passed be-
yond the site of aggregation when A23187 was added. There-
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fore, we performed a pretreatment experiment in which cul-
tures were treated with A23187 before the pulse. Fig. 5 B
shows that preincubation of semi-intact PC12 cells in cal-
cium-free buffer containing A23187 for 5 min reduced con-
stitutive secretion of GAG chains to 39 % of control untreated
cultures (Fig. 5 B, left). Similarly, both basal and calcium-
induced release of SgII was reduced to 30-40% of control
(Fig. 5 B, right). As was seen with postlabel treatment, we
did not observe missorting of SglI: the sorting index for the
treated culture (3.06) is similar to control cultures (3.02). In
PC12 cells, manipulations that result in missorting of SglI
are known to increase constitutive release from unstimulated
cells by at least 10-fold (Gerdes et al., 1989); this was not
observed. Thus, lumenal TGN calcium per se does not ap-
pear to be critical for the initial sorting of SgII into immature
granules in this system.

A potential problem in interpreting the above experiments
is the necessity of adding 30 uM buffered calcium to trig-
gered release from immature granules during chase II. Since
A23187 is still present during the chase I, one could argue
that the added 30 uM calcium might restore some of the
TGN Ca?* pool during this period, which could effect the
sorting of SgII during this period. We consider this unlikely,
since 30 uM calcium is much lower than the concentrations
(mM) needed for aggregation in vitro (Gerdes et al., 1989).
However, to further eliminate this possibility we made use
of the observation that BFA specifically inhibits the budding
of granules from the TGN without affecting granule exocyto-
sis (Miller et al., 1992 and Rosa et al., 1992a). We repeated
the A23187 experiment described in Fig. 5 A4, but included
5 ug/ml BFA during chase II to inhibit further budding of
new granules from the TGN. This allowed us to monitor
secretion from immature secretory granules that had already
formed under calcium-free conditions. BFA treatment alone
during chase II produced a slight decrease in the amount of
calcium-induced secretion of SgII as compared to control
without BFA treatment (Fig. 6); this might be due to the fact
that very few new granules were formed during the second
15-min chase. Again, we do not observe significant differ-
ences in sorting caused by A23187 using this protocol (Fig.
6); the level of regulated secretion of SgIlI from A23187-
treated cells was similar to that from cells that had not been
treated with A23187. Comparison of SglI sorting indices in
A23187/BFA and BFA-treated cells (2.05 and 1.68, respec-
tively) confirms the finding that release of TGN calcium does
not lead to missorting of SgII into immature granules in this
system. .

Transport Via the Regulated Pathway Is
Inhibited by Disruption of Organelle pH Gradients
in SL-O-permeabilized Cells

In addition to calcium, the acidic pH (6.4) of the TGN has
also been proposed to be essential for the aggregation and
sorting of regulated proteins (Gerdes et al., 1989). We there-
fore also tested the effects of alternating intra-Golgi pH on
protein sorting and transport into immature granules in our
system. The intra-Golgi/TGN pH was perturbed with a pro-
tonophore (nigericin) or a weak base (NH.CI) before trans-
port reaction was carried out in semi-intact PC12 cells (Fig.
7). Addition of 10 pM nigericin completely abolished export
of Sgll from the TGN; the amounts secreted from unstimu-
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Figure 6. Control experiment to show that the lack of sorting defects
in the presence of A23187 cannot be explained by reversal of inter-
nal stores due to calcium added during the stimulation period. Cells
were pulse labeled, permeabilized, and treated with 10 uM A23187
as in Fig. 5 B, except that during chase I BFA (5 pg/ml) was added
to the transport reaction to prevent further budding from the TGN
during the stimulation period. Parallel cultures were treated identi-
cally, except that no A23187 was added. Relative secretion of Sgll
during chase II is shown. The pair of bars on the left shows un-
stimulated and stimulated secretion from control cells that had not
been treated with either BFA or A23187. The pair in the middle
shows secretion from cells that were treated with BFA during chase
I1. The pair on the right shows secretion from cells that were treated
with A23187 during the entire transport reaction, and BFA during
chase II. @, 0 Ca?*; m, 30 um Ca?*.

