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Milieu-induced, Selective Aggregation ofRegulated
Secretory Proteins in the trans-Golgi Network
Eric Chanat* and Wieland B. Huttner*$
*Cell Biology Programme, European Molecular Biology Laboratory, Postfach 10.2209 ; and $Institute for Neurobiology;
University ofHeidelberg, Im Neuenheimer Feld 364, D-6900 Heidelberg, Germany

Abstract . Regulated secretory proteins are thought to
be sorted in the trans-Golgi network (TGN) via selec-
tive aggregation . The factors responsible for this ag-
gregation are unknown . We show here that two wide-
spread regulated secretory proteins, chromogranin B
and secretogranin II (granins), remain in an aggregated
state when TGN vesicles from neuroendocrine cells
(PC12) are permeabilized at pH 6.4 in 1-10 mM cal-
cium, conditions believed to exist in this compartment .
Permeabilization of immature secretory granules under
these conditions allowed the recovery of electron dense
cores . The granin aggregates in the TGN largely ex-

HE mechanism by which constitutive and regulated
secretory proteins are sorted in the trans-Golgi net-
work (TGN)' is poorly understood (for review seei~

Burgess and Kelly, 1987) . It has been postulated that a key
step in this sorting process is the selective aggregation of reg-
ulated, but not constitutive, secretory proteins in the TGN
(Kelly, 1985 ; Burgess and Kelly, 1987; Pfeffer and Rothman,
1987; Huttner et al ., 1988 ; Gerdes et al ., 1989 ; Huttner and
Tooze, 1989 ; Tooze et al ., 1989) . This hypothesis is largely
based on morphological data showing that regulated secre-
tory proteins form electron-dense cores in the TGN (for re-
view see Farquharand Palade, 1981 ; Orci et al ., 1987; Tooze
et al ., 1987) . Aggregation of a protein inevitably segregates
it from proteins that do not aggregate but remain in solution
in the fluid phase that is excluded from the aggregate. Thus,
if aggregation is a key step in the sorting of secretory pro-
teins, the crucial questions arising are : (a) why does aggre-
gation occur specifically in the TGN; and (b) why is the ag-
gregation selective for regulated secretory proteins?

Concerning these questions, it has been proposed (Tooze
et al ., 1989) that (a) the aggregation of regulated secretory
proteins in the TGN results from an increase in their concen-
tration as they travel from the RER to this compartment
where they reach a critical level, and (b) constitutive secre-
tory proteins do not reach this concentration and/or have an

1 . Abbreviations used in this paper: BiP, immunoglobulin heavy chainbind-
ing protein; CgB, chromogranin B ; GAG chain, glycosaminoglycan chain ;
hsPG, heparan sulfate proteoglycan; PDI, protein disulfide isomerase ; SgH,
secretogranin II ; TGN, trans-Golgi network .
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cluded glycosaminoglycan chains which served as con-
stitutively secreted bulk flow markers . The low pH, high
calcium milieu was sufficient to induce granin aggre-
gation in the RER. In the TGN of pituitary GH4C
cells, the proportion of granins conserved as aggre-
gates was higher upon hormonal treatment known to
increase secretory granule formation . Our data suggest
that a decrease in pH and an increase in calcium are
sufficient to trigger the selective aggregation of the
granins in the TGN, segregating them from constitu-
tive secretory proteins .

inherently lower tendency to aggregate than regulated secre-
tory proteins. Concerning the first point, both constitutive
and regulated secretory proteins are believed to move from
the RER to the TGN by bulk flow (for review see Pfeffer and
Rothman, 1987) . In bulk flow, an increase in the concentra-
tion of secretory proteins in a distal compartment as com-
pared to a proximal compartment canonly occur as the result
of the selective removal of molecules, e.g ., the recycling of
soluble ER-resident proteins or the net movement of water
across the membrane into the cytoplasm . Moderate in-
creases (up to 2.5-fold) in the concentration of regulated
secretory proteins in the trans-Golgi compared to the RER
have been reported (Bendayan et al ., 1980 ; Salpeter and Far-
quhar, 1981 ; Bendayan, 1984 ; Posthuma et al ., 1988) . How-
ever, it is unclear to what extent aggregates of regulated
secretory proteins were included in these quantitations, and
thus it is difficult to exclude the possibility that the observed
concentration increase was the consequence ofaggregation .
An alternative, or at least additional, cause for aggregation

in the TGN is a change in the lumenal milieu in this compart-
ment as compared tothe more proximal compartments ofthe
secretory pathway (Burgess and Kelly, 1987 ; Pfeffer and
Rothman, 1987; Huttner et al ., 1988'; Gerdes et al .,' 1989) .
One parameter of the lumenal milieu that is known to differ
between the RER and the TGN is the pH; the TGN has been
shown to be moderately acidic . From the data available (see
Anderson and Orci, 1988, and refs . therein), the TGN lu-
menalpH canbe estimated to be -1 U above that ofneuroen-
docrine secretory granules (pH 5.2-5.5 ; Poisnet andTrifaro,
1982 ; Johnson, 1987), i .e., around pH 6.4, a value consis-



tent with previous considerations (Griffiths and Simons,
1986) . Another parameter is the concentration of calcium
ions . Studies in various regulated secretory cells (Stoeckel
et al., 1975 ; Ravazzola, 1976 ; Mata et al ., 1987; Roos,
1988) have shown that the calcium concentration in the Golgi
complex is significantly higher (N2.5-fold) than in the RER
which is believed to contain 3 mM calcium (Sambrook :
1990), and two-thirds of that found in secretory granules,
which havebeen shown to contain 20-50 mM calcium (Pois-
ner and Trifaro, 1982; Bulenda and Gratzl, 1985) . These ob-
servations suggest that the lumenal milieu of the TGN differs
from that of the more proximal compartments of the secre-
tory pathway in that it contains a higher concentration of
calcium ions (probably around 10 mM total calcium ; see
Discussion for "free" vs . "bound" calcium) . The selective
aggregation ofregulated, but not constitutive, secretory pro-
teins in the TGN may therefore reflect the inherent property
of the former, but not the latter, proteins to come out of solu-
tion upon a change in certain parameters of the lumenal
milieu such as pH and calcium ion concentration.
The complexity of regulated secretory proteins makes it

likely that certain specific features of the sorting mechanism
may vary depending onthe regulated secretory protein under
study. We have been focusing on the granins (chromogran-
ins/secretogranins) as model proteins to study sorting (Hutt-
ner et al ., 1991) because they are found in secretory granules
ofmost endocrine cells and neurons (Ross et al ., 1985 ; Wie-
denmann and Hutmer, 1989) . Hence results regarding their
sorting in one cell type can be generalized to most endocrine
and neuronal cells . The granins are a family ofat least three
proteins (chromogranin A, chromogranin B [CgB], and se-
cretogranin II [SgH]) . The deduced primary structure of the
granins (Benedumet al., 1986 ; Iacangelo et al ., 1986 ; Bene-
dum et al ., 1987 ; Gerdes et al ., 1989) predicts an abundance
of acidic residues and a secondary structure alternating be-
tween helix and turns . These features are consistent with
their aggregation at low pH in the presence of calcium ions.
In vitro studies have shown that granins bind calcium (Reif-
fen and Gratzl, 1986; Cozzi and Zanini, 1988) andthat these
proteins, but not various constitutive secretory proteins, ag-
gregate in the presence of millimolar calcium ions at acidic
pH (Gerdes et al ., 1989 ; Gorr et al ., 1989 ; Yoo and Albanesi,
1990) . However, these studies were performed with granins
isolated from secretory granules and were carried out at a
pH corresponding to that of neuroendocrine secretory gran-
ules rather than that of the TGN. Hence, the relevance of
these studies for the aggregation of the granins occurring in
the TGN remains to be established . We therefore investigated
in the present study whether a low pH-, high calcium milieu
corresponding to that believed to exist in the lumen of the
TGN is sufficient to (a) induce and maintain the aggregation
of the granins in the secretory pathway, and (b) segregate
these proteins from bulk flow markers and resident proteins.

Materials and Methods

Cell Culture andMetabolic Labeling
PC12 cells were grown as previously described (lboze and Hutmer, 1990).
lb label granins present in the RER, PC12 cells were preincubated for 30
min in tyrosine-free DMEM (DMEM without tyrosine andwith 10% of the
normal concentration of phenylalanine) and then pulse labeled for 5 min
with fresh tyrosine-free DMEM containing 100 14Ci/ml L-[2,3,5,6-3H]-
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tyrosine (Amersham Buchler, Amersham, UK) . lb label granins present in
theTGN, PC12 cells were preincubated for30minwith sulfitte-freeDMEM
(DMEM containing MgC12 instead ofMgSO4 and 10% of the normal con-
centration of methionine and cysteine) and then pulselabeled for 5 minwith
fresh sulfate-free DMEM containing 1 mCi/ml carrier-free [35S]sulfate
(Amensham Buchler) .

