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GTP-binding proteins or GTPases are versatile cyclic
molecular switches (reviewed in Gilman, 1987; Bourne
et al., 1990, 1991). In the past few years there has been
an explosion of interest in unraveling their role in mem-
brane traffic (reviewed in Bourne, 1988; Balch, 1990).
GTP-binding proteins are classified into two broad
families: the ras-like monomeric GTP binding proteins
and the heterotrimeric G proteins. Evidence from ge-
netics, immunolocalization, and functional assays has
established that two subfamilies of monomeric GTP-
binding proteins, the rab and ARF subfamilies, are re-
quired for membrane traffic (reviewed in Pfeffer, 1992;
Rothman and Orci, 1992). More recently, attention has
turned to the role of heterotrimeric G proteins in mem-
brane traffic (reviewed in Balch, 1992; Barr et al., 1992).
This review will focus solely on the recent data that
suggest that heterotrimeric G proteins are involved in
membrane traffic.

CLASSICAL CYCLE OF HETEROTRIMERIC G
PROTEINS

Heterotrimeric G proteins transduce extracellular signals
to intracellular effectors through coupling with trans-
membrane receptors (Figure 1, Classical Model) (re-
viewed in Gilman, 1987; Kaziro et al., 1991). In their
“inactive” state, heterotrimeric G proteins are a complex
of &, B, and 7 subunits in which the guanine nucleotide
binding site of the a subunit is occupied by GDP. When
an extracellular signal in the form of a ligand binds to
a receptor (or when light interacts with rhodopsin), the
ligand-receptor complex catalytically acts as a guanine
nucleotide release factor (GRF), causing the a subunit
to release GDP. The G protein with an “empty” guanine
nucleotide binding site on its « subunit has an increased
affinity for the receptor. However, the complex is tran-
sient because the high concentration of intracellular GTP
drives binding of GTP onto the « subunit (reviewed in
Ross and Gilman, 1980; Hamm, 1990). Binding of GTP
causes the G protein to dissociate into & and By subunits.
The free GTP-bound a subunit can now activate a
downstream effector. There are a broad range of such
effectors, including adenylyl cyclases, phospholipases,
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and ion channels (Kaziro et al., 1991). In the next step,
the G, subunit will spontaneously hydrolyze its bound
GTP to GDP. Consequently, the G, reassociates with
the 8y subunit, returning the system unidirectionally to
the beginning of the cycle.

The « subunits are thought to provide the principal
specificity to each type of G protein. About 20 varieties
of a subunits are known, some having well-defined
specificities for particular receptors and effectors (re-
viewed in Simon et al., 1991). In contrast, there is less
heterogeneity in 8 and vy subunits and only recently
have differences in their functions been investigated
(reviewed in Lefkowitz, 1992). The classic view is that
the role of By is to complex with and inactivate the «
subunit.

However, there is now considerable evidence indi-
cating that 8+ also acts on effectors. Jelsema and Axelrod
(1987) showed that the By subunit of G, stimulated
phospholipase A,. Logothetis et al. (1987) showed that
By activated a K* channel. Although this result was
originally controversial, it recently has been confirmed
and extended (Ito et al., 1992). Perhaps the most re-
vealing case is control of adenylyl cyclase by G;. Studies
using purified recombinant adenylyl cyclases of various
isoforms have shown that purified 8y stimulates types
II and IV cyclase, inhibits type I cyclase, and has no
effect on other types of cyclase (Tang and Gilman, 1991).
G,, in the GTPvS-bound form, i.e., dissociated from
By, must be present for By to have these effects on
types I, II, and IV cyclases. Furthermore, experiments
on whole cells show that 8y can affect adenylyl cyclase
in vivo (Federman et al., 1992). In the case of the yeast
Saccharomyces cerevisiae, 8y alone apparently carries the
signal to the downstream effector (Blumer and Thorner,
1991). Very recently, 8y has been shown to bind to the
B-adrenergic receptor kinase and target this kinase to
the membrane (Pitcher et al., 1992). This is, as far as
we know, the first demonstration of a physical inter-
action between 8y and a protein other than G,.

