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Multiple trimeric G-proteins on the trans-Golgi network
exert stimulatory and inhibitory effects on secretory
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The role of heterotrimeric G-proteins on the formation
of constitutive secretory vesicles (CSVs) and immature
secretory granules (ISGs) from the trans-Golgi network
(TGN) of PC12 cells was investigated. Using immuno-
fluorescence and subcellular fractionation in conjunction
with immunoblotting or ADP-ribosylation by either per-
tussis toxin or cholera toxin, TGN membranes were
found to contain not only several ai/co G-protein
subunits including apparently «i3, but also os. Pertussis
toxin treatment of cells, which resulted in the
stoichiometric ADP-ribosylation of oi/«0, a modification
known to prevent their coupling to receptors, led to the
stimulation of cell-free CSV and ISG formation,
suggesting the presence of a guanine nucleotide exchange
factor for ai/ao on the TGN. Mastoparan-7, a peptide
known to mimic an activated receptor and to stimulate
nucleotide exchange on ai/«0, inhibited cell-free vesicle
formation, an effect abolished by pertussis toxin. In
contrast, activation of as by cholera toxin treatment of
cells resulted in a stimulation of cell-free CSV and ISG
formation. This stimulation could be reversed when the
« subunits not activated by cholera toxin, i.e. ai/a0, were
activated by GTP+S and [AIF,] . Our results show that
both inhibitory and stimulatory trimeric G-proteins on
the TGN participate in the regulation of secretory vesicle
formation.
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Introduction

Substantial progress has been made over the past several
years, using both biochemical and genetic approaches, in
identifying molecules involved in vesicular transport (for
reviews see Schekman, 1985; Rothman and Orci, 1992).
This work has revealed that GTP binding proteins function
at several steps of this process. Small GTP binding proteins
of the rab family, typified by the yeast sec4 protein (Salminen
and Novick, 1987), are found in association with specific
vesicles and organelles and are thought to have a crucial role
in the targeting of vesicles to, and their fusion with, the
appropriate acceptor organelles (Chavrier et al., 1990;
Fischer von Mollard er al., 1990; for review see Pfeffer,
1992). Another step in vesicular transport, the formation of
vesicles from donor compartments, requires a different class
of small GTP binding proteins, the arf/sar] family (d’Enfert
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et al., 1991; Taylor et al., 1992), which also are localized
to specific compartments (Stearns et al., 1990).

However, the requirement of GTP hydrolysis in vesicle
formation (Tooze et al., 1990; Rexach and Schekman, 1991)
does not only reflect the participation of arf and sar1 in this
process. Recently, several lines of evidence obtained with
mammalian systems have pointed to a role for heterotrimeric
G-proteins in vesicle formation (Balch, 1992; Barr et al.,
1992; Burgoyne, 1992). The G-protein o subunit «i3 has
been shown to be associated with the Golgi complex
(Ercolani et al., 1990; Stow et al., 1991) and overexpression
of this protein leads to an inhibition of constitutive secretion
(Stow et al., 1991). Using a cell-free system which
reconstitutes the formation of constitutive secretory vesicles
(CSVs) and immature secretory granules (ISGs) from the
trans-Golgi network (TGN) (Tooze and Huttner, 1990), a
trimeric G-protein has been shown to inhibit the secretory
process at the level of vesicle formation (Barr ef al., 1991).
Furthermore, a trimeric G-protein appears to regulate the
binding to Golgi membranes of two components of the non-
clathrin coat of Golgi-derived vesicles, 3-COP and arf
(Donaldson ef al., 1991; Ktistakis et al., 1992), which are
believed to be required for vesicle formation (Rothman and
Orci, 1992). Together, these observations suggest that the
molecular machinery mediating vesicle formation is regulated
by trimeric G-proteins.

The receptor-mediated regulation of the classical effector
system operating in signal transduction at the plasma
membrane, adenylate cyclase, occurs via both stimulatory
and inhibitory G-proteins (Gilman, 1987; Taylor, 1990).
Given the existence of such a regulatory network of G-
proteins, we explored the possibility that the same complexity
may be true for the regulation of vesicle formation at the
level of the TGN.

Results

Association of multiple pertussis toxin-sensitive
G-protein o subunits and of (3 subunits with the

TGN of PC12 cells

To operate in the regulation of vesicle formation, a trimeric
G-protein must be associated, or interact, with the donor
compartment. In the epithelial cell line LLC-PK1, the
association of the G-protein subunit ai3 with the Golgi
complex has previously been documented (Ercolani et al.,
1990; Stow er al., 1991). We have recently reported that
a pertussis toxin-sensitive o subunit cofractionates with the
TGN of PC12 cells (Barr et al., 1991). To investigate
whether this o subunit was «i3 and to explore the possibility
that, perhaps « subunits other than «i3 might also be
associated with the TGN, a post-nuclear supernatant (PNS)
of PC12 cells was fractionated by velocity sucrose gradient
centrifugation (Tooze and Huttner, 1990) and the fractions
were analysed by immunoblotting using various anti-G-
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Fig. 1. Presence of multiple G-protein «i and o subunits and of G-protein 8 subunits on TGN membranes of PC12 cells. PC12 cells were

[35S]sulfate-labelled for 5 min (A)—(F) or not labelled (G), and PNSs were prepared and incubated either at 4°C (A), (E) and (F) or at 37°C under
cell-free vesicle formation conditions without (B)—(D) or with (G) pertussis toxin and [32P]NAD, followed by velocity sucrose gradient
centrifugation. Aliquots of the fractions (top of gradient = fraction 1) were analysed as follows. (A) and (E): SDS—PAGE followed by quantitation
of [33S]sulfate-labelled hsPG (open circles) and [35S]sulfate-labelled SglI (filled circles). (B)—(D) and (F): SDS—PAGE using 10% minigels followed
by immunoblotting with antiserum 136A recognizing «il and «i2 (B), antiserum GA/1 recognizing i and ao (C), antiserum 1C recognizing co and
B; only the results for 8 are shown (D), and antiserum EC/2 recognizing «i3 (F). The data shown in (E) and (F) are from a different set of velocity
sucrose gradients than those shown in (A)—(D). Note that in the experiment shown in (A)—(D), the TGN as identified by [35S]sulfate-labelled hsPG
and SglI is largely found in fractions 9—12 and in the pellet (fraction 13) [bars in (B)—(D)], whereas in the experiment shown in (E) and (F), the
TGN peaks in fractions 8—10 (bar in F). (G): SDS—PAGE using urea gels followed by autoradiography. Only the 35—45 kDa region of the gel is
shown. (H) and (I): fractions 9 and 10 of velocity gradients corresponding to (A) and (G), respectively, were pooled and subjected to equilibrium
sucrose gradient centrifugation. Aliquots of the fractions of the two equilibrium gradients (top of gradient = fraction 1) were subjected to either
SDS—PAGE followed by quantitation of [3S]sulfate-labelled hsPG (panel H, open circles) and [35S]sulfate-labelled SgII (panel H, filled circles), or
SDS —PAGE using urea gels followed by quantitation of the sum of [32P]ADP-ribosylated o subunits (I). (A)—(F), (H) and (I): data are expressed as