To induce the synthesis of free GAG chains, PC12 cells were heated with
the xylose analogue 4methylumbelliferyl S-D-xyloside (xyloside) . Xylo-
side, dissolved in DMSO at 500 mM, was routinely used at a final concen-
tration of 1 mM. PC12 cells were preincubated for 1 .5 h in growth medium,
for0.5 h in sulfate-free DMEM and then pulse labeled for 5 min with fresh
sulfate-free DMEM containing 1 mCi/ml [ 35S]sulfate, all in the presence
of 1 mM xyloside . In pulse-chase experiments, pulse labeling was followed
by incubation in DMEM containing 1 mM xyloside and twice the normal
concentration of unlabeled sulfate. [35S]sulfate incorporation into glycos-
aminoglycan (GAG) chains continued to occur during the first 30 min of
chase (see Fig . 4 B), which probably reflected a relatively slow loss of ra-
dioactivity from the PAPS pool . In other experiments, the preincubation in
sulfate-free medium, pulse labeling, and chase were performed in air at
20°C instead of 37°C, using DMEM containing 20 mM Hepes-NaOH, pH
7.4, instead of bicarbonate.
GH4C1 cells, obtained from L . Roman (University of Texas, Dallas,

TX), were grown in a 1:1 (vol/vol) mixture of DMEM and Ham's F10
medium supplemented with 15% heat-inactivated (1 h at 55°C) horse se-
rum, at 37°C in 5% C02 in air. Cells were routinely passaged once a week
andreceived freshmedium 3 and 5 d after plating. lb stimulate the accumu-
lation of secretory granules, GH4C1 cells received 10 nM epidermal growth
factor (Collaborative Research, Bedford, MA), 1 nM 170-estradiol (Sigma
Chemical Co ., St . Louis, MO) and 300 nM insulin (Sigma Chemical Co.)
for 48 h before radiolabeling or immunofluorescence analysis which was
performed on day 7 after plating . lb analyze the effect of these hormones
on the rateofsynthesis of Sgll and prolactin, control and hormone-treated
cells were preincubated for 30 min in methionine-free DMEM/Ham's F10
and then labeled for 30 min with fresh methionine-free mediumcontaining
100 14Ci/ml [35S]methionine . After three washes with calcium- and mag-
nesium-free PBS, GH4C1 cells were solubilized in 10 mM Tris, pH 7.6, 1%
(wt/vol) Triton X-100, 1% (wt/vol) sodium deoxycholate, 0.1% (wt/vol)
SDS, 0.15 M NaCl, and centrifuged for 5 min at 14,000 rpm in an Eppen-
dorf centrifuge . Aliquots of the supernatant were subjected to SDS-PAGE
followed by fluorography. To selectively label the granins present in the
TUN, control and hormone-treated cells were preincubated for 30 min with
sulfate-free DMEM/Hams F10 and then pulse labeled for4 min with fresh
sulfate-free medium containing 1 mCi/ml [35 S]sulfate in the absence and
presence of the hormone cocktail, respectively.

Analysis ofGranin Aggregates in the TGN
ofPC12 Cells (Standard Procedure)
Preparation of ?GN Vesicles. PC12 cells pulse labeled for 5 min with
[35 S]sulfate were placed on ice to stop intracellular transport . All subse-
quent steps were performed at 0-4°C. Cells (two 15-cm dishes of sub-
confluent cells) werehomogenized and a postnuclear supernatant (N1 .2 ml)
was subjected to velocity sucrose gradient centrifugation as previously de-
scribed (lboze and Huttner, 1990). After velocity centrifugation, fractions
(1 ml) were collected from the top of the gradient . In some experiments,
100-141 aliquots of these fractions were analyzed by SDS-PAGE followed by
fluorography. Fractions 8-10, which contained the peak of ["S]sulfate-
labeled granins and which have been shown to contain [35 S]sulfate-labeled
TGNvesicles (Tooze and Hutmer, 1990), were pooled, slowly diluted with
an equal volume of 10 mM Hepes-KOH, pH 7.2, and divided into aliquots
(three per gradient) . [35S]sulfate-labeled TGN vesicles were then concen-
trated by centrifugation at either 23,000 g for 30 min or 110,000 g for
15 min .
Membrane Fermeabilizadon . The pellet containing [35S] sulfate-labeled

TGN vesicles (-I 141 packed volume) was resuspended in 100141 of buffer
containing 0.5 mg/ml saponin and either 10 mM MES-NaOH, pH 7.4, 30
mM KC1, 1 .2 mM leupeptin (nonaggregative milieu) or 10 mM MES-
NaOH, pH 6.4, 10 mM CaC12, 1 .2 mM leupeptin (aggregative milieu) . Af-
ter -15 min incubation at 0°C, samples were subjected to centrifugation
(23,000 g for 30 min or 110,000 g for 15 min), and the entire pellet and
supernatant were analyzed by SDS-PAGE and fluorography.

In some experiments, the standard procedure was modified in that vari-
ous concentrations of saponin were used ; 1% (wt/vol) of Triton X-100 was
used instead of saponin, or the pH and calcium concentration was varied
(see text and figure legends) . In the latter case, the ionic strength was kept
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constant using KC1 . In other experiments, 05S]sulfate-labeled TGN vesi-
cles wereresuspended in 100 Al of buffer containing0.5 mg/ml saponin and
2 mM MES, pH 7.4, incubated for 15 min at 0°C, centrifuged (110,000 g
for 15 min), and the supernatant containing released CgB and SgII was sup-
plemented with 10 pl of 10-fold concentrated aggregative milieu .

Analysis ofthe State ofAggregation
ofGranins and GAG Chains in the TGN
ofXyloside-treated PC12 Cells
The state of aggregation of V5S]sulfate-labeled granins and GAG chains in
the TUN of xyloside-treated PC12 cells upon incubation in nonaggregative
or aggregative milieu was studied according to the standard procedure, with
the following modifications for the GAG chains. After permeabilization of
[35 S]sulfate-labeled TGN vesicles with 0.5 mg/ml saponin in nonaggrega-
tive or aggregative milieu and centrifugation (110,000 g for 15 min), the su-
pernatant, which contained the GAG chains released from the TUN vesi-
cles, was collected for analysis. The pelletedmembranes were resuspended
in 100 pl of 10 mM Tris-HCI, pH 7.4, 10 mM EDTA, 150 mM NaCl, in-
cubated for 5 min at 100°C and centrifuged at 110,000 gfor 15 minto obtain
a heat-stable fraction containingthe GAG chains . GAGchains in the super-
natant and GAG chains in the heat-stable fraction of the pellet were then
analyzed by SDS-PAGE followed by fluorography, except that the staining
and destaining of the gel was omitted (see below) .

Effect ofNonaggregative and Aggregative Milieu
on Granins in the RER ofPC12 Cells
PC12 cells were pulse labeled for 5 min with [3H]tyrosine and subjected
to subcellular fractionation according to the standard procedure. After ve-
locity sucrose gradient centrifugation, ['H]tyrosine-labeled granins were
found throughout the gradient with a peak in fractions 2-5. Fractions 4+5,
which contained less cytosolic proteins than fractions 2+3, were pooled, di-
luted 1:1, divided into aliquots (two per gradient), and centrifuged (23,000 g
for 30 min) . The pellet containing [3H]tyrosine-labeled RER vesicles was
then incubated in nonaggregative or aggregative milieu in the presence of
1% Triton X-100 and analyzed as described above for the standard pro-
cedure .

Analysis ofGranin Aggregates in the TGN
ofGH4C1 Cells
Control and hormone-treated (48 h) GH4C1 cells were pulse labeled for 4
min with [35S]sulfate and then subjected to subcellular fractionation ac-
cording to the standard procedure. After velocity sucrose gradient centri-
fugation, the peak of [35S]sulfitte-labeled granins was found to have a dif-
ferent distribution across the gradient than in the case ofPC12 cells, being
located in fractions 2-5. Fractions 3+4 were pooled, diluted 1 :1, divided
into aliquots (two per gradient), and centrifuged (23,000 g for 30min) . The
pellet containing [ 35S]sulfate-labeled TGN vesicles was then incubated in
nonaggregative or aggregative milieu in the presence of 1% Triton X-100
and analyzed as described above for the standard procedure.