A commonly used test to show that a heterotrimeric
G protein is involved in a given process, such as mem-
brane traffic, is to add purified 8y to the system. Often
this will antagonize the activation of a G protein, and
this is usually interpreted as being due to the 8y com-
plexing with and inactivating the a subunit (Northup
et al., 1983). However, it can be very difficult to sort
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out the role of By in crude systems. If addition of By
antagonizes the activation of a G protein, then this can
be either due to the By complexing with the a subunit
or alternatively to a direct inhibitory effect of the 8y on
the downstream effector.

A NEW ROLE FOR HETEROTRIMERIC G
PROTEINS AS A REGULATORY ELEMENT
IN MEMBRANE TRAFFIC

Our knowledge of the classical G protein cycle can be
a very useful guide to understanding how G proteins
function in membrane traffic. As we review the data on
this new topic, it is worthwhile to keep in mind how
well these data fit with or contradict the classical G pro-
tein paradigm.

Traditionally G proteins act as signal transducers at
the plasma membrane. One clue that they may have
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Figure1. Comparison of classical and new models
for G protein function. The first two steps are largely
in common for both models. The models diverge
significantly at step 3, with the classical model of
signal transduction shown at the left and the new
model of membrane traffic shown at the right. In
step 1, ligand binds to the receptor, causing a con-
formational change in the receptor. In the case of
the pIgR, phosphorylation of a serine on the cyto-
plasmic domain of the receptor can also cause a
change. (Phosphorylation of other receptors has
other functions, such as desensitization.) In step 2
the receptor interacts with the G,4,. The G, disso-
ciates its GDP. In step 3 the receptor is associated
with the G protein in the nucleotide-free state. This
complex is thermodynamically stable, but ordinarily
transient as the high concentration of GTP in the
cytosol drives GTP binding to the G,. In the new
model we speculate that the nucleotide-free G pro-
tein may now interact with a sorter molecule. This
sorter may also occlude the nucleotide-binding site,
maintaining the G protein in the nucleotide-free
state, at least temporarily. In step 4 GTP has bound
to the G, subunit, which therefore dissociates from
the By. The G, and/or By subunits then interact
with downstream effectors. In the classical model,
these are typically adenylyl cyclase, phospholipases,
ion channels, etc. In the new model, this may be a
sorter protein and/or coat protein. Finally in step 5
the GTP is hydrolyzed. The complex dissociates and
the G protein return to step 1. In the new model
the receptor and ligand are sorted into a vesicle. It
is also possible that sorting is not into a discrete
carrier vesicle but into a particular part of a complex
tubular structure. Although (and unlike the classical
model) the new model does not provide a mecha-
nism for the G protein to amplify a signal, the model
could easily be modified to provide for amplication.
For instance, one active G, and/or 8y molecule
could cause the binding of multiple coat proteins to
the membrane.

another function(s) is the finding that there are intra-
cellular pools of heterotrimeric G proteins, both bound
to internal membranes (Codina et al., 1988; Ali et al.,
1989), and for G,,, also free in the cytoplasm (Ransnés
et al., 1989; Negishi et al., 1992; Bomsel and Mostov,
unpublished data). One may speculate that these intra-
cellular pools perform different functions (e.g., acting
in membrane trafficking) from the G proteins at the
plasma membrane.

One major approach to demonstrate that G proteins
are involved in membrane traffic is to show that various
agents that alter G protein function have effects on
membrane traffic steps. Many toxins and other agents
(listed in Table 1) have specific effects on the unidirec-
tional cycling of G proteins. The effects of these agents
on membrane traffic are summarized in Table 2.