percentage of total label or immunoreactivity recovered per gradient.

protein subunit antibodies (Figure 1). To identify fractions
containing TGN, we pulse-labelled PC12 cells for 5 min with
[S]sulfate without a subsequent chase, and then followed
the distribution of two sulfated markers, hsPG and SglI,
across the velocity gradient. [Under these conditions, the
two markers are known to be localized in the TGN, whereas
after chase the hsPG and SglI are found in CSVs and ISGs,
respectively (Tooze and Huttner, 1990).] The comparison
of the distribution of the [33S]sulfate-labelled hsPG and SgIl
(Figure 1A) with that of the various G-protein « subunit
immunoreactivities showed that i, co and 8 subunits were
found not only in the top fractions of the gradient which are
known to contain cytosol and organelles such as plasma
membrane (Régnier-Vigouroux ez al., 1991), but also in the
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fractions enriched in TGN (Figure 1IB—D, bars).
Immunoblotting with an antibody against «i3 (for specificity,
see Figure 3C below) suggested that one of the TGN-
associated i subunits was «i3 (Figure 1F). To characterize
further the TGN-associated ai and o subunits, we subjected
a PC12 cell PNS to ADP-ribosylation with pertussis toxin
in the presence of [32PINAD. The PNS was then
fractionated by velocity sucrose gradient centrifugation, and
the fractions were analysed by SDS—PAGE in the presence
of 4 M urea, a condition which allows the separation of the
various ai and «o subunits from one another (Gierschik
et al., 1989). The pattern of ADP-ribosylated « subunits
obtained was compared with published data (Gierschik,
1992) and with immunoblots, using the above antibodies,
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Fig. 2. Localization of i3 to the TGN of PC12 cells by double immunofluorescence. PC12 cells were analysed using sheep anti-TGN38 antiserum

(A) and rabbit antiserum EC/2 recognizing «i3 (B).

of « subunits separated by SDS —PAGE in the presence of
4 M urea (data not shown). This revealed that ail, ai2, ai3,
ol and ao2 were present in PC12 cells (see fraction 1,
Figure 1G), of which at least «i2 and o2 and apparently
ai3 were associated with the TGN under the present
conditions (Figure 1G, bar). The ADP-ribosylated ai/ao
subunits found in the TGN-containing fractions of the
velocity gradient comigrated with the TGN, again identified
by [35S]sulfate pulse-labelled hsPG and SgII (Figure 1H),
upon equilibrium sucrose gradient centrifugation (Figure 1I).

The subcellular localization of the «i3 subunit in PC12
cells was also investigated by immunofluorescence using the
anti-i3 antiserum. To visualize the TGN, PC12 cells were
stained with a sheep antibody against TGN38, an integral
membrane protein found predominantly, though not
exclusively, in the TGN (Luzio et al., 1990). The
immunoreactivity observed with this antibody in the
perinuclear region of the cells (Figure 2A) showed the
characteristic pattern of the TGN (Griffiths et al., 1985)
previously reported for PC12 cells (Rosa et al., 1992).
Comparison by double immunofluorescence of the TGN38
pattern (Figure 2A) with that observed with the anti-ai3
antibody (Figure 2B) revealed that a major portion of the
«i3 immunoreactivity was clearly colocalized with the TGN
structures stained with anti-TGN38. In addition to the
staining of the TGN, the anti-«i3 antibody gave a punctate
staining extending into the periphery of the cells (Figure 2B),
consistent with the results shown in Figure 1F (presence of
«i3 in fractions 2—6) and with observations (Birnbaumer
et al., 1990; Ausiello et al., 1992) indicating that «i3 is not
exclusively localized to the Golgi complex.

ADP-ribosylation of «i and co subunits by pertussis
toxin results in stimulation of cell-free formation of
constitutive secretory vesicles and immature secretory
granules

Pertussis toxin-catalysed ADP-ribosylation of «i and «o
subunits blocks their ability to interact functionally with
receptor proteins which, when activated, stimulate the
exchange of GDP for GTP and thereby activate o subunits
(Birnbaumer et al., 1990; Gierschik and Jakobs, 1992). We
used pertussis toxin as a tool to investigate a possible role

of ai and «o subunits in the formation of secretory vesicles
from the TGN. For this purpose, it was important to
determine whether treatment of intact cells with pertussis
toxin resulted in stoichiometric ADP-ribosylation of ai/c0
subunits. This was investigated by ‘back-ribosylation’, i.e.
the titration of unmodified «i/c0 subunits by ADP-
ribosylation with additional pertussis toxin and [*?P][NAD
in vitro. In contrast to a PNS from untreated PC12 cells,
which contained non-ADP-ribosylated «i/cco subunits as
revealed by back-ribosylation (Figure 3A top, left lane), the
PNS from pertussis toxin-treated cells contained no
detectable unmodified ci/co subunits (Figure 3A top, right
lane). Immunoblotting showed that this was not due to the
lack of ai/ceo subunits in pertussis toxin-treated cells. In fact,
pertussis toxin-treated cells contained higher levels of «i than
untreated cells. Thus, pertussis toxin treatment of PC12 cells
resulted in the stoichiometric ADP-ribosylation of ai/ao
subunits.