Effect ofNonaggregative and Aggregative Milieu
on Partially Purified Granins
Aheat-stable protein fraction highly enriched in granins was prepared from
[a 5S]sulfate-labeled PC12 cells as previously described (Ross et al ., 1985)
and dialyzed at 4°C against 4 mM MES, pH 7.2, containing 2 mM KCI .
The heat-stable protein fraction was centrifuged for 1 h at 23,000 g to re-
move any granin aggregates . 50-pl aliquots of the supernatant were mixed
with 250 Al of nonaggregative or aggregative milieu (final protein concen-
tration = 68 pg/ml) and incubated for2 h at0°C. Samples were centrifuged
(23,000 g for 30 min) and pellets and supernatants were analyzed by SDS-
PAGE followed by fluorography

Carbonate TYeatment
[IS]sulfate-labeled TON vesicles were prepared fromcontrol and xyloside-
treated PC12 cells according to the standard procedure. Pelleted TGN vesi-
cles derived from 1-2 ml of fractions 8-10 of the velocity gradient were re-
suspended in 1 ml of H2O. This and all subsequent manipulations were
performed at 0-4°C. While stirring, 1 ml of 2x concentrated carbonate
buffer (lx carbonate buffer consisted of: 0.1 M Na2CO3-NaHCO3, pH
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11A, 1.0 M KCI, 0.25 mg/ml saponin, 2 mM EDTA, 0.1 mM PMSF) was
slowly addedto themembrane suspension. Aftera 30-min incubationunder
stirring, membranes were centrifuged . This and all subsequent centrifuga-
tions were carried out at 130,000 g for 45 min. The supernatant was neu-
tralized with 1 N HCltopH 7.5 and subjected to acetone precipitation (70%
(vol/vol) final concentration, 15 hat -20°C) before being analyzed by SDS-
PAGEandfluorography Membraneswereresuspended in carbonate buffer,
stirred for 15 min, pelleted, and further washed for 15 min in 10 mM MES,
pH 6.5, 2 mM EDTA . After centrifugation, the pellet was analyzed by SDS-
PAGE followed by fluorography.

SDS-PAGE and Immunoblotting
SDS-PAGE was performed according to Laemmli (1970) and gels were
processed as described (Lee and Huttcer, 1983) . Whensamples containing
GAG chains were analyzed, gels were fixed for two times 10 min in 50%
methanol, 10% acetic acid, rinsed briefly in water, incubated in 1 M salicy-
late for 30 min, dried, and fluorographed. Fluonograms were scanned den-
sitometrically using the LKB gel scanner and quantitated using the
ultroscanXL software (LKB Instruments, Inc ., Gaithersburg, MD) . Immu-
noblotting was performed as previously described (Ross et al ., 1989), ex-
cept that blocking of the nitrocellulose sheets was in PBS containing 10%
low fat milk powder for2 h . Rabbit antisera against peptides corresponding
to the carboxy terminus of either PDI (RaKAVK) or BiP (RaKSEK) (Vaux
et al ., 1990) were kindly provided by S. D. Fuller (EMBL) and were used
at 1:100 dilution . Inummoreactive proteins were revealedbyincubationwith
either ["I]protein A (NEN, Boston, MA) or peroxidase conjugated to
goat anti-rabbit IgGantibodies (Jackson Immmioreseanch Lab ., Inc., Avon-
dale, PA) at 1 :1,000 dilution .

Immunofluorescence
Control and hormone-treated (48 h) GH4C1 cells grown on polylysine-
coated coverslips were subjected to indirect immunofluorescence using pub-
lished protocols (Ross et al., 1989) with minor modifications. Both the an-
tiserum against rat SgII (Ross et al ., 1985) and the rhodamine-conjugated
sheep anti-rabbit IgG antibodies (Cappel Laboratories, Cockranville, PA)
were used ata 1 :200 dilution . Control andhormone-treated cells were pho-
tographed at the same exposure and negatives were printed under identical
conditions .

EM
Based on previous work CTooze et al., 1991), a fraction enriched in imma-
ture secretary granules was prepared from PC12 cells as follows . A post-
nuclear supernatant was prepared from PC12 cells as described (Tboze and
Huttner, 1990) except that the cells were homogenized in 0.25 M sucrose
containing 1 mM EDTA and 1 mM Tris-HCI, pH 7.4 . The postnuclear su-
pernatant (1-ml aliquots) wassubjected to differential centrifugation at 4°C .
First, most (>95%) ofTGN membranes, mitochondria, and mature secre-
tory granules were pelletedby centrifugation for35 min at 10,000rpm . This
and all subsequent centrifugations were carried out using polycarbonate
tubes and a TLS-55 rotor in a Beckman TT-100 ultracentrifuge with the
brake off. The supernatants were subjected to a second centrifugation for
22 min at 25,000 rpm to sediment immature secretary granules. The pellets
were resuspended in 50#1 of0.25 M sucrose and mixed with either 50 pl
of 0.25 M sucrose (control) or with 50 Al of 0.25 M sucrose containing
1 mg/ml saponin and two times concentrated nonaggregative or aggregative
milieu. After 5 min of incubation at 0°C, samples were either mixed with
paraformaldehyde (1% final concentration, added froma 16% stock), fixed
for 20min at 0°C and centrifuged for 30min at 55,000 rpm, or centrifuged
without prior fixation. All pellets were then overlaid with 8 % paraformalde-
hyde and kept overnight at4°C. Samples were then washed in0.1 M sodium
cacodylate buffer, pH7.2, and postfixed in cacodylate buffer containing 1%
OsO4 and 1 .5 % magnesium ferrocyanide . After washes in cacodylate
buffer andH2O, pellets were incubated for30 minin 1.5% magnesium ura-
nyl acetate in water. They were then dehydrated in ethanol, incubated in
propylene oxide, and embedded in Epon. Thin sections were contrasted
with lead citrate and examined in a Philips 400 microscope. Pictures were
taken at random from the bottom of the pellets and dense cores were
counted in 10 fields representing a total area of 150 pmt .

Results
To study the aggregation of the granins in the secretary path-
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way, we used the rat pheochromocytoma cell line PC12 .
These cells express high levels of CgB and SgII, sulfate these
proteins in the TGN, and package them as dense-cored ag-
gregates very efficiently into secretory granules (Lee and
Huttner, 1983 ; Rosa et al ., 1985 ; Rosa et al ., 1989 ; Tooze
and Huttner, 1990) . The following experimental approach,
referred to as the "standard procedure, was used to study the
aggregation of the granins in the TGN. First, short (5 min)
pulse labeling of cells with [35 S]sulfate was used to label
proteins selectively in the TGN (Baeuerle and Huttner, 1987 ;
Tooze and Huttner, 1990), and TGN-derived vesicles were
isolated from the pulse-labeled cells by differential and ve-
locity sucrose gradient centrifugation . Second, the [35 S]sul-
fate-labeled TGN vesicles were permeabilized with saponin
in various buffers to be able to expose the TGN lumen to a
defined milieu . One buffer had a pH of 7.4 and contained no
added calcium ions and is, based on the results described be-
low, referred to as the "nonaggregative milieu ." The other
buffer had a pH of 6.4 and contained 10 mM calcium ions,
conditions believed to exist in the lumen of the TGN in vivo
(Stoeckel et al ., 1975 ; Ravazzola, 1976 ; Mata et al ., 1987 ;
Anderson and Orci, 1988 ; Roos, 1988 ; see Discussion for
"free" vs . "bound" calcium) . This buffer is, based on the
results obtained, referred to as the "tiaggregative milieu ." The
release of the [35 S]sulfate-labeled granins from the perme-
abilized TGN vesicles, as revealed by their appearance in the
supernatant upon centrifugation, reflects the absence, or re-
versal, of an aggregated state . Conversely, we interpret the
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Figure 1. Release of granins from
the TGNof PC12 cells after per-
meabilization of the membrane
with saponin in nonaggregative
milieu . [35 S]sulfate-labeled TGN
vesicles were obtained from PC12
cells according to the standard
procedure, incubated in nonaggre-
gative milieu in the absence (-)
or presence (+) of0.5 mg/ml sap-
onin, centrifuged, and pellets (P)
and supernatants (S) were ana-
lyzed by SDS-PAGE followed by
protein staining (right) and fluo-
rography (left) . Dotsand triangles
indicate ERresident proteins re-
leased from vesicles contaminat-
ing the TGN vesicle preparation .

recovery of the [ 35S]sulfate-labeled granins in the pellet af-
ter permeabilization of the TGN vesicles as indicative of the
maintenance, or induction, of an aggregated state.