lated cells during chase I (Fig. 7 4) and from stimulated or
unstimulated cells during chase II (Fig. 7 B) were less than
10% of control stimulated release. The weak base, NH,Cl,
at 50 mM also reduced the extent of transport, albeit less dra-
matically; calcium-induced secretion was decreased from
100to 51.7% (Fig. 7 B). Interestingly, no missorting was ob-
served in NH,CI treated cells in this system (see Discus-
sion), since the amount released under nonstimulating con-
ditions was not increased (see Fig. 7 A, chase I, and Fig. 7
B, chase II/0 Ca*>*). We have previously shown that the
acidic lumenal TGN pH is critical for proper formation of
constitutive vesicles (Miller, S., and H.-P. Moore, unpub-
lished observations). Taken together, these results suggest
that organelle pH gradient is required for the proper trans-
port from TGN to the cell surface via both the constitutive
and the regulated pathway.

Discussion

In this report, we developed a semi-intact cell system to test
some aspects of current models for sorting and transport of
regulated secretory proteins. Transport of immature gran-
ules is dependent on added ATP and cytosol, and is inhibited
by GTP+S, AlF,;, and BFA when added at the start of the
reaction (Fig. 3 A). These characteristics are consistent with
previous studies demonstrating that the budding of exocytic
vesicles from the TGN is inhibited by BFA, GTP~S, and

The Journal of Cell Biology, Volume 127, 1994

120

80+

604

40 -

Relative % Sgll secreted

204
-

O I |__l—"'1 B l_

o T T T

Control Nigericin NH“ Ci

120

g 100}

g

§ 80}

@ 60l

[77]

2

o

© 401

2

K] I

E 29-

o ! | |
0

Control Nigericin NH 4CI

Conditions

Figure 7. Regulated transport is inhibited by disruption of organelle
pH gradients in SL-O-permeabilized cells. PC12 cells were pulsed
for 5 min with 3*S-S0, and then permeabilized as described in Fig.
3. After permeabilization the cells were pretreated with either 10
M nigericin or 50 mM NH,Cl. The cells were then chased for 15
min to allow vesicle formation to proceed. After the chase the
buffer was collected and the cells were stimulated to release SgII
using a high calcium transport buffer in the continued presence of
nigericin or NH,Cl. (4) Relative secretion of SglI during chase I.
(B) Relative secretion of SgII during chase II. 100% is defined as
secretion from control stimulated cells during chase II. @, 0 Ca?*;
m, 30 um Ca?*,

AlF, s (Leyte et al., 1992; Miller et al., 1992; Rosa et al.,
1992a; Tooze and Huttner, 1990). In addition to vesicle bud-
ding, our system also reconstitutes exocytosis of newly
formed immature granules. This is supported by the finding
that secretion of SgII from immature granules is dependent
on micromolar calcium levels, and is enhanced by GTPyS
added during chase II (Fig. 3 B). The differential effects of
GTP+S added at different time points of incubation suggest
that both the early steps (formation of granules) and the later
steps (targeting and fusion) are reconstituted. Most likely,
distinct GTP-binding proteins are involved in the early vs
late steps of transport.
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Using this system, we tested whether the lumenal ionic
conditions within the TGN are required for the proper sort-
ing and transport of specific proteins into the regulated path-
way. Studies have shown that the lumen of TGN is mildly
acidic (Anderson and Pathak, 1985), with a concentration of
total calcium in the Golgi in the millimolar range (Roos,
1988; Chandra et al., 1991). In our reconstituted system,
depleting lumenal calcium with A23187 at the start of the
reaction had little effect on the sorting of SglII into immature
granules (Fig. 5 4). A potential problem is that A23187
failed to deplete Golgi calcium. However, this appears un-
likely for the following reasons: (a) direct measurements of
calcium with ion microscopy and fluorescent dyes in isolated
Golgi vesicles or intact cultured cells have shown that cal-
cium sequestered in the Golgi can be released with A23187
or ionomycin (West, 1981; Chandra et al., 1991; Fasolato et
al., 1991). (b) A23187 added to intact cultured cells perturbs
ER sorting and export as well as proteolytic cleavage of pro-
C3 and HA, indicating that the ionophore can deplete cal-
cium from ER, Golgi, and TGN (Klenk et al., 1984; Booth
and Koch, 1989; Lodish and Kong, 1990; Oda, 1992). (c)
We show that proteolytic processing of POMC and rat proin-
sulin II is inhibited by A23287; thus under our experimentai
conditions the ionophore can effectively discharge lumenal
calcium ions, even from acidic compartments such as imma-
ture granules (Orci et al., 1986). (d) Addition of A23187 be-
fore pulse labeling, while reducing the overall extent of ex-
port from the TGN, did not result in the missorting of SgIl
from the regulated pathway. Another concern is that SgIl
may be already aggregated in the TGN and thus addition of
A23187 to the reaction has little effect on sorting of sulfated
SgIl. However, sulfated SgIl can be released from perme-
abilized Golgi vesicles in a buffer lacking calcium (Chanat
and Huttner, 1991), suggesting that aggregation would be re-
versible under such conditions. Taken together, these results
raise the question of whether luminal calcium is required for
the proper sorting of Sgll into immature granules. A possible
explanation is that aggregation of SgII may be achieved by
several different mechanisms; thus perturbation of lumenal
calcium by itself does not lead to significant missorting. Fu-
ture experiments will be needed to resolve this issue.