Further support for this conclusion was obtained when the
electrophoretic mobilities of metabolically labelled o
subunits, immunoprecipitated from control and pertussis
toxin-treated PC12 cells, were analysed (Figure 3C). Using
SDS —polyacrylamide gels with half the normal
concentration of bisacrylamide, which improves the
separation of i and o subunits, it was observed that all
of the i3 from pertussis toxin-treated cells migrated more
slowly than that from control cells, presumably because it
had been modified stoichiometrically with ADP-ribose. In
contrast, the migration of the 3 subunit, which does not
become ADP-ribosylated by pertussis toxin (Gierschik and
Jakobs, 1992), was unaffected. Consistent with the results
of immunoblotting (Figure 3A, bottom), pertussis toxin-
treated PC12 cells contained a higher level of metabolically
labelled «i3 than control cells (Figure 3C).

ADP-ribosylation of i and o subunits by pertussis toxin
requires that these « subunits are in the trimeric state
(Gilman, 1987; Gierschik and Jakobs, 1992). Thus, GTPS
binding to o subunits, which results in their dissociation from
the B subunits, prevents their ADP-ribosylation by pertussis
toxin (Ribeiro-Neto et al., 1987). Given our previous
observation that GTP+S inhibits secretory vesicle formation
from the TGN (Tooze et al., 1990) and the data of Figure 1
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Fig. 3. Effects of pertussis toxin and of GTPyS on G-protein «
subunits of PC12 cells. (A) PC12 cells were incubated without (—) or
with (+) pertussis toxin (Ptx), and aliquots of the PNS prepared from
the two sets of cells were subjected to either pertussis toxin-catalysed
ADP-ribosylation with [32P]NAD followed by SDS—PAGE and
autoradiography (top), or SDS—PAGE followed by immunoblotting
using antiserum 136A recognizing «il and «i2 and antiserum EC/2
recognizing «i3, both at 1:1000 dilution. Only the 40 kDa region of
the immunoblot is shown (bottom). (B) A PC12 cell PNS was
incubated in the absence (—) or presence (+) of 10 uM GTPS. and
a fraction enriched in TGN membranes was prepared and subjected to
pertussis toxin-catalysed ADP-ribosylation with [32P]NAD followed by
SDS—PAGE and autoradiography. (C) PC12 cells were labelled for
16 h with [35S]methionine in the absence (Con) or presence (Ptx) of
pertussis toxin, and aliquots of the two cell lysates were subjected to
immunoprecipitation using antiserum 1C recognizing oo and 3
subunits, normal rabbit serum (—). or antiserum EC/2 recognizing
«i3, as indicated. Samples were analysed by SDS—PAGE using low
bisacrylamide followed by fluorography. Note the slower
electrophoretic mobility of «i3 upon pertussis toxin treatment
(asterisk). Arrowheads indicate a0 and/or ai subunits. the arrow
indicates 3 subunits.

that various «i and «o subunits are associated with the TGN
of PC12 cells, it was of interest to determine whether
addition of GTP~S actually leads to the activation of TGN-
associated «i/ao under the conditions used for cell-free
vesicle formation. As shown in Figure 3B, this appeared to
be the case since GTPvS reduced by ~70% the amount of
TGN-associated «i/«o subunits that were available for ADP-
ribosylation by pertussis toxin, i.e. that were in the trimeric
state.

The consequence of pertussis toxin-catalysed ADP-
ribosylation of «i/ao subunits on the formation of secretory
vesicles from the TGN was investigated using the previously
established cell-free system (Tooze and Huttner, 1990,
1992). In this system, [*S]sulfate-labelled hsPG and SgII
are packaged into CSVs and ISGs, respectively, upon in vitro
incubation of a PCI12 cell PNS. As shown in Figure 4,
pertussis toxin treatment of PCI2 cells resulted in a
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Fig. 4. Upon pertussis toxin treatment of intact PC12 cells, vesicle
formation in the cell-free system is stimulated. and can still be
inhibited by the trimeric G-protein activators GTPyS and [AlF,]~.
PC12 cells were incubated without (Con) or with (Ptx) pertussis toxin,
[35S]sulfate-labelled for 5 min, and the PNS prepared from the two
sets of cells was used for cell-free vesicle formation reactions in the
absence or presence of 10 uM GTPyS or of 40 uM AP+ plus 6 mM
F~ ([AlF4] ™), as indicated. The formation of hsPG-containing [(A)
and (C)] and Sgll-containing [(B) and (D)] post-TGN vesicles was
quantitated. (A) and (B) vesicle formation upon pertussis toxin
treatment is expressed as percentage of that observed in the absence of
the toxin. The mean of five separate experiments is shown. Bars
indicate the standard deviation. (C) and (D) vesicle formation in the
presence of GTPyS or [AIF,]~ is expressed as percentage of that
observed in the absence of these compounds; all reactions were carried
out with a PNS from pertussis toxin-treated cells. The means of three
separate experiments (GTP+S) or four separate reactions from two
different experiments ([AlF,]~) are shown. Bars indicate the standard
deviation.

stimulation of the cell-free formation of both hsPG-containing
(panel A) and Sgll-containing (panel B) post-TGN vesicles.
This observation strongly suggested that in the control
condition, at least some of the TGN-associated «i/co
subunits were in an active state, i.e. inhibitory for vesicle
formation, as a consequence of stimulation of guanine
nucleotide exchange by a component which acted similarly
to a G-protein-coupled receptor.

Pertussis toxin-catalysed ADP-ribosylation, although
blocking the interaction of «i/ao subunits with receptors,
does not prevent the binding of GTP+S to these subunits
(Gierschik and Jakobs, 1992). Since cell-free vesicle
formation is performed at low magnesium concentration
(Tooze and Huttner, 1992), there should be sufficient
intrinsic exchange of GDP for GTP~S even when the ai/ao
subunits are ADP-ribosylated by pertussis toxin. Receptor
activation of « subunits is also not required in the case of
[AlF4]~, which binds to o subunits in the GDP state
(Chabre, 1990). One would therefore expect that both
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Fig. 5. Differential effect of pertussis toxin on the formation of CSVs
and ISGs. PC12 cells were incubated without (Control) or with
pertussis toxin, [33S]sulfate-labelled for 5 min, and the PNS prepared
from the two sets of cells was incubated to allow cell-free vesicle
formation followed by velocity sucrose gradient centrifugation.
Fractions 2—5, known to contain post-TGN vesicles (Tooze and
Huttner, 1990), were pooled and subjected to a second, equilibrium
sucrose gradient centrifugation. Aliquots of the fractions of the two
equilibrium gradients (top of gradient = fraction 1) were subjected to
SDS—PAGE and analysed for [35S]sulfate-labelled hsPG (open circles)
and [33S]sulfate-labelled SglI (filled circles). Data are expressed as
percentage of total labelled hsPG or SglI recovered per gradient. The
mean of two independent experiments is shown; bars indicate the
variation of the individual values from the mean.