Release ofGraninsfrom theLumen ofthe TGNupon
Aermeabilization ofthe Membrane by Saponin
The vast majority of the [35 S]sulfate-labeled granins were
released into the supernatant when TGN vesicles obtained
from PC12 cells pulse labeled with [35 S]sulfate were in-
cubated for 15 min in nonaggregative milieu in the presence
of 0.5 mg/ml of saponin (Fig . 1, left) . This was the lowest
saponin concentration that allowed the maximal release of
the granins (N80% for SgII ; CgB was not quantitated be-
cause of the presence of a heparan sulfate proteoglycan
(hsPG) in that region of the gel) . The proportion of SgII
released at a lower saponin concentration (0.25 mg/ml) did
not increase when the incubation was carried out for up to
1 h (data not shown), indicating that for any given permeabi-
lized TGN vesicle, the release of SgII occurred rapidly and
was complete within 15 min .
The presence of the granins in the supernatant upon incu-

bation of TGN vesicles with saponin in nonaggregative
milieu reflected the release ofthe lumenal content from per-
meabilized vesicles rather than the solubilization of the
membrane, for three reasons. First, the bulk of the proteins
was recovered in the pellet both in the absence and presence
of saponin (Fig. 1, right) . Second, this was also observed for

1508



the hsPG (Fig . 1, left), which is membrane-associated in the
TGN as will be shown below (see Fig . 4 A) . Third, most of
theproteins found in the supernatant in the presence of sapo-
nin were also present in the supernatant in the absence of
saponin (Fig . 1, right) . The few proteins that specifically in-
creased in the supernatant upon saponinpermeabilization in-
cluded, besides CgB and SgII, four major proteins (dots and
triangles in Fig. 1, right) . As will be shown below (see Fig .
5), these were ERresident proteins present in ERderived

Chanat and Hunner Aggregation-mediating Sorting of Secretory Proteins

Figure 2. Granins remain in
the TGN of PC12 cells after
permeabilization of the TGN
membrane in aggregative mi-
lieu . (A) [33S]sulfate-labeled
TGN vesicles were obtained
from PC12 cells, permeabilized
with saponin in nonaggregative
(NA) or aggregative (A) milieu,
centrifuged, and pellets (P)
and supernatants (S) were ana-
lyzed by SDS-PAGE followed
by protein staining (bottom)
and fluorography (top) . All
steps were performed accord-
ing to the standard procedure .
(Top) Note thatthe loss ofCgB
from the pellet in nonaggrega-
tive milieu and its recovery in
the pellet inaggregative milieu
were readily detectable when
the original fluorogram was
examined in front of a strong
light source . (B) [35 S]sulfate-
labeled TGN vesicles were ob-
tainedfromPC12cells accord-
ing to the standard procedure,
permeabilized with saponin at
pH 7.4, centrifuged, andthesu-
pernatant containing released
CgB and SgIIwas incubated in
aggregative milieu . After cen-
trifugation, the pellet (P) and
supernatant (S) were analyzed
by SDS-PAGE and fluorogra-
phy. The [35S]sulfate-labeled
material in the pellet is due to
the incomplete removal ofthe
permeabilized TGN vesicles in
the first centrifugation . (C) A
heat-stable protein fraction of
VSS]sulfate-labeled PC12 cells
containing CgB and SgII was
incubated in nonaggregative
(NA) or aggregative (A) milieu,
centrifuged, and the pellets (P)
and supernatants(S) wereana-
lyzed by SDS-PAGE and fluo-
rography.

vesicles contaminating the fractions of the velocity gradient
containing TGN vesicles.

Granin Aggregates in the TGNafter Aermeabilization
in aLowpH-, High Calcium Milieu
When ["S]sulfate-labeled TGN vesicles were permeabi-
lized with saponin in aggregative milieu, the majority of SgII
was recovered in the pellet (Fig. 2 A, top) . Although not ap-
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Table 1. Effect ofAggregative Milieu on SgII in the TGN
ofPC12 Cells

SgII in pellet (% of total)

Milieu

	

Saponin

	

Triton X-100

Nonaggregative

	

23.3 t 5.0

	

2 .1 t 2.6
Aggregative

	

81 .8 f 10.0

	

68 .2 t 4.8

["Slsulfate-labeled TGN vesicles were obtained from PC12 cells, incubated
with saponin or Triton X-100 in nonaggregative or aggregative milieu, cen-
trifuged, and pellets and supernatants were analyzed. All steps were performed
according to the standard procedure . SgII was quantitated and the amount of
["Slsulfate-labeled SgII in the pellet is expressed as percent of total (sum of
pellet plus supernatant) . The mean f SD of five experiments (saponin) and
four experiments (Triton X-100) is shown.

parent from the fluorogram shown in Fig . 2 A, due to the
presence of the hsPG, the same was observed for CgB (see
legend to Fig. 2 A, top) . Thus, this low pH-, high calcium
milieu was sufficient to maintain the granins in an aggregated
state . Quantitation of the radioactivity contained in the SgII
band from five different experiments (Table I) showed that
in the nonaggregative milieu -23% of the [33 S]sulfate-
labeled SgII was recovered in the pellet, whereas -82% was
recovered in the pellet in the aggregative milieu .

Protein staining ofthe gel (Fig . 2 A, bottom) revealed that,
apart from CgB and SgII, the protein pattern ofthe pellet ob-
tained in nonaggregative and aggregative milieu was very
similar, as was the protein pattern of the supernatant in the
two conditions, showing that the retention of the granins in
the TGN after saponin permeabilization in aggregative mi-
lieu was a selective event .
Tb determine whether granins released from the lumen of

the TUN in nonaggregative milieu would be converted to an
aggregated state upon incubation in aggregative milieu, TGN
vesicles obtained by the standard procedure were first per-
meabilized with saponin at pH 7.4 in a volume at least 100-
fold that ofthe packed vesicles, and centrifuged under condi-
tions which pelleted most, but not all, of the permeabilized
TGN membranes. When the granins obtainedin the superna-
tant were incubated in aggregative milieu, they remained
soluble, despite the presence of some TGN membranes (Fig.
2 B) . This indicated that aggregative milieu did not induce
the aggregation of the granins after their release from the
TGN, i.e ., upon their dilution to a concentration at least 100-
fold lower than in the TGN lumen. This conclusion was sup-
ported by the observation that partially purified CgB and
SgII remained soluble upon exposure to aggregative milieu
at ti70 pg/ml (Fig . 2 C), i .e., at a concentration at least two
orders ofmagnitude below that in the TGN (estimated granin
concentration >10 mg/ml) .

Chanat and Hutwer Aggregation-mediating Sorting ofSecretary Proteins
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Recovery ofElectron-dense Cores after Membrane
Permeabilization in Aggregative Milieu
We investigated the morphological correlate of the granin
aggregates recovered after membrane permeabilization in
aggregative milieu . Fractions enriched in immature secre-
tory granules, identified by SgII pulse labeled with ['IS]-
sulfate and chased for 15 min, were obtained by differential
centrifugation of a PC12 cell postnuclear supernatant in iso-
tonic sucrose (Tooze et al ., 1991), incubated in various con-
ditions, fixed, and analyzed by EM. Samples incubated in
the absence of saponin were characterized by the presence
of numerous (284/100 pmt) dense-cored structures (Fig . 3,
A-C) which had the typical morphological appearance of
PC12 cell immature secretary granules (Tooze and Huttner,
1990) . Almost no (6/100 1mz) dense cores were found
when membranes were permeabilized by saponin in nonag-
gregative milieu and fixed 5 min later (Fig . 3, D-F) . In con-
trast, after membrane permeabilization by saponin in ag-
gregative milieu (Fig. 3, GI), dense cores were observed
at a frequency (197/100 ,um') that was -70% of that of the
nonpermeabilized control . Interestingly, the dense cores re-
covered after saponin permeabilization in aggregative milieu
appeared to be less electron-dense than those ofthe nonper-
meabilized control . This may suggest that molecules other
than the granins, which may not be retained in the aggregates
aftermembranepermeabilization in aggregative milieu (e.g .,
ATP and catecholamines), contributed to the electron den-
sity of the cores . In conclusion, the recovery of dense cores
after membrane permeabilization in aggregative, but not
nonaggregative, milieu indicates that these are the morpho-
logical correlate of the granin aggregates observed biochem-
ically under the former condition .