The original indication that G proteins are involved
in membrane traffic was the finding several years ago
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Table 1. Probes for G protein function

Nucleotide analogues'
GTP+S

GDPgs

AlF~

Enzymes
Pertussis toxin

Cholera toxin
Other compounds
Mastoparan

Mellitin benzakonium
chloride,
methylbenzetonium

Hydrolysis resistant analogue of GTP. Long-lived activation of heterotrimeric G proteins and monomeric
GTP-binding proteins.

Stable analogue of GDP that cannot be converted to GTP. Prevents activation of heterotrimeric G
proteins and monomeric GTP-binding proteins. Commercial preparations often contaminated with
other nucleotides.

Phosphate analogue that binds in pocket where y-phosphate usually binds. Binds to and activates GDP-
bound form of all heterotrimeric G proteins tested. No effect on any monomeric GTP-binding protein
tested. Also acts on protein phosphatases, enzymes of phosphoinositol metabolism, ATPases, and
other enzymes

ADP-ribosylates G;, and G, subunits. Prevents their interaction with receptors, thereby inactivating
these G proteins.
ADP-ribosylates G, subunits. Blocks intrinsic GTPase activity of G,,, thereby activating G,.

Fourteen residue peptide from wasp venom. Very basic and probably forms amphipathic helix that
mimics the part of cytoplasmic domain of receptors that couples to G; and G,. Accelerates nucleotide
exchange and thereby activates G;, and G,,. Much less effect on other GTP-binding proteins. Also
acts on phospholipase A,, calmodulin, nucleotidases.

Amphipathic peptide (mellitin) or amines that may work by a similar mechanism to mastoparan. Not
very specific.

Table 2. Involvement of heterotrimeric G proteins in membrane traffic

Golgi transport

Transport from cis to medial

Golgi

In vivo transport through

Golgi

Production of constitutive and
regulated secretory vesicles

from TGN

Endosome function and
polarized sorting

Endosome-endosome fusion

Production of transcytotic
vesicles containing pIgR

Coat protein binding
B-COP

v-Adaptin

ARF

GTP«S or AlF,” block transport and lead to accumulation of nonclathrin-coated vesicles (Melancon
et al., 1987; Taylor et al., 1992).

Over-expression of transfected G,; 3 (normally found in Golgi) slows intra-Golgi traffic. Pertussis
toxin reverses this effect and accelerates traffic in non-transfected cells (Stow et al., 1991).

GTP+S or AlF,” block vesicle production. Pertussis toxin partially prevents GTP~S inhibition.
Addition of purified 8y stimulates vesicle production (Barr et al., 1991).

GTP+S and AlF,” stimulates fusion with low cytosol but inhibits fusion with high cytosol. Both
effects of GTP+S are reversed by mastoparan and related compounds. Purified 8 inhibits fusion
stimulated by GTP+S in low cytosol (Colombo et al., 1992).

Stimulated by cholera toxin, GTPYS, or AlF,” and by binding of ligand to pIgR or phosphorylation
of plgR. Inhibited by depletion of G,, from cytosol and stimulated by addition of recombinant
G, (GDP-bound form only). Addition of By stimulates, but only when G,, is also present.
(Bomsel and Mostov unpublished data)

Binding to membranes blocked by BFA. Binding promoted by GTP+S, AIF,", or mastoparan,
which antagonize BFA. Pertussis toxin blocks ability of mastoparan to antagonize BFA. Addition
of By blocks binding. Binding can be divided into an ARF and GTPyS dependent membrane
activation step, which is BFA-sensitive, and a 8-COP binding step, which does not require free
ARF or GTPYS and is not affected by BFA (Donaldson et al., 1992; Klausner et al., 1992;
Ktistakis et al., 1992).

Binding blocked by BFA. Binding promoted by GTP«S or AlF,”, which antagonize BFA. In MDCK
and PtK; cells, y-adaptin binding is sensitive to BFA, whereas 3-COP binding is not. This may
reflect presence of different G proteins or receptors in these cells (Robinson and Kreis, 1992).