GTP4S and [AIF,]~ should still inhibit the cell-free
formation of post-TGN vesicles after pertussis toxin
treatment. As shown in Figure 4, this was found to be the
case for both CSVs (panel C) and ISGs (panel D).

Effect of pertussis toxin-catalysed ADP-ribosylation of
ai and «o subunits on the biogenesis and/or
properties of the immature secretory granules formed
in the cell-free system

We previously reported that G-protein 3+ subunits, when
added to the cell-free system, not only stimulate post-TGN
vesicle formation, but in addition cause partial missorting
of Sgll into CSVs (Barr ez al., 1991). Both addition of By
subunits and pertussis toxin treatment, result in a reduction
of the level of dissociated, active ai/oco subunits (Gilman,
1987; Birnbaumer ez al., 1990; Taylor, 1990). We therefore
investigated whether pertussis toxin treatment, in addition
to stimulating post-TGN vesicle formation, would also affect
the sorting of SgII in the cell-free system. Confirming
previous observations (Tooze and Huttner, 1990), the
analysis of the post-TGN vesicles formed in the cell-free
system by equilibrium sucrose gradient centrifugation
showed that in the control condition, the hsPG and SgII had
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Fig. 6. Mastoparan inhibits cell-free vesicle formation in the PNS
prepared from normal, but not pertussis toxin-treated, PC12 cells.
PC12 cells were incubated without or with pertussis toxin (Ptx),
[35S]sulfate-labelled for 5 min, and the PNS prepared from the two
sets of cells was used for cell-free vesicle formation reactions in the
absence or presence of 1 M mastoparan-7 (Mas). The formation of
hsPG-containing (top panel) and Sgll-containing (bottom panel) post-
TGN vesicles was quantitated and is expressed as a percentage of that
observed in the control condition (Con; no pertussis toxin, no
mastoparan-7). The means of four (Con, Mas) or three (Ptx,

Ptx +Mas) separate experiments are shown. Bars indicate the standard
deviation. In the conditions indicated by the asterisks, the variation of
the Ptx+Mas value from the Ptx value was calculated for each
experiment and expressed as a percentage of the latter. The bar
marked with the asterisk indicates the mean of this variation (12%)
after multiplication by 1.8, i.e. the ratio of Ptx over Con.

been packaged into two distinct populations of vesicles, the
CSVs peaking in fraction 7 and the ISGs peaking in fraction
9, respectively (Figure 5, top). Upon treatment of PC12 cells
with pertussis toxin, the distribution of SgII on the sucrose
gradient changed significantly towards the position of the
CSVs containing the hsPG, with the peak of SgII now being
in fraction 8 (Figure 5, bottom). This effect of pertussis toxin
treatment reflects either a partial missorting of SglI to CSVs
or a reduction in the buyoant density of the ISGs formed
in the cell-free system.

Activation of «i/ao via the receptor binding site
inhibits secretory vesicle formation

The observation that pertussis toxin-catalysed ADP-
ribosylation of ai/co, which would prevent their functional
interaction with receptors, stimulated the cell-free formation
of secretory vesicles from the TGN (Figure 4, panels A and
B) suggested that compounds which stimulate the guanine
nucleotide exchange on ai/ao subunits might affect secretory
vesicle formation in an opposite manner to pertussis toxin,
i.e. inhibit this process. The peptide mastoparan, which
mimics an activated, i.e. ligand-occupied, receptor
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Fig. 7. Presence of a G-protein as subunit on TGN membranes of
PC12 cells. (A) PCI2 cells were [35S]sulfate-labelled for 5 min, and a
PNS was prepared, incubated either at 4°C (filled circles) or at 37°C
under cell-free vesicle formation conditions (open circles) and subjected
to velocity sucrose gradient centrifugation. Aliquots of the fractions
(top of gradient = fraction 1) were subjected to either SDS—PAGE
followed by quantitation of [33S]sulfate-labelled hsPG and [35S]sulfate-
labelled SglI, or SDS—PAGE using urea gels followed by
immunoblotting using antiserum RM/1 recognizing as subunits. Data
are expressed as percentage of total labelled hsPG or SglI, or of total
as immunoreactivity (open circles) recovered per gradient. Since the
hsPG and SglI curves were virtually identical, the mean of the two
curves (filled circles) is shown for reasons of clarity. (B) PC12 cells
were either [35S]sulfate-labelled for 5 min, or not labelled, followed by
the preparation of a PNS. The unlabelled PNS was incubated at 37°C
under cell-free vesicle formation conditions with cholera toxin and
[32P]NAD, while the labelled PNS was kept at 4°C. Both PNSs were
subjected to velocity sucrose gradient centrifugation, and fractions 9
and 10, known to contain TGN membranes (Tooze and Huttner,
1990), were pooled and subjected to a second, equilibrium sucrose
gradient centrifugation. Aliquots of the fractions of the two equilibrium
gradients (top of gradient = fraction 1) were subjected to
SDS—PAGE and analysed for [35S]sulfate-labelled hsPG, [3S]sulfate-
labelled Sgll and [32P]ADP-ribosylated as subunits (open circles).
Data are expressed as percentage of total label recovered per gradient.
Since the hsPG and SgII curves were virtually identical, the mean of
the two curves (filled circles) is shown for reasons of clarity.

(Higashijima et al., 1990), is such a compound. We
therefore investigated the effects of mastoparan on the
formation of CSVs and ISGs in the cell-free system. Indeed,
addition of 1 uM of mastoparan-7, a potent mastoparan
analogue (Higashijima ez al., 1990), to the cell-free system
inhibited the formation of both CSVs (Figure 6 top) and ISGs
(Figure 6 bottom). A lesser inhibition of cell-free secretory
vesicle formation was found with 0.1 uM mastoparan-7;
results of an experiment using a higher concentration (10
#M) of mastoparan-7 could not be reliably interpreted
because substantial amounts of SgII were found in fraction
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1 of the velocity gradient, indicating partial lysis of
membrane vesicles by the amphiphilic peptide (Higashijima
et al., 1990) (data not shown).