Exclusion ofa Bulk Flow Markerfrom Granin
Aggregates in Permeabilized TGN Vesicles
If aggregation of regulated secretary proteins is a sorting
event, constitutively released proteins should be excluded
from the aggregates . If, in the case of the granins, a rise in
calcium and a decrease in pH are the parameters that trigger
their aggregation in thelumen ofthe TGN ofPC12 cells, con-
stitutively secreted proteins present at the same time in the
TGN should not undergo aggregation in the aggregative
milieu . The only constitutive marker in PC12 cells which is
sulfated and thus can be selectively labeled in the TGN is the
hsPG (Tooze and Huttner, 1990) . Unfortunately, the hsPG
was found to be membrane associated in the TGN since it
was not solubilized when TGN vesicles obtained from PC12
cells pulse labeled for 5 min with [ 11S]sulfate were ex-
tracted with carbonate at pH 11.0 (Fig . 4 A, left) . We there-
fore employed 4-methylumbelliferyl R-D-xyloside (xyloside)

Figure 3. Aggregative milieu allows the recovery ofelectron-dense cores from saponin-treated immature secretary granules ofPC12 cells .
A fraction enriched in immature secretary granules was obtained by differential centrifugation of a postnuclear supernatant prepared from
PC12 cells. Aliquots of this fraction were incubated in the absence of saponin (A-C) or in the presence of saponin (D-I) in nonaggregative
(D-F) or aggregative (GI) milieu . Samples were fixed and centrifuged (A-F) or centrifuged and then fixed (GI) . Pellets were processed
for EM . Representative fields from the bottom of the pellets are shown. Note the absence (D-F) and presence (GI) of dense cores after
membrane permeabilization in nonaggregative and aggregative milieu, respectively. Note also that the dense cores recovered after perme-
abilization in aggregative milieu (GI) appear less electron-dense than those of the immature secretary granules fixed in the absence of
saponin (A-C) . Samples incubated in the presence ofsaponin in aggregative milieu showed a similar morphology and dense core frequency
when fixed in suspension . Original magnification, 22,000. Bar, 100 run .



Figure 4. GAGchains, a constitutively secreted bulk flow marker, are excluded from the granin aggregates in the TGN. (A) [35S]sulfate-
labeled TGN vesicles were obtained from xyloside-treated PC12 cells according to the standard procedure, subjected to carbonate extrac-
tion at pH 11, centrifuged, and the pellets (P) and supernatants (S) were analyzed by SDS-PAGE using 7.5% (- xyloside) or 15%
(+ xyloside) gels, followed by fluorography. The asterisks indicate a sulfated =120-kD membraneprotein distinct from CgB which is largely
masked by the hsPG in the absence of xyloside and which has an electrophoretic mobility similar to CgBon 15% gels . (B) Using 1 mM
xyloside throughout, parallel dishes of PC12 cells were pulse labeled for 5 min with rS]sulfate and chased for 0, 30, or 60 min, all at
37°C (open symbols, left) . At each chase time point, cells and chase media were collected. In addition, one dish of PC12 cells was pulse
labeled for 5 min with P5S]sulfate at 20°C and chased for two consecutive 30-min periods at 20°C followed by one 30-min period at
37°C, all in the presence of 1 mM xyloside (filled symbols, right) . Media were collected after each chase period, and the cells harvested
at the end of the chase. Cells and media were analyzed by SDS-PAGE followed by fluorography and quantitation of the PIS]sulfate-
labeled GAG chains . Optical density values were integrated and the results are expressed as arbitrary units. Total (triangles) = cells
(squares) plus medium (circles) . Note that the scale for the cells labeled at 37°C (left ordinate) is fivefold greater than that for the cells
labeled at 20°C (right ordinate), reflecting the greater [95S]sulfate incorporation at 37°C than 20°C . (C) Xyloside-treated PC12 cells were
pulse labeled for 5 min with [35 S]sulfate, and the postnuclear supernatant was subjected to velocity sucrose gradient centrifugation ac-
cording to the standard procedure. Fractions were collected (top fraction = 1) and aliquots were analyzed by SDS-PAGE followed by
fluorography and quantitation of the [35 S]sulfate-labeled GAG chains and SgII by densitometric scanning . Optical density values were in-
tegrated and the results are expressed as arbitrary units. (D) [35S]sulfate-labeled TGNvesicles were obtained from xyloside-treated PC12
cells, permeabilized with saponin in nonaggregative (NA) or aggregative (A ) milieu, and centrifuged . All steps were performed according
to the standard procedure. The resultingpellets and supernatants werethen analyzed for SgII andthe GAG chains as described in Materials
and Methods, using SDS-PAGE and fluorography. Fluorograms were quantitated and the amount of [35 S]sulfate-labeled GAG chains and
SgII in the pellet is expressed as percent of total (pellet plus supernatant) radioactive GAG chains and SgII, respectively.
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to induce the synthesis of free sulfated GAG chains as a bulk
flow marker. Xyloside competes with the core proteins of
proteoglycans as an acceptor for GAG chains (Lohmander
and Hascall, 1979), and xyloside-induced GAG chains have
been found to be secreted largely via the constitutive pathway
in AtT20 cells (Burgess and Kelly, 1984) . Three lines ofevi-
dence showed that xyloside-induced GAG chains are soluble
in the TGN and can serve as a constitutively secreted bulk
flow marker in PC12 cells .

First, carbonate extraction at pH 11.0 of TGN vesicles,
prepared from PC12 cells pretreated with 1 mM xyloside for
2 h and pulse labeled for 5 min with [a 5 S]sulfate, showed
that the sulfated GAG chains, which had an M, between
5,000 and 20,000, were soluble (Fig . 4 A, right) . Second,
pulse-chase experiments with PC12 cells showed that the re-
lease of the sulfated GAG chains into the medium followed
constitutive kinetics . When xyloside-treated PO2 cells pulse
labeled for 5 min with [35 S]sulfate were chased at 37°C for
30 and 60 min, -63 and 88%, respectively, of the total
[35 S]sulfate-labeled GAG chains were released into the me-
dium (Fig . 4 B). The secretion of the GAG chains was inhib-
ited at 20°C, as is the case for the hsPG ('Iboze and Hutmer,
1990) . When PC12 cells were pulse labeled at 20°C for
5 min with ["S]sulfate and chased at 20°C, the secretion of
the labeled GAG chains was completely inhibited over a 60-
min chase period (Fig . 4 B) . When the temperature was then
raised to 37°C, -78% of the total [ 35 S]sulfate-labeled GAG
chains were released into the medium during the following
30 min of chase . Xyloside treatment of PC12 cells did not
affect the efficient sorting of the granins in these cells since
neither CgB nor SgII were secreted during the chase at 37°C
(data not shown) . Third, as shown in Fig. 4 C, analysis of
the postnuclear supernatant of xyloside-treated PC12 cells
pulse labeled for 5 min with [35 S]sulfate showed that the
[35 S]sulfate-labeled GAG chains cosedimented with [ 35 S]sul-
fate-labeled SgII to the typical position of TGN vesicles on
a velocity sucrose gradient (Tooze and Huttner, 1990) . This
was consistent with the observation that the sulfation ofGAG
chains is a turns-Golgi-specific event (Kimura et al ., 1984) .
Having established that xyloside-induced GAG chains can

serve as a bulk flow marker in PC12 cells, we investigated
whether they would be excluded from granin aggregates in
the TGN. Saponin permeabilization of [35 S]sulfate-labeled
TGN vesicles prepared from xyloside-treated PC12 cells
showed that in both nonaggregative as well as aggregative
milieu, only a small percentage of the [35 S]sulfate-labeled
GAG chains was recovered in the pellet (Fig. 4 D). This be-
havior of the GAG chains was in striking contrast to that of
SgII which, in line with the results obtained with nonxylo-
side-treated PC12 cells (Fig . 2 A; Table I), was largely re-
tained in the permeabilized TGN vesicles in the aggregative
milieu (Fig . 4 D) . We conclude from these results that the
granin aggregates recovered in aggregative milieu largely ex-
cluded bulk flow markers .