Binding blocked by BFA. Binding promoted by GTPvS, which antagonizes BFA. Binding is not
affected by AlF,~, which does not activate ARF, suggesting that ARF must be in GTP-bound
state to bind. Addition of By blocks ARF binding (Donaldson et al., 1991b, 1992).
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that GTP~S (a nonhydrolyzable analogue of GTP) and
complexes of aluminum and fluoride (probably AlF,7),
which bind to the GDP-bound form of some GTP-
binding proteins and mimic the 4 phosphate of GTP
(reviewed in Chabre, 1990), inhibited various steps in
the secretory (Melancon et al., 1987) and endocytotic
pathways (Mayorga et al., 1989). It was not clear at the
time if these agents were acting on monomeric GTP-
binding proteins and /or heterotrimeric G proteins. Very
recently it was found that AlF,” acts on many (perhaps
all) heterotrimeric G proteins but not on any of the six
different monomeric GTP-binding proteins tested
(Kahn, 1991). This indicates that the AlF,” effects were
not due to an effect on monomeric GTP-binding pro-
teins (Barr et al., 1992). However, AlF,” also affects
many other enzymes, such as protein phosphatases,
ATPases, and enzymes involved in phosphinositol me-
tabolism (Chabre, 1990). Therefore, one cannot simply
equate an effect of AlF,~ with heterotrimeric G protein
involvement.

Further, more direct evidence for the involvement of
heterotrimeric G proteins in traffic has come recently
from in vivo and in vitro studies of the Golgi, trans
Golgi network (TGN), early endosomes, and regulated
secretory granules.

Gi,.3 is normally partially bound to the cytoplasmic
surface of membranes of the Golgi apparatus (Ercolani
et al., 1990; Stow et al., 1991). Overexpression of G;,-3
by transfection slows traffic of proteoglycans through
the Golgi. Pertussis toxin (PTX), which ADP-ribosylates
Gi, and G,, and thereby prevents their activation by
receptors, antagonizes the effect of overexpressing
Gi..3 and even accelerates secretion in untransfected cells
expressing normal levels of G;,.;. Hence, G;,.; appears
to tonically repress, rather than constitutively promote,
traffic through the Golgi.

In vitro budding of both constitutive and regulated
secretory vesicles from the TGN is inhibited by GTPyS
or AlF,” (Barr et al., 1991), suggesting that activation of
a G protein inhibits this budding. In contrast, addition
of purified By stimulated budding of these vesicles. This
was interpreted as resulting from By complexing with
a, thereby driving the formation of the inactive G,g,
complex and antagonizing the action of GTPvS or AlF,".
However, as discussed above, $y could alternatively
act directly on a downstream effector. Treatment with
PTX mitigates the inhibitory effect of GTPyS, which
suggests that tonic activation of a G; or G, causes in-
hibition of vesicle budding. These results, as well as
those described in the preceding paragraphs, are con-
sistent with the classical scheme of the G protein cycle.

Fusion of endosomes in an in vitro system also seems
to involve a G protein, although in this case the inter-
pretation of the data is less clear (Colombo et al., 1992).
GTP~S stimulates fusion when the endosome fusion
assay is performed in a low concentration of cytosol
(<0.5 mg/ml) but inhibits fusion when a high concen-
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tration of cytosol is used (>1.0 mg/ml). It is not clear
why the effect of this agent is biphasic, although in vivo
the concentration of cytosolic proteins is far higher than
even the highest amount used in these studies. AlF,~
gave inhibition at high cytosol, but activation at low
cytosol was not observed.