If the inhibitory effect of mastoparan-7 occurred via the
receptor binding site of ai/a0, rather than being due to other
effects of the peptide, one would expect that no inhibitory
effect should be seen in a PNS prepared from pertussis toxin-
treated cells because of the stoichiometric ADP-ribosylation,
and hence structural alteration, of this specific site. As shown
in Figure 6, this was found to be the case since the pertussis
toxin-induced stimulation of cell-free vesicle formation was
not reduced by the addition of mastoparan-7.

Association of a cholera toxin-sensitive as subunit
with the TGN of PC12 cells

The presence of multiple pertussis toxin-sensitive ai/ao
subunits on the TGN of PC12 cells triggered the question
whether another class of « subunit, the cholera toxin-
sensitive as subunit, might also be associated with TGN
membranes. We investigated this question using the antibody
RM/1 (Simonds et al., 1989) which detected in PC12 cells,
by both immunoblotting and immunoprecipitation, a single
specific immunoreactive band corresponding to the heavy
form of as (data not shown). When a PNS of PC12 cells
pulse-labelled with [3*S]sulfate was fractionated by velocity
sucrose gradient centrifugation and the fractions analysed
by immunoblotting with this antibody, the vast majority of
immunoreactivity was found in the top fractions of the
gradient (Figure 7A) which are known to contain the cytosol
and organelles such as plasma membrane and early
endosomes (Régnier-Vigouroux et al., 1991). Interestingly,
however, a small peak of as immunoreactivity was detected
in fractions 10— 12 which in this particular velocity sucrose
gradient contained the peak of [33S]sulfate pulse-labelled
hsPG and SglI indicative of the position of the TGN
(Figure 7A). To obtain further evidence for the association
of as with the TGN, a PC12 cell PNS was subjected to
cholera toxin-catalysed ADP-ribosylation with [>2P]NAD
and subjected to velocity sucrose gradient centrifugation.
Consistent with our previous report (Barr et al., 1991), this
type of analysis did not provide sufficient evidence for the
TGN association of an ADP-ribosylated band corresponding
to as (data not shown). However, when velocity gradient
fractions containing TGN were subjected to a second,
equilibrium sucrose gradient centrifugation, the comparison
of the distribution of ADP-ribosylated as subunits across
this second gradient with that of the TGN as identified by
[33S]sulfate pulse-labelled hsPG and SgII clearly showed
comigration (Figure 7B). Thus, a small amount of the as
subunits of PC12 cells are associated with the TGN as
indicated by subcellular fractionation.

The subcellular localization of the as subunits in PC12
cells was also investigated by double immunofluorescence
using the sheep anti-TGN38 antibody and the rabbit antibody
RM/1 against «s. Consistent with the predominant
localization of as subunits in the cytosol as well as on the
plasma membranes and early endosomes as observed by
subcellular fractionation, the anti-as antibody gave a diffuse,
punctate staining of the cells (Figure 8, right). Interestingly,
a small portion of the as immunoreactivity was associated
with structures which, by comparison with the pattern of
immunoreactivity observed with anti-TGN38 (Figure 8, left),
could be identified as TGN (arrowheads in Figure 8). Thus,
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Fig. 8. Localization of as to the TGN of PC12 cells by double immunofluorescence. PC12 cells were analysed using sheep anti-TGN38 antiserum
(left) and rabbit antiserum RM/1 recognizing as (right). Arrowheads indicate the TGN.

a small amount of the «s subunits of PC12 cells are
associated with the TGN as indicated by double
immunofluorescence.

Activation of as subunits by cholera toxin stimulates
cell-free formation of constitutive secretory vesicles
and immature secretory granules
ADP-ribosylation of as subunits by cholera toxin inhibits
their intrinsic GTPase activity, thereby leading to their
irreversible activation (Cassel and Pfeuffer, 1978; for review
see Gilman, 1987). Upon treatment of PCI2 cells with
cholera toxin, we found that the level, in the PNS, of as
subunits that could serve as cholera toxin substrate in back-
ribosylation experiments was <25% of that in a PNS from
control cells, without a similar reduction in the as level as
determined by immunoblotting (data not shown). Given the
association of s subunits with the TGN of PC12 cells and
the ability to activate them by cholera toxin-catalysed ADP-
ribosylation, we investigated whether cholera toxin treatment
of PC12 cells had an effect on secretory vesicle formation
in the cell-free system. As shown in Figure 9, cholera toxin
treatment resulted in the stimulation of the cell-free formation
of CSVs (top panel) and, to a lesser extent, ISGs (bottom
panel). In contrast to the effect of pertussis toxin (Figure 5),
cholera toxin did not significantly change the distribution
of SglI across the equilibrium gradient (data not shown).
The results described so far are consistent with the idea
that the as and ai/ao subunits associated with the TGN of
PC12 cells, when activated, exert opposite regulatory effects
on secretory vesicle formation, as stimulating and «i/ao
inhibiting this process. If this is the case, activation of ai/c0
should, at least partially, antagonize the effect of cholera
toxin on secretory vesicle formation. We therefore
investigated the effect of GTP~S and [AIF,]~ on cell-free
vesicle formation in a PNS prepared from cholera toxin-
treated PC12 cells. Both GTP+S and [AlF,]~ reverted the
stimulation by cholera toxin of the formation of CSVs
(Figure 9 top) and ISGs (Figure 9 bottom). The relative
degree of inhibition of cell-free vesicle formation by GTP~S
and [AIF,] ™ in this condition was similar to that seen in the
PNS prepared from control cells (cf. Barr et al., 1991), i.e.
the absolute level of cell-free vesicle formation in the
presence of GTP+S and [AlF,]~ was still higher in the PNS
from cholera toxin-treated cells than that from control cells.
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Fig. 9. Upon cholera toxin treatment of intact PC12 cells, vesicle
formation in the cell-free system is stimulated, and can still be
inhibited by the trimeric G-protein activators GTPyS and [AlIF,]~.
PC12 cells were incubated without (Con) or with (Ctx) cholera toxin,
[35S]sulfate-labelled for 5 min, and the PNS prepared from the two
sets of cells was used for cell-free vesicle formation reactions in the
absence or presence of 10 uM GTP+S or of 40 uM AL+ plus 6 mM
F~ ([AIF4]7), as indicated. The formation of hsPG-containing (top
panel) and Sgll-containing (bottom panel) post-TGN vesicles was
quantitated and is expressed as percentage of that observed in the
absence of the toxin (Con). The mean of three (no asterisks) or two
(asterisks) separate experiments is shown; bars without asterisks
indicate the standard error and bars with asterisks the variation of the
individual values from the mean.