Acidic Calcium-binding ER-resident Proteins Are
Releasedfrom Vesicles after Saponin Aermeabilization
in Aggregative Milieu
Permeabilization of membrane vesicles present in the TGN
preparation with saponin in nonaggregative milieu resulted
in the release of several proteins, including four major poly-
peptides of99, 78, 60, and 54 kD (Fig. 1, right, dots and tri-

Chanat and Hunner Aggregation-mediating Sorting of Secretory Proteins

Figure 5. ERresident proteins are released from saponin-perme-
abilized membrane vesicles in nonaggregative as well as aggre-
gative milieu . (PNS) The membrane vesicles in a postnuclear su-
pernatant (PNS) obtained from unlabeled PC12 cells were pelleted
by centrifugation and incubated in the absence (-) or presence (+)
of saponin in nonaggregative (NA) milieu . After centrifugation,
pellets (P) and supernatants (S) were analyzed by SDS-PAGE fol-
lowed by immunoblotting, usingantisera against BiP (RaKSEK) or
PDI (RaKAVK) followed by [ 115 I]protein A . Dots and triangles in-
dicate proteins recognized by the RaKSEK and RctKAVK antise-
rum, respectively, which are also indicated in Fig. 1 . (Velocity gra-
dient) Fractions 8-10 of the velocity gradient were obtained from
unlabeled PC12 cells, permeabilized with saponin (+) in nonaggre-
gative (NA) or aggregative (A) milieu, centrifuged, and pellets (P)
and supernatants (S) were analyzed by SDS-PAGE followed by im-
munoblotting using the antisera RaKSEK or RaKAVK and immu-
noperoxidase .

angles) . Because oftheir molecular mass, we suspected that
the 78- and 54-kD protein were the ER-resident proteins BiP
and PDI, respectively, present in ERderived vesicles con-
taminating the preparation of [35S]sulfate-labeled TGN vesi-
cles . We investigated this possibility by immunoblotting
using antibodies (Vaux et al ., 1990) raised against synthetic
peptides corresponding to the carboxy-terminal sequences of
BiP and PDI . Fig . 5 (left panels) shows that the bands of 78
kD (see lowerdot inFig . 1, right) and 54 kD (see lowertrian-
gle in Fig . 1, right) released from vesicles upon incubation
with saponin were indeed BiP and PDI, respectively. In addi-
tion, the anti-BiP antibody also detected a 99-kD protein
(upper dot in Fig . 1, right and Fig . 5, top left), and the anti-
PDI antibody also detected a 60-kD protein (upper triangle
in Fig . 1, right and Fig . 5, bottom left) ; both proteins are
acidic ER-resident proteins containing a carboxy-terminal
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-KDEL sequence (S. D. Fuller, manuscript in preparation) .
Although the release of these four ERresident proteins was
incomplete and varied between the individual proteins, it
nevertheless showed that ER-derived vesicles, despite their
lower concentration ofcholesterol, were at least in part per-
meabilized with saponin .

This allowed us to compare the effect of nonaggregative
and aggregative milieu on the release of these proteins,
which have molecular weights and isoelectric points similar
to those of CgB and SgII (Lee, 1987), and which like the
granins bind calcium (Macer and Koch, 1988) . In contrast
to CgB and SgII (see Fig. 1 A), the release ofthe ER-resident
proteins was not reduced by aggregative milieu compared to
nonaggregative milieu (Fig . 5, rightpanels) . This also showed
that permeabilization of membranes with saponin was not
impaired in aggregative milieu .

Aggregative Milieu Induces the Aggregation
ofNewly Synthesized Granins afterSolubilization
ofthe ER Membrane
If the aggregative milieu reflects the milieu responsible for
the aggregation of the granins in the TGN in vivo, it might
be sufficient to induce the aggregation of the granins in the
RER, a compartment in which these proteins are not ag-
gregated as judged by the absence of electron-dense cores .
We attempted to investigate this issue using saponin perme-
abilization of RER-derived vesicles prepared from PC12
cells pulse labeled for 5 min with ['H]tyrosine. However,
for unknown reasons, the newly synthesized granins, in con-
trast to ER-resident proteins (see Fig . 5), were not released
from saponin-permeabilized RER vesicles in nonaggregative
milieu (data not shown) . Hence, instead of permeabilizing
RER vesicles with saponin, we used Triton X-100 to inves-
tigate the effect of nonaggregative and aggregative milieu on
newly synthesized granins. When RER vesicles, obtained
from [3H]tyrosine-pulse-labeled PC12 cells after velocity
gradient centrifugation, were incubated in 1% Triton X-100
in nonaggregative milieu, two proteins ofM 100,000 andM
85,000, corresponding to newly synthesized CgB and SgII,
respectively, were recovered in the supernatant, whereas
they were found in the pellet after incubation in aggregative
milieu (Fig . 6 A, right) . As in the case of TGN vesicles (see
Fig. 1 A), this behaviorofthe granins was quite specific since
protein staining of the corresponding gel (Fig . 6 A, left)
showed that no other protein exhibited such a dramatic alter-
ation in its distribution between pellet and supernatant in ag-
gregative milieu as compared to nonaggregative milieu .

Characterization of ?GN-derived GraninAggregates
We tested whether the granin aggregates recovered from the
TGN in aggregative milieu were solubilized by exposure to
nonaggregative milieu . [35S]sulfate-labeled TGN vesicles
obtained according to the standard procedure were in-
cubated with Triton X-100 in aggregative milieu and cen-
trifuged. The pellet was then incubated in either aggregative
or nonaggregative milieu, and recentrifuged . Upon incuba-
tion in nonaggregative milieu, most of the [33 S]sulfate-
labeled CgB and SgII (>80%) was recovered in the superna-
tant, whereas the majority ofboth granins (>80%) remained
in an aggregated state when the aggregative milieu was main-
tained (data not shown) . Protein staining of the gel indicated
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Figure 6. Aggregative milieu allows the recovery of granin ag-
gregates from detergent-treated RER vesicles of PC12 cells . PC12
cells were labeled for 5 min with [ 3H]tyrosine and processed ac-
cording to the standard procedure except that fractions 4+5 of
the velocity sucrose gradient were used . RER vesicles were in-
cubated with Triton X-100 in nonaggregative (NA) or aggregative
(A) milieu, centrifuged, and pellets (P) and supernatants (S) were
analyzed by SDS-PAGE followed by protein staining (left) and
fluorography (right). Note that most ofthe granins detected by pro-
tein staining are derived from secretory granules also present in the
fractions .

that the reversibility of aggregation was specific for the gran-
ins since the bulk ofthe other proteins were not solubilized
upon incubation in nonaggregative milieu (data not shown) .
The effect of calcium concentration and pH on the state of

aggregation of SgII was studied by exposing the content of
[ 35S]sulfate-labeled TGN vesicles, obtained according to
the standard procedure, to various buffers in the presence of
Triton X-100 (Fig . 7) . At pH 6.4, the amount of ["S]sul-
fate-labeled SgII recovered in the pellet increased rapidly
whenmillimolar calcium was added. Half-maximal and max-
imal amounts of aggregated SgII were observed at a calcium
concentration of tit-2 and -10 mM, respectively. In con-
trast, at pH 6.9, much less [35 S]sulfate-labeled SgII was
found in the pellet with increasing calcium concentrations .
At pH 7.4, no significant amount of ["S]sulfate-labeled
SgII was observed in the pellet at any of the calcium concen-
trations studied . Thus, slightly acidic pH and millimolar cal-
cium concentrations had a synergistic effect on the state of
aggregation of TGN-derived SgII .
The percentage of PIS]sulfate-labeled SgII found in the

pellet after incubation of [3'S]sulfate-labeled TGN vesicles
in either nonaggregative or aggregative milieu in the pres-
ence ofTriton X-100 was determined in four different experi-
ments (Table I) . In nonaggregative milieu, almost none ofthe
SgII was recovered in an aggregated state, whereas in aggre-
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Figure 7. Effectofcalcium concentration and pH onthe aggregation
of TUN-derived SgII . [ 35S]sulfate-labeled TGN vesicles were ob-
tained from PC12 cells according to the standard procedure and in-
cubated at constant ionic strength in the presence of Triton X-100
with increasing concentrations ofcalcium at the indicated pH . Af-
ter centrifugation, pellets and supernatants were analyzed by SDS-
PAGE followed by fluorography and quantitation of VSS]sulfate-
labeled SgII . Optical density values were integrated, and the total
(pellet plus supernatant) [35S]sulfate-labeled SgII at each calcium
concentration and pH was calculated . For each pH, the mean of
these total values was calculated, and the total values obtained at
the individual calcium concentrations, which differed from the
mean by 420%, were then normalized to the mean . The integrated
optical density values for SgII in the pellet after normalization are
given as arbitrary units . For pH 6.9, the results of a single experi-
ment are shown . For pH 6.4 and pH 7.4, the mean ofduplicate ex-
periments, normalized to the maximum value (pH 6.4, 10mM cal-
cium; pH 7.4, 20 mM calcium) is shown ; bars indicate the variation
of the single values from the mean.

gative milieu, -70% of SgII was found to be aggregated, an
increase similar to that obtained with saponin-permeabilized
[ 35S]sulfate-labeled TGN vesicles.