Mastoparan was used to provide further insight. It is
a peptide toxin from wasp venom that resembles the
cytoplasmic loop of G-protein coupled receptors and
thereby acts as a GREF for certain G proteins (G; and G,,,
but not G;) (Higashijima et al., 1988). Mastoparan re-
versed both the activation and inhibition of fusion pro-
duced by GTP~S under low and high cytosol conditions,
respectively. It must be pointed out that mastoparan
also affects many other proteins, such as phospholipase
A;, calmodulin, and nucleotidases (Argiolas and Pisano,
1983; Barnette et al., 1983; Malencik and Anderson,
1983) and therefore (like AIF,") an effect of mastoparan
cannot be equated with involvement of a heterotrimeric
G protein. Other amphiphilic peptides and hydrophobic
amines that, like mastoparan, can act as GRFs also re-
versed the GTP~S effect, although these may have the
same sort of low specificity as mastoparan.

Addition of purified By also inhibited the GTPyS
stimulated fusion found at a low cytosol concentration.
These results do not easily fit with the conventional
view of the G protein cycle and hint that something
more complicated may be occurring. Mastoparan would
be expected to increase nucleotide exchange and mimic
the effect of GTPyS, whereas 8y should have the op-
posite effect. The authors of this study reconcile these
data by proposing that two G proteins are involved.
Activation of one G protein by mastoparan would cause
the production of free 8y, which would then complex
with and inactivate a second G protein.

The notion that two heterotrimeric G proteins can
have antagonistic effects through coupling via a com-
mon (v subunit was originally proposed for regulation
of adenylyl cyclase, which is stimulated by G, and in-
hibited by G; (for review, see Gilman, 1987). At least
in theory, networks of interacting heterotrimeric G pro-
teins can provide for complex patterns of regulation,
and it would not be surprising if multiple heterotrimeric
G proteins are involved in other membrane traffic
events. As above, another possible explanation for the
data on the endosome fusion assay is that the free 8y
acts directly on a downstream effector.

For some years GTP-binding proteins have been
known to be involved in the exocytosis of regulated
secretory granules (reviewed in Gomperts, 1990). At
least two GTP-binding proteins are thought to be in-
volved. A heterotrimeric G protein acts in a conventional
signal transduction role to couple a plasma membrane
receptor to a phospholipase that generates intracellular
second messengers. A second GTP-binding protein acts
downstream of the phospholipase and apparently is in-
volved in the terminal stages of exocytosis. Recent ev-
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idence indicates that this latter GTP-binding protein is
affected by pertussis toxin and mastoparan and is
therefore probably a G; or G, (Aridor and Sagi-Eisen-
berg, 1990).

BINDING OF COAT PROTEINS TO
MEMBRANES: A TARGET FOR REGULATION
BY HETEROTRIMERIC G PROTEINS

Recent data indicate that G proteins regulate the binding
of components of coated vesicles, which transport
membrane from one organelle to another. Two types
of coated vesicles, clathrin coated and nonclathrin
coated, have been characterized. Clathrin-coated vesi-
cles consist of a membraneous vesicle enclosed in a
clathrin protein basket. They travel from the plasma
membrane to early endosomes and from the TGN to
early and/or late endosomes. The clathrin lattice is
bound to the membrane by an intermediate layer of so-
called adaptor complexes. Two types of adaptor com-
plexes, HA1/AP1 and HA2/AP2, have been described
and are found in clathrin-coated vesicles derived from
the TGN and plasma membrane, respectively (Pearse
and Robinson, 1990).

Nonclathrin-coated vesicles are believed to be in-
volved in transport between stacks of the Golgi and
probably other steps in the secretory pathway (Duden
et al., 1991; Serafini et al., 1991a; Waters et al., 1991;
Rothman and Orci, 1992). Analogous to clathrin-coated
vesicles, the major constituent of the coat of these ves-
icles is the “coatamer,”” a complex of proteins that cycle
between cytosolic and membrane-bound forms. The
coatamer has several subunits. The best characterized
subunit, 8-COP, is homologous to the 100 to 116-kDa
adaptin subunits of adaptor complexes, and it has been
suggested that other subunits of the coatamer may be
homologous to other components of clathrin-coated
vesicles. The exact role of the coatamer (and other coat
proteins) remains unclear—it may be to form vesicles,
pinch off vesicles, or prevent formation of long tubules
(Klausner et al., 1992). The fungal metabolite brefeldin
A (BFA) prevents the binding to membranes of at least
three types of coat proteins: 3-COP, y-adaptin (found
in the HA1/AP1 adaptor complex in TGN-derived
clathrin-coated vesicles) (Klausner et al., 1992; Robinson
and Kreis, 1992; Wong and Brodsky, 1992), and a novel
200-kDa protein recently described by Narula et al.,
(1992). In contrast, BFA has no effect on binding of the
a-adaptin found in the HA2 /AP2 adaptor complex from
plasma membrane-derived coated vesicles. These results
reinforce the idea of functional specificity for each type
of adaptor.