Discussion

Presence of as and ci/aco on the TGN and their
opposing effects on secretory vesicle formation
We have shown that both as and «@i/co subunits regulate
the formation of secretory vesicles from the TGN. The
effects of these two classes of « subunit were opposite to
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each other, as stimulating and «i/co inhibiting vesicle
formation when activated. Thus, the picture emerging from
this and previous studies (Barr ez al., 1991; Donaldson et al.,
1991; Stow et al., 1991; Ktistakis er al., 1992) is that
secretory vesicle formation, which has been viewed as a
constitutive event, is in fact a highly regulated process.

Since both as and several ai/ao subunits were found to
be associated with TGN membranes of PC12 cells, the
simplest explanation for the effects of pertussis toxin and
cholera toxin on vesicle formation is that they were the result
of a direct action of these toxins on the TGN-associated o
subunits. This conclusion is supported by several
observations. First, as shown for pertussis toxin, virtually
all ai/ao molecules present in the cells, and therefore also
the TGN-associated ai/cto, were ADP-ribosylated upon toxin
treatment of the cells. Second, after such treatment, the G-
protein activator mastoparan-7 added to the cell-free system
no longer inhibited vesicle formation. Since the action of
mastoparan-7 on cell-free vesicle formation from the TGN
requires that the ai/o subunits on the TGN are in an
activatable state, the loss of the mastoparan effect upon
pertussis toxin treatment implies that the TGN-associated
ai/ao subunits were the target of the toxin. Third, cyclic
AMP, the second messenger generated upon cholera toxin
treatment of cells (Gilman, 1987), and phosphodiesterase
inhibitors had no effect on vesicle formation in the cell-free
system (M.Ohashi and W.B.Huttner, unpublished
observations).

The presence of multiple o subunits on the TGN extends
previous work which had demonstrated the association of
«i3 with the Golgi complex (Ercolani et al., 1990; Stow
et al., 1991). It will be important to investigate the molecular
basis for targetting the various « subunits to the TGN, and
to determine whether the membrane association of these
subunits is subject to regulation. It will also be interesting
to study whether the ai/ao and the as subunits associated
with the TGN are TGN-resident proteins or associate with
this compartment only transiently and leave it with the newly
formed secretory vesicles. In this context, it should be
mentioned that secretory granules have previously been
shown to contain ai/co and as subunits (Toutant et al.,
1987; Rotrosen et al., 1988; Watson et al., 1992).

Given the opposing effects of activated as and ai/ao
subunits on cell-free vesicle formation, how can one explain
that GTP4S and [AIF,]~, which activate all of these «
subunits (Bourne et al., 1991), inhibit vesicle formation? Our
interpretation is that when both as and ai/«ao subunits are
active, the ai/ao subunits are dominant with respect to
vesicle formation, possibly because the levels of ai/ao
subunits exceed those of as (Gilman, 1987). This is
supported by our observation that the stimulation of vesicle
formation upon as activation by cholera toxin was reverted
by the addition of GTP~S or [AlF,]~, which activated the
o subunits not activated by cholera toxin, i.e. ai/a0. The
inhibition of vesicle formation by mastoparan-7, which
presumably activated not only ai/co but also as, is also
consistent with this interpretation.

Receptors and effectors

The trimeric G-protein activator [AlF4]~, while inhibiting
vesicle formation from the TGN (Barr ef al., 1991),
promotes the binding to Golgi membranes of 3-COP and
arf (Donaldson et al., 1991) which are believed to be
required for vesicle formation (Rothman and Orci, 1992).
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These observations are puzzling if one assumes that the basic
machinery for vesicle formation is the same in the two
systems in which these observations were made. The
association of as with TGN membranes may resolve this
issue. Given the stimulatory effect of activated as on vesicle
formation, one possible explanation is that the increased (-
COP and arf binding seen upon addition of [AlF,]~ may
be related to the activation of s rather than ai/a0. Although
evidence exists that the binding of B-COP to Golgi
membranes observed in vitro can be regulated by a pertussis
toxin-sensitive trimeric G-protein (Ktistakis et al., 1992),
our interpretation would be consistent with data supporting
a direct arf—Gs interaction (Kahn, 1990).

The regulation of secretory vesicle formation by multiple
G-proteins poses two important questions. First, are there
guanine nucleotide exchange factors which stimulate the
TGN-associated « subunits, and, if so, what are they? Our
observation that cell-free vesicle formation is increased upon
pertussis toxin treatment implies that such guanine nucleotide
exchange factors were acting on ai/co in the cell-free system
in the control condition. It will be interesting to investigate
whether these factors are (i) seven transmembrane domain
receptors (Taylor, 1990), (ii) single transmembrane domain
receptors like the insulin-like growth factor II/mannose-
6-phosphate receptor which couples to «i2 (Okamoto et al.,
1990), and/or (iii) proteins like GAP-43 which stimulates
nucleotide exchange on «o (Strittmatter et al., 1991).

Second, what are the effector systems mediating the
stimulation and inhibition of vesicle formation by as and
ai/ao, respectively? One possibility is that there is one
common effector system on which both as and ai/co act.
Alternatively, as and ai/cco may exert their effects on vesicle
formation via distinct effector systems. This second
possibility is consistent with the putative relationship between
the binding of components of the non-clathrin coat to Golgi
membranes and as rather than ai/ao (see above), which
might indicate that the latter o subunits exert their inhibitory
effects on vesicle formation via an effector system other than
coat proteins.