Previous studies have suggested that disruption of intra-
TGN pH by weak bases such as chloroquine and ammonium
chloride causes regulated proteins to be secreted constitu-
tively (Moore et al., 1983a; Rosa et al., 1985). In our semi-
intact PC12 cell system, disruption of the pH gradient across
organelle membranes with nigericin completely blocked
transport via the regulated pathway. The lack of calcium-
induced secretion of SgII was not accompanied by an in-
crease in secretion at low calcium (Fig. 7 A), suggesting that
labeled SgIl was not diverted to the constitutive pathway.
Using a similar semi-intact CHO cell system, we found that
nigericin inhibited constitutive secretion of GAG chains from
the TGN. Kinetic studies have shown that the inhibition
resulting from pH disruption is at an early step, most likely
at the level of budding of constitutive vesicles from the TGN
(Miller, S. G., and H.-P. H. Moore, unpublished). These
results are consistent with other studies that showed inhibi-
tors of the vacuolar-type ATPase blocks transport at different
stages in the Golgi and TGN (Miller, S. G., and H.-P. Moore,
unpublished observation; Yilla et al., 1993; Muroi et al.,
1993). In SL-O-perforated PCI12 cells, secretion of GAG

chains via the constitutive pathway is also inhibited by nigeri-
cin. Thus, the most likely explanation for the inhibition of
the regulated secretion of secretogranin in this system is that
budding of both constitutive and regulated vesicles from the
TGN is blocked when the pH gradient is abolished by nigeri-
cin. These results from our semi-intact cell system are thus
different from those obtained with intact cells in which weak
bases caused regulated secretory products to be secreted
constitutively. The difference may be explained by two fac-
tors. First, weak bases may not have inhibited vesicle bud-
ding from the TGN in earlier experiments because of
inefficient neutralization of intra-Golgi pH in intact cells.
Second, the time courses of pulse-chase experiments in the
previous experiments in which diversion of regulated pro-
teins to the constitutive pathway was observed were longer
than those used in the semi-intact cell system. Unregulated
secretion of POMC-related products and SgII occurred dur-
ing a long (2 h) chase period (Moore et al., 1983; Rosa et
al., 1985). In contrast, the studies described here measured
early events of transport during the first 30 min of chase. The
long chases needed to observe constitutive release of these
proteins suggest that missorting may occur after they have
entered immature granules. This interpretation is supported
by the finding that ammonium chloride causes increased
basal release of zymogens from a post-TGN compartment
(von Zastrow et al., 1989).