HETEROTRIMERIC G PROTEINS AND AREF:
TWO INTERACTING CLASSES OF GTP-
BINDING PROTEINS THAT CONTROL

COAT ASSEMBLY

The monomeric GTP-binding protein ADP-ribosylation
factor (ARF) is another component of both nonclathrin-
coated (Serafini et al., 1991b) and clathrin-coated ves-
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icles (Lenhard et al., 1992). At least eight ARF-like genes
have been cloned (Kahn et al., 1992). It has been spec-
ulated that individual species of ARF may be localized
to specific organelles and may be involved in targeting
vesicles to the correct compartment (reviewed in Roth-
man and Orci, 1992).

The binding of ARF to membranes is prevented by
BFA (Donaldson et al., 1991a), and the binding of ARF,
coatamer, and the y-adaptin to membranes seems to be
regulated by a heterotrimeric G protein(s). First, whereas
BFA prevents the binding of all three of these proteins
to the membrane, GTPYS promotes their binding and
prevents the effect of BFA. AlF,” promotes binding of
B-COP and y-adaptin to Golgi membranes (Donaldson
et al., 1991b; Klausner et al., 1992; Robinson and Kreis,
1992). However, AlF,~ does not promote the binding
of ARF to membranes. As ARF is activated by GTPvS,
but not by AlF,”, this result suggests that ARF must be
in the GTP-bound state to bind to membranes. Second,
binding of 8-COP and coatomer to Golgi membranes
is a two-step process (Donaldson et al., 1992). The first
step is an activation step that requires ARF and GTPyS
and is inhibited by BFA. The second step is binding of
coatomer to the activated membranes; this does not re-
quire free ARF or GTP+S and is not inhibited by BFA.
Third, at least for 3-COP and ARF, preincubation with
purified By prevents the action of GTPYS (Donaldson
et al., 1991a). This may be due to 8y binding to « to
drive the formation of inactive G,g,, or 8y may directly
act on a downstream effector. Fourth, mastoparan pro-
motes -COP binding to Golgi membranes and antag-
onizes the effect of BFA (Ktistakis et al., 1992). ADP-
ribosylation of G; or G, by PTX is known to prevent
activation of these G proteins by mastoparan. Pretreat-
ment with PTX was found to largely prevent the ability
of mastoparan to antagonize the effect of BFA. This
further supports the hypothesis that a G; or G, is in-
volved in B-COP binding. Fifth, cytosolic ARF confers
sensitivity to GTP+vS on in vitro intra-Golgi transport
and vesicle formation (Taylor ef al., 1992). However,
AlF,™ inhibits this transport even in the absence of ARF,
suggesting that a heterotrimeric G protein is also in-
volved.