This possibility is also consistent with our observation that
pertussis toxin treatment, besides stimulating cell-free vesicle
formation, had a second effect, i.e. a decrease in the
segregation of SgIl from the hsPG as measured by
equilibrium sucrose gradient centrifugation. The latter may
indicate partial missorting of SgII to CSVs upon pertussis
toxin treatment, as was previously observed upon addition
of B subunits to the cell-free system (Barr et al., 1991).
On the other hand, since in contrast to these previous findings
the distribution of SgII across the gradient still showed a
single peak, it is also possible that pertussis toxin treatment
resulted in a selective decrease in the buoyant density of the
ISGs formed in the cell-free system. Whatever the
explanation, the multiplicity of effects of trimeric G-proteins
on secretory vesicle formation indicates that a regulatory
network of unexpected complexity is involved in this process.

Materials and methods

Cell culture and metabolic labelling

PCI12 cells were grown in DMEM supplemented with 10% horse serum
and 5% fetal calf serum (growth medium) as previously described (Tooze
and Huttner, 1990). Labelling of cells with carrier-free [35S]sulfate
(Amersham) and L-[35S]methionine (Amersham) was performed as follows.



[35S)Sulfate pulse-labelling. PC12 cells (15 cm dishes) were incubated for
30 min at 37°C in 10% CO, in 10 ml of sulfate-frre DMEM (DMEM
lacking sulfate with 1% of the normal methionine and cysteine concentration)
supplemented with 1% dialysed horse serum and 0.5% dialysed fetal calf
serum. Following medium change (new volume: 5 ml), the cells were placed
on a rocker, received 4 mCi per dish of [33S]sulfate and were incubated
for another 5 min.

Long-term [35S]methionine labelling. PC12 cells (15 cm dishes) were
incubated for 30 min at 37°C in 10% CO, in 10 ml of methionine-free
MEM supplemented with 2% horse serum and 0.1% fetal calf serum.
Following medium change, the cells received 500 pCi per dish of
[35S]methionine and were incubated for 16 h.

Cell-free vesicle formation

A PNS was prepared from [35S]sulfate pulse-labelled PCI12 cells and
incubated for 60 min at 37°C as described in detail previously (Tooze and
Huttner, 1990, 1992), except that unlabelled PAPS was omitted. 10 uM
GTPS or 40 uM AICl; plus 6 mM KF ([AlF,] ~) were added as indicated
in the figure legends. The mastoparan analogue mastoparan-7
(INLKALAALAKALL-NH,) (Higashijima et al., 1990) was added from
a | mM stock in 10 mM HEPES —KOH (pH 7.2) to a final concentration
of 1 uM.

Separation of CSVs and ISGs

CSVs and ISGs were separated from the TGN by velocity sucrose gradient
centrifugation as described (Tooze and Huttner, 1990, 1992), and the gradient
fractions were analysed by SDS—PAGE and fluorography. When indicated,
fractions 2—5 of the velocity gradient, containing the bulk of post-TGN
vesicles, or fractions 9 and 10, containing TGN, were subjected to
equilibrium sucrose gradient centrifugation as described (Tooze and Huttner,
1990, 1992) using the modified sucrose gradient as described in Barr ez al.
(1991). The fractions from the equilibrium gradient were analysed by
SDS—PAGE and fluorography.

Isolation of TGN membranes after GTPyS treatment of the
PNS

A PNS prepared from [35S]sulfate pulse-labelled PC12 cells as above was
incubated for 20 min at 4°C with 100 xM ATP in the absence or presence
of 10 uM GTP+S. TGN membranes were then isolated from the PNS as
will be described in detail elsewhere (F.A.Barr and W.B.Huttner, manuscript
in preparation). Briefly, the PNS was centrifuged for 30 min at 110 000
gona0.8/1.2 M sucrose step gradient, and the 0.8/1.2 M interphase was
collected. After 16 h on ice, aliquots of the interphase were used for cell-
free ADP-ribosylation by pertussis toxin as described below.

Treatment of PC12 cells with pertussis toxin or cholera toxin
PC12 cells (15 cm dishes) were incubated for 16 h at 37°C in 10% CO,
in 40 ml growth medium, supplemented with 4 ug of either pertussis toxin
(a gift from Dr M.Witvliet, Bilthoven, the Netherlands) or cholera toxin
(Calbiochem). Pertussis toxin was added from a stock solution of 1.8 mg/ml
in 4 M MgCl,, 25 mM Tris—HCI, pH 7.8; cholera toxin was added from
a stock that had been reconstituted to 1 mg/ml in | mM EDTA, 200 mM
NaCl, 50 mM Tris—HCI, pH 7.5.

Cell-free ADP-ribosylation

For activation, the above stock solutions of pertussis toxin and cholera toxin
were mixed 1:1 with 50 mM DTT and incubated for 30 min at 37°C. For
some experiments, the above pertussis toxin stock was first diluted with
0.5 vol of water and then mixed with the DTT.

Back-ribosylations. Back-ribosylation reactions were performed using 10
ul aliquots of either PC12 cell PNS or TGN membranes in a final reaction
volume of 100 ul. The final reaction mixture contained either: 9 ug/ml
activated pertussis toxin, 0.25 mM DTT (from the activation reaction), 20
mM MgCl, (from the pertussis toxin stock), 20 mM EDTA, 1 mM ATP,
0.1 mM GTP, 20 yuM NAD, 10 mM thymidine, 25 mM Tris—HCIl, pH
7.5, 0.25 M sucrose and 100 xCi/ml [32P]NAD (NEN, 800 Ci/mmol); or:
50 pg/ml activated cholera toxin, 2.5 mM DTT (from the activation reaction),
10 mM MgCl,, | mM EDTA, 1 mM ATP, 0.1 mM GTP, 20 uM NAD,
10 mM thymidine, 25 mM Tris—HCI, pH 7.5, 100 mM potassium
phosphate, pH 7.0, 0.25 M sucrose and 100 xCi/ml [32P]JNAD. Incubations
were for 60 min at 37°C. Samples were analysed by SDS—PAGE and
autoradiography.
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Identification of toxin substrates by ADP-ribosylation. A PNS from unlabelled
PC12 cells was subjected to cell-free vesicle formation as described (Tooze
and Huttner, 1990, 1992), except that 10 mM thymidine was included in
the homogenization buffer. In addition, for pertussis toxin reactions,
magnesium acetate was omitted from the homogenization buffer and the
EDTA concentration was raised to 2 mM. For cholera toxin reactions,
sodium sulfate in the homogenization buffer was reduced from 1.6 to 0.8
mM and 0.8 mM sodium phosphate were added. In addition to the ingredients
of the homogenization buffer, samples contained either: 1 pg/ml activated
pertussis toxin, 42 yuM DTT (from the activation reaction), 2.25 mM
MgCl, (from the pertussis toxin stock; yielding a final free magnesium
concentration in the reaction of ~0.25 mM), 10 uM NAD, and 20 pCi/ml
[32P]NAD; or: 4 pg/ml activated cholera toxin, 0.2 mM DTT (from the
activation), 10 uM NAD and 20 xCi/ml [32P]NAD. After incubation for
60 min at 37°C, samples were subjected to sequential velocity and
equilibrium sucrose gradient centrifugation, and the distribution of
[32P]ADP-ribosylated G-protein « subunits in the gradient fractions was
determined by SDS—PAGE and autoradiography.