We investigated whether granin aggregates could also be re-
covered from the TGN of another neuroendocrine cell line,
the rat pituitary GH4C1 cells. These cells, like the related
GH3B6 cell line, express prolactin and growth hormone
(Tashjian, 1979) as well as CgB and SgII (Tougard et al .,
1989 ; Scammell et al ., 1990) . GH4C1 cells grown in the ab-
sence ofadded hormones contain a low number of secretory
granules . Treatment of GH4C1 cells with a combination of
EGF, estradiol, and insulin markedly increases the level of
prolactin (Kiino and Dannies, 1982), CgB and SgII (Scam-
mell et al ., 1990), as well as that of secretory granules
(Scammell et al ., 1986) . As revealed by pulse labeling with
r35S]methionine (Fig . 8 A, center), the combined hormone
treatment of GH4C1 cells for 2 d selectively increased the
synthesis of SgII and prolactin -2.5-fold and N4-fold,
respectively. Pulse labeling of hormone-treated cells with
[35S]sulfate showed a N2.5-fold increase in the amount of
[35S]sulfate-labeled SgII in the TGN (data not shown), sug-
gesting that the increase in SgII synthesis resulted in an in-

Chanat and Hutmer Aggregation-mediating Sorting ofSecretory Proteins

crease in SgII concentration in this compartment . Im-
munofluorescence of control and hormone-treated GH4Cl
cells for SgII showed that, qualitatively, all ofthe cells were
immunoreactive in both conditions, the immunostaining be-
ing observed in a perinuclear, Golgi-like pattern as well as
in small punctate structures which were dispersed in the
cytoplasm and close to the plasma membrane, and presum-
ably were secretory granules (Fig. 8 A, leftand right) . Quan-
titatively, however, hormone-treated cells showed an in-
crease in SgII immunoreactivity, which was observed not
only with respect to the secretory granule staining but, con-
sistent with the increase in SgII synthesis, also in the Golgi
area . This allowed us to use GH4C1 cells not only to extend
our study on the aggregation of the granins in the TGN to
other neuroendocrine cells, but also to investigate the possi-
ble role of protein concentration in this phenomenon. (Since
prolactin is not sulfated in GH4C1 cells [data not shown],
we could not include this protein in our analysis .)
Hormone-treated GH4C1 cellswere pulselabeled for4 min

with FS]sulfate, and [uS]sulfate-labeled TGN vesicles were
incubated with Triton X-100 in nonaggregative or aggrega-
tive milieu, as described above for PC12 cells . SgII, which
was the major FS]sulfate-labeled band in these cells (data
not shown), was found in the supernatant after incubation in
nonaggregative milieu but was almost completely recovered
in the pellet after incubation in aggregative milieu (Fig . 8 B,
bottom) . As shown by protein staining ofthe corresponding
gel (Fig. 8 B, top), the protein pattern was not significantly
affected by the incubation milieu .
The same experimental conditions were applied to control

GH4C1 cells . The quantitation of [35S]sulfate-labeled SgII
for these and hormone-treated cells showed that, in aggrega-
live milieu, the ratio ofSgII in the pellet to SgII in the super-
natant was increased twofold upon hormone treatment (Table
II), indicatingthat the equilibrium ofSgII between the aggre-
gated and the nonaggregated state was shifted towards the ag-
gregated state . These results suggest that upon hormone
treatment of GH4C1 cells, there is, concomitantly with the
rise in the concentration of SgII in the TGN, an increase in
theproportion of SgII that is recovered in an aggregated state
after incubation in aggregative milieu .

Discussion
Morphological work has established that the aggregation of
regulated secretory proteins typically occurs in the TGN

Table II. Effect ofAggregative Milieu on SgII in the TGN
ofControl andHormone-treated GH4C1 Cells

GH4C1 cells cultured for 2 d in the absence (control) or presence (hormone-
treated) of'estrodiol, insulin, and EGF were labeled for 4 min with [ 3 'S]sul-
fair andthenprocessedaccordingto the standard procedure except that fractions
3+4 ofthevelocity sucrose gradient were used. TGNvesicles were incubated
with Triton X-100 in nonaggregative or aggregative milieu, centrifuged, and
pellets and supernatants were analyzed by SDS-PAGE followed by fluorog-
raphy. SgII was quantitated and the amount of [31S]sulfate-labeled SglI in the
pellet is expressed as the ratio to the [3'S]sulfate-labeled SgII in the super-
natant .

1515

GH4Cl cells milieu SgII (pellet/supematant)

Control Nonaggregative 0.08
Aggregative 2.70

Hormone-ueated Nonaggregative 0.10
Aggregative 5 .37



Fi
gu
re
8.

Ag
gr
eg

at
io

n
of
Sg
H
in

th
eT
G
N

of
GH
4C
1

ce
ll
s.

(A
)I

nc
re
as
e

in
Sg
H

sy
nt
he
si
sa

nd
st
or
ag
ei

nG
H4
C1

ce
ll
sa

ft
er
ho

rm
on

e
tr
ea
tm
en
t
kn
ow
n

to
in
cr
ea
se

th
el

ev
el

of
se
cr
et
or
y
gr
an
ul
es

.
GH
4C
1

ce
ll
s
we
re

cu
lt
ur
ed

fo
r2

d
in

th
e
ab
se
nc
e
(c
on
tr
ol
)
or

pr
es
en
ce

(h
or
mo
ne
-t
re
at
ed
)
of

es
tr

ad
io

l,
in
su
li
n,

an
d
EG
F,

an
d
th
en

su
bj
ec
te
d
to

im
mu
no
fl
uo
re
sc
en
ce

or
ra

di
oa

ct
iv

e
la
be
li
ng

.
(m
id
dl
e)

Ce
ll
s
we
re

la
be
le
d
wi
th

[A
SS
]m
et
hi
on
in
e
fo

r
30

mi
n,

an
d

al
iq
uo
ts

co
rr

es
po

nd
in

g
to

an
eq
ua
l
nu

mb
er

of
ce
ll
s
we
re

an
al
yz
ed

by
SD
S-
PA
GE

fo
ll
ow
ed

by
fl
uo
ro
gr
ap
hy

.N
ot
e
th

e
in
-

cr
ea
se

in
Sg
H
an
d
pr
ol
ac
ti
n
(P
RL
)
sy
nt
he
si
s
an
d
th
e
de
cr
ea
se

in
gr
ow
th

ho
rm

on
e
(G
H)

sy
nt
he
si
s.

(le
ft
an
d

ri
gh
t)

Im
mu

no
fl

uo
re

sc
en

ce
mi
cr
og
ra
ph
s
(t
ak
en

at
th

e
sa
me

ex
po
su
re

an
d
pr
in
te
d

un
de
r

id
en
ti
ca
lc

on
di

ti
on

s)
sh
ow
in
g t

he
di
st
ri
bu
ti
on

of
Sg
1I

in
co
nt
ro
la

nd
ho
rm
on
e-
tr
ea
te
d

ce
ll
s,

re
sp
ec
ti
ve
ly

.(
B)

Ag
gr

eg
at
iv
e
mi

li
eu

al
lo

ws
th

e
re
co
ve
ry

of
Sg
H
ag

gr
eg

at
es

fr
om

de
te
rg
en
t-

tr
ea
te
d
T
G
N

ve
si
cl
es

of
ho
rm
on
e-
tr
ea
te
d
GH
4C
1

ce
ll
s.
GH
4C
1

ce
ll
s
cu
lt
ur
ed

fo
r
2
d

in
th
e
pr
es
en
ce

of
es

tr
ad

io
l,

in
su
li
n,

an
d
EG
F

we
re

la
be
le
d

fo
r
4
mi
n
wi
th

PS
S]
su
lf
at
e
an
d
th
en

pr
oc

es
se

d
ac

co
rd
in
gt

o
th
e
st
an
da
rd

pr
oc
ed
ur
e
ex
ce
pt

th
at

fr
ac
ti
on
s
3+
4
of

th
e
ve
lo
ci
ty

su
cr
os
e

gr
ad
ie
nt

we
re

us
ed

.
['
SS
]s
ul
fa
te
-l
ab
el
ed
T
G
N

ve
si
cl
es

we
re

in
cu
ba
te
d
wi
th

Tr
it
on

X-
10
0

in
no
na
gg
re
ga
ti
ve

(N
A)

or
ag

gr
eg

at
iv

e
(A
)m

il
ie
u,

ce
nt
ri
fu
ge
d,

an
d

pe
ll
et
s(

P)
an
d
su
pe
rn
at
an
ts

(S
)
we
re

an
al
yz
ed

by
SD
S-
PA
GE

fo
ll
ow
ed

by
pr
ot
ei
n
st
ai
ni
ng

(t
op
)
an
d
fl
uo
ro
gr
ap
hy

(b
ot
to
m)

.
On
ly

th
e
re
gi
on

of
th
e
fl
uo
ro
gr
am

co
nt
ai
ni
ng

th
e
Sg
Il

ba
nd

is
sh
ow
n.

Ba
r,

10
A
m

.