Taken together these data suggest the following
scheme (Donaldson et al., 1991a, 1992; Klausner et al.,
1992). Ordinarily ARF is in the GDP-bound form, which
is soluble. An active G, and/or By acts as a GRF for
ARF and causes ARF to release GDP and bind GTP.
BFA may interfere with the guanine nucleotide ex-
change process (see below). The GTP-bound form of
ARF binds to membranes. Membrane binding may ini-
tially be rather non-specific, but the ARF may subse-
quently interact with a component on certain mem-
branes, resulting in high affinity specific binding of ARF
to a particular membrane. ARF in turn causes other coat
proteins, such as 8-COP, to assemble onto the mem-
brane.
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OTHER POSSIBLE FUNCTIONS FOR ARF

Other data raise the reciprocal possibility that ARF may
also be a GRF for a G protein. The N-terminal 17 amino
acids of ARF are essential for its function (Kahn et al.,
1992). A synthetic peptide corresponding to this se-
quence antagonizes the effects of ARF and blocks many
membrane traffic events. This ARF peptide physically
resembles mastoparan and several other compounds
that act as GRFs, i.e,, it is very basic and potentially
forms an amphipathic helix. This peptide may therefore
act like mastoparan, both on heterotrimeric G proteins
and on other proteins. In the endosome fusion assay,
at least, the ARF peptide gives exactly the same profile
of complex effects as mastoparan (Lenhard et al., 1992).
One possibility, therefore, is that a normal function of
AREF is to act as a GRF for certain G proteins and that
its basic amphipathic N-terminal region normally in-
teracts with G proteins. Alternatively, the effect of the
ARF peptide on membrane traffic events in vitro may
simply be due to the basic amphipathic properties of
the peptide, which may nonspecifically activate certain
G proteins. It should be kept in mind that although ARF
was discovered as a cofactor for the cholera toxin-cat-
alyzed ADP-ribosylation of G,, (Kahn and Gilman,
1984), ARF acts on the cholera toxin molecule, not the
G; (Gill and Coburn, 1987; Bobak et al., 1990). Given
all of these uncertainties, it is difficult to draw unam-
biguous conclusions about the role of ARF and the sig-
nificance of the ARF peptide.

AREF is also involved in assembly of the nuclear en-
velope (Boman et al., 1992). However, this process is
reportedly not sensitive to AlF,". This result raises the
possibility that ARF may have a function in membrane
traffic that is independent of an AlF,” sensitive hetero-
trimeric G protein. Alternatively, the heterotrimeric G
protein involved already may have been activated under
the conditions of this assay.

Although AREF is clearly important in Golgi traffic in
yeast, we are not aware of a report of the involvement
of a heterotrimeric G protein in membrane traffic in
yeast. Given the evidence for heterotrimeric G protein
involvement in mammalian cells, it is likely that a het-
erotrimeric G protein(s) is involved in yeast. It is possible
that, as in the case of signal transduction, only the 8y
subunit is needed for yeast membrane traffic. Traffic in
yeast may involve an unidentified and possibly quite
divergent member of the heterotrimeric G protein family
(o and/or B7).

FURTHER LESSONS FROM THE
INVOLVEMENT OF G, IN REGULATION
OF POLARIZED MEMBRANE TRAFFIC

Recent work from our laboratory has suggested an ad-
ditional role for G proteins and has allowed a detailed
dissection of the molecular mechanism involved. Po-
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larized epithelial cells have separate apical and baso-
lateral surfaces, which have very different protein and
lipid compositions (reviewed in Bomsel and Mostov,
1991; Mostov et al., 1992). These cells must sort plasma
membrane proteins to the correct destination. The only
branch point for polarized sorting common to all epi-
thelial cells is in early endosomes, to which proteins are
delivered after endocytosis from one surface. In early
endosomes these proteins are sorted into vesicles for
recycling, degradation, or transcytosis to the opposite
surface.

As a model system to study this sorting process, we
have used the polymeric immunoglobulin receptor
(pIgR). This receptor is normally endocytosed at the ba-
solateral surface and sorted in the early endosome into
vesicles that are transcytosed to the apical surface. In
vivo, sorting of the plgR is controlled by two indepen-
dent signals—phosphorylation of Ser®®* in the cyto-
plasmic domain of the pIgR and binding of the ligand
dimeric IgA (dIgA) (Bomsel et al., unpublished data).
The stimulation of transcytosis by ligand binding sug-
gests that pIgR is a signal transducing receptor and may
be coupled to a