The system that we have developed differs from previous
studies on exocytosis using permeabilized cells (see for a re-
view Gomperts, 1990), in that all of the previous studies ex-
amined the secretion characteristics of granules that have
fully matured. By choosing a time window (15-30 min after
the pulse label) in which only immature but not mature gran-
ules were produced (Tooze et al., 1991; Grimes and Kelly,
1992; Xu and Shields, 1993), we could study the exocytic
properties of immature secretory granules and compared
them to those of mature granules reported in the literature.
We found that immature granules formed in semi-intact
PC12 cells exhibit properties very similar to those of mature
granules. In most permeabilized systems examined pre-
viously, exocytosis of mature granules is activated by mi-
cromolar of cytoplasmic free calcium ions. We found that
upon exit from the TGN or shortly thereafter, labeled SgIl
can be released by micromolar of free calcium ions (Fig. 2),
indicating that immature granules can already undergo cal-
cium-induced exocytosis. This result is consistent with the
previous finding that SgII in immature granules can be re-
leased from intact PC12 cells by potassium depolarization
(Tooze et al., 1991). Although the observed secretion during
15-30-min chase may result from a small portion of granules
that have already matured, we consider this possibility un-
likely. If immature granules were fusion incompetent and
only mature granules could fuse, one would predict that the
percentage of secretion of labeled SgIl in response to stimu-
lation would increase with increasing chase times; but this
is not the case: the percentage of labeled Sgll secreted from
PCI2 cells during a 15-min period does not increase with in-
creasing chase times (15-min chase, 7%, Fig. 2 C; 1-h chase,
6.6%, Miller et al., 1992; overnight, 3%; Rosa et al., 1985;
and our unpublished data). We have also found that GTPyS
enhances release of immature granules at low calcium con-
centrations (Fig. 3 B) similar to mature granules (Carroll et
al., 1990; Gomperts, 1990; Yang et al., 1992). A GTP-
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binding protein, Gg, has been postulated to mediate this
effect (Gomperts, 1990), although its identity is still con-
troversial (Oberhauser et al., 1992; Lillie and Gomperts,
1993; Morgan and Burgoyne, 1993). The results imply that
secretory granule membrane components, especially those
involved in vesicular targeting (e.g., rab3A and binding pro-
tein, rabphilin 3A; Shirataki et al., 1993), in docking (e.g.,
VAMPs and syntaxins, Sollner et al., 1993), and in fusion
(e.g., synaptotagmin; reviewed in Debello et al., 1993) may
be recruited to nascent granules quickly upon their emer-
gence from the TGN. Future experiments will be necessary
to test this hypothesis directly.

Sorting of “cargos” appears to be achieved progressively
during granule biogenesis. Although Tooze and Huttner
(1990) reported that a constitutively secreted sulfated pro-
teoglycan was sorted from Sgll into different vesicles upon
exit from the TGN, Grimes and Kelly (1992) found that a
significant fraction of this proteoglycan entered the imma-
ture granules first and was subsequently sorted during gran-
ule maturation. Similarly, in pancreatic 8 cells insulin
C-peptide was preferentially released from maturing gran-
ules (Kuliawat and Arvan, 1992; Neerman and Halban,
1993). In our system, some of the proteoglycans destined for
constitutive release also appeared to enter the immature
granules; they were secreted together with SgII upon stimu-
lation with calcium (Fig. 2 A, material migrating just below
the start of the running gel). Very little of this proteoglycan
was secreted in transport buffer containing <10 nM calcium
(Fig. 2 A, lane 3). However, since GAG chains entered the
immature granules with a fourfold lower efficiency than Sgil
(see Table I), the contents are probably sorted to some extent
upon or shortly after the formation of immature granules.
Taken together, these data are consistent with the notion that
granule contents are sorted progressively, starting from the
formation of immature granules at the TGN and ending with
the maturation of secretory granules.

In summary, our results suggest that lumenal calcium ions
play an important role in prohormone processing in the dis-
tal part of the secretory pathway, but their presence may not
be absolutely required for sorting of SgII from the TGN into
immature granules. In contrast, the pH gradient of the TGN
is essential for export of proteins from the TGN. Our results
do not exclude the possible involvement of lumenal calcium
ions during granule maturation.
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