(Farquhar and Palade, 1981 ; Orci et al ., 1987 ; Tooze et al .,
1987) . In the present study, we have developed a system in
which biochemical parameters involved in this aggregation
process could be investigated . By using [31S]sulfate to label
the granins selectively in the TGN, and by permeabilizing
TGN vesicles prepared from such cells with saponin, we
could specify the milieu in the lumen of the TGN and thus
identify parameters of the milieu that are involved in the
aggregation process. We found that a decrease in pH and an
increase in the concentration of calcium ions, two param-
eters that we believe are relevant for granin aggregation in
the TGN in vivo, prevented the release of the granins from
saponin-permeabilized TGN vesicles . The lack of release
was not due to low pH and high calcium interfering with the
membrane permeabilization since other lumenal proteins
and GAG chains were released under these conditions . Fur-
ther evidence for the permeabilization ofthe TGN membrane
comes from the observation (not shown) that in the absence
of leupeptin there was substantial and sometimes complete
proteolysis ofthe granins, which most likely was caused by
lysosomal proteases that had access to the granins after sapo-
nin permeabilization of membranes.

Several lines of evidence indicate that the lack ofsolubility
of the granins after permeabilization of the TGN membrane
in the low pH-, high calcium milieu reflected the conserva-
tion of the granin aggregates known to exist in this compart-
ment (Tooze and Huttner, 1990) . First, no pelleting of the
granins was observed when these proteins were first allowed
to diffuse from permeabilized TGN vesicles in nonaggrega-
tive milieu and then exposed to aggregative milieu, or when
a partially purified preparation of these proteins was in-
cubated in aggregative milieu . These observations make it
unlikely that after permeabilization of the TGN vesicles in
aggregative milieu, the granins diffused from the lumen of
the TGN and then formed aggregates which sedimented in-
dependently of the TGN vesicles . Second, EM on immature
secretory granules indicated that membrane permeabiliza-
tion in aggregative milieu allowed the recovery of dense-
cored structures which appeared similar to the bona fide
dense cores of the starting material . Consistent with this ob-
servation, when the membrane of mature secretory granules
was permeabilized in aggregative milieu, the granins re-
mained in an aggregated state although these proteins are
readily solubilized after exocytosis which releases them into
a neutral pH-, low calcium milieu .

Aggregative milieu not only allowed the recovery ofgranin
aggregates from the TGN and immature secretory granules
(and also from mature secretory granules ; data not shown),
compartments in which such aggregates are known to exist,
but was sufficient to induce their formation in the more prox-
imal compartments of the secretory pathway which normally
do not contain dense cores of regulated secretory proteins .
When the membrane of the RER was solubilized in aggrega-
tive rather than nonaggregative milieu, the granins were
found in the pellet . This induction of granin aggregation is
what would be expected if a change in the milieu is the cause
of aggregation in vivo as secretory proteins travel along the
secretory pathway, and if the aggregative milieu used in this
study mimicked the lumenal milieu in the TGN. The aggre-
gation ofthe granins probably occurred simultaneously with
the solubilization of the RER membrane, i.e., when they
were present at a relatively high concentration (presumably
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several mg/ml) since no aggregation was observed when
these proteins were exposed to aggregative milieu at much
lower concentration, after their diffusion from the TGN lu-
men or after their partial purification . It therefore appears
that these proteins must be present at a certain concentration
for the aggregative milieu to be effective . This conclusion is
consistent with previous morphological observations in vivo
(Tooze et al ., 1989) andwith results obtainedon the aggrega-
tion ofthe granins in vitro (Gory et al ., 1989) . A role ofpro-
tein concentration in the aggregation process is further sup-
ported by our finding that after hormone treatment ofGH4C1
cells, which was found to increase granin synthesis and their
concentration in the TGN, a greater proportion of SgII in the
TGN was recovered in an aggregated state than for control
cells.
The calcium concentration of the aggregative milieu cor-

responded to that believed to exist in the lumen of the TGN
of regulated secretory cells (Stoeckel et al ., 1975 ; Ravaz-
zola, 1976 ; Mata et al ., 1987; Roos, 1988) . It is not known
which proportion of the total calcium in the TGN of these
cell types is "free:' However, it should be borne in mind that
not only the "free, but also the "bound" calcium participates
in the aggregation process, because most of the "bound" cal-
cium in the TGN probably reflects the low affinity-, high
capacity-binding to proteins passing through this compart-
ment, the bulk ofwhich is constituted by regulated secretory
proteins.
The reduction in pH and the increase in calcium ion con-

centration exerted a synergistic effect on the aggregation of
the granins . This raises the possibility that the change in one
ofthese parameters is sufficient to trigger granin aggregation
in the TGN in vivo, provided that the other parameter is at
an "aggregative" value. We found that at a free calcium ion
concentration above 1 mM, a change in pH from neutrality
to pH 6.4 was sufficient to recovery SgII in an aggregated
state. Translated to the in vivo situation this may mean that
calcium, which is thought to enter the secretory pathway at
least to some extent at the level of the ER (for review see
Meldolesi et al ., 1990), binds to the granins already in this
compartment but does not promote their aggregation until
they reach the slightly acidic environment of the TGN. If this
is the case, the increase in the level of calcium in the trans-
Golgi area as compared to the ER (Stoeckel et al ., 1975 ;
Ravazzola, 1976 ; Mata et al ., 1987; Roos, 1988) would be
the consequence of the aggregation of secretory calcium
binding proteins . Alternatively, the higher level of calcium
in the trans-Golgi than in the ER may reflect the existence,
at least in regulated secretory cells, ofa calcium uptake sys-
tem in the TGN which causes the calcium ion concentration
to raise above 1 mM, and thereby facilitates granin aggrega-
tion in this compartment . The presence ofa Cal+ATPase in
the Golgi complex of neurons (Mata and Fink, 1989) is con-
sistent with this possibility. At any rate, if the aggregation is
a crucial step in the sorting of the granins, the requirement
of a slightly acidic pH for this process to occur would, alone,
be sufficient to explain the missorting of these proteins in the
presence of weak bases in vivo (Gerdes et al ., 1989) .
The finding that both low pH and calcium were required

for the aggregation of the granins is of interest with respect
to previous observations that in certain neuroendocrine
cells, these proteins are sorted into a subpopulation of se-
cretory granules . For example, in bovine somatomammo-
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trophs, the granins are packaged largely into one population
of secretory granules whereas prolactin and growth hormone
are largely segregated into two other secretory granule popu-
lations (Hashimoto et al ., 1987; Bassetti et al ., 1990) . If the
aggregation of prolactin, growth hormone, and the granins
would be differentially sensitive to the reduction in pH and
the increase in calcium, various aggregates containing pref-
erentially one or the other of these regulated secretory pro-
teins would form in the TGN, giving rise to multiple sub-
populations of secretory granules in the same cell . This
speculation is consistent with the observation that after
removal of the secretory granule membrane with non-ionic
detergent at pH 6.2 in the absence of calcium, prolactin re-
mains aggregated (Giannattasio et al ., 1975) . Another strik-
ing case of differential aggregation has been reported for
Aplysia, in which the two parts of the egg laying hormone
precursor generated by proteolysis form separate aggregates
in the TGN which are packaged into distinct secretory gran-
ules of the same cell (Fisher et al ., 1988 ; Sossin et al .,
1990) .
Both in PC12 and GH4C1 cells, the effect of aggregative

milieu was remarkably selective for the granins when com-
pared with the behavior of the bulk of the proteins present
in the subcellular fractions studied . Furthermore, aggrega-
tive milieu did not affect the release of BiP and PDI, two ER-
resident proteins which have acidic isoelectric points and are
able to bind calcium (Lee, 1987; Macer and Koch, 1988) .
This suggests that the low pH-, high calcium-induced aggre-
gation of the granins involves specific structural features of
these proteins, which is consistent with the hypothesis that
regulated secretory proteins have an inherently higher ten-
dency to aggregate than other types ofsoluble proteins ofthe
secretory pathway. The observation that aggregative milieu
was effective on granins from the RER, i.e ., granins which
were not yet posttranslationally modified, indicates that
these structural features reside in their polypeptide back-
bones .

Interestingly, aggregative milieu did not interfere with the
release of GAG chains, a constitutively secreted bulk flow
marker, from the permeabilized TGN vesicles, showing that
these molecules were excluded from the granin aggregates
under these conditions. Granins isolated from secretory
granules have previously been found to form aggregates at
granule-like pH (pH 5.2-5.9) which excluded various consti-
tutive secretory proteins (Gerdes et al ., 1989 ; Gorr et al .,
1989 ; Hutmer et al ., 1991) . The present data extend these
in vitro observations to the compartment relevant for sorting,
the TGN . Our results support the hypothesis that the selec-
tive aggregation of regulated secretory proteins in the TGN
is a crucial step in their segregation from constitutive secre-
tory proteins and suggest that, in the case of the granins, a
decrease in pH and an increase in calcium, i .e., a change in
milieu towards a TGN-like condition, are sufficient to trigger
this aggregation process .
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