Immunoprecipitation of G-protein subunits

Unless otherwise indicated, all steps were performed at room temperature.
[35S]methionine-labelled PC12 cells were washed at 4°C with PBS and
lysed in lysis buffer (0.5% SDS, 50 mM sodium phosphate, pH 7.2, 1 mM
DTT; 2 ml per 15 cm dish). Lysates were passed through a 20-gauge needle
(10 times up and down), boiled for 2 min, and centrifuged for 5 min at
13 000 r.p.m. in an Eppendorf centrifuge in order to remove debris. Aliquots
of 250 ul of the resulting supernatant (cleared lysate) were diluted with 1
ml of 1.25X detergent buffer, yielding (at 1 X concentration) 150 mM NaCl,
10 mM sodium phosphate, pH 7.2, 1% sodium deoxycholate, 1% Nonidet
P40, 0.5% SDS and 1 mM DTT. For immunological preclearing, the
following procedure was performed twice consecutively: the diluted cleared
lysate received 2 ul of normal rabbit serum (giving an estimated final
concentration of 15 pg/ml of total IgG) and was incubated for 30 min on
a rotating wheel, followed by the addition of 10 ul of a 10% suspension
of pansorbin cells (Calbiochem) in 1 X detergent buffer, a further incubation
for 60 min and centrifugation for 5 min at 13 000 r.p.m. in an Eppendorf
centrifuge to remove the pansorbin cells. For specific precipitations, the
resulting supernatant then received 2 ul of antiserum EC/2, antiserum 1C
or normal rabbit serum and was incubated for 30 min on a rotating wheel,
followed by the addition of 10 ul of a 10% suspension of pansorbin cells,
a further incubation for 60 min and centrifugation for S min at 13 000 r.p.m.
in an Eppendorf centrifuge. The pansorbin cell pellets were washed five
times with 1x detergent buffer, and the immunoprecipitated material was
eluted from the cells by boiling in Laemmli sample buffer and analysed
by SDS—PAGE and fluorography.

SDS — PAGE and immunoblotting

SDS —PAGE was performed and gels were processed as described (Lee
and Huttner, 1983), in some experiments with the following modifications.
To achieve separation of G-protein «i and o subunits, 10% polyacrylamide
separating gels (but not stacking gels) were prepared using acrylamide stock
solutions with half the normal bisacrylamide concentration
(acrylamide:bisacrylamide, 30:0.4). To separate different G-protein i and
«o subunits from each other, long (32 cm separating gel) 4 M urea/8%
polyacrylamide —SDS gels were used and run at 15 mA in the cold-room
(Gierschik ez al., 1989). Immunoblotting was performed according to
standard procedures, using 25 mM Tris/190 mM glycine containing 20%
methanol as transfer buffer (minigels: 20 V, 1 h on ice, Genieblotter, Idea
Scientific Company; long urea gels: 30 mA, 16 h in the cold-room). Blocking
of the nitrocellulose sheets was performed either in PBS containing 10%
low fat milk powder for 2 h at room temperature, or in PBS containing
5% BSA overnight at 4°C. The anti-G-protein antisera were used at 1:500
to 1:1000 dilutions. Immunoreactive G-protein o and 8 subunits were
revealed either by incubation with ['2%I]protein A (0.4 pCi/ml final;
Amersham), or using the ECL system (Amersham) according to the
manufacturer’s instructions.

Antibodies

The following polyclonal rabbit antisera were used. From NEN (Simonds
et al., 1989): EC/2 [recognizing i3; some cross-reactivity with ao has
been reported but was not observed under our conditions of
immunoprecipitation (see Figure 3C)], RM/I(recognizing as) and GA/2
(recognizing ail —3 and a0l and 2). Antibody 136A (recognizing cil and
ai2) was a gift from Dr P.Gierschik (Heidelberg, Germany), and antibody
1C (recognizing o and 3 subunits) was a gift from Dr L.van der Voorn
(Amsterdam, The Netherlands). Sheep antiserum against TGN38 was a gift
of Dr G.Banting (Bristol, UK).
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Quantitations

Quantitation of autoradiograms, fluorograms and immunoblots was perform-
ed by densitometric scanning using the Pharmacia—LKB ultroscan XL. Vesi-
cle formation was determined using the hsPG as a marker for CSVs and
Sgll as a marker for ISGs and was calculated as described previously (Tooze
and Huttner, 1990, 1992) with minor modifications as follows. For each
marker, the values obtained in velocity gradient fractions were first expressed
as percentage of total per gradient. The percentage values of fractions 1—5
of the 4°C sample were then subtracted from the percentage values of frac-
tions 1—35 of the various 37°C incubations to give the budding efficiencies
of CSVs and ISGs. The budding efficiencies were then expressed as percen-
tages, with the budding efficiency of the control condition being set to 100
as indicated in the figure legends.

Immunofiuorescence

Double immunofluorescence of paraformaldehyde-fixed PC12 cells was
performed using standard procedures (see Rosa et al., 1989). Sheep anti-
TGN38 antiserum, rabbit antiserum EC/2 against «i3, and rabbit antiserum
RM/1 against as were used at 1:50 dilution, and the secondary antibodies
were fluorescein-conjugated donkey anti-sheep and rhodamine-conjugated
goat anti-rabbit (Dianova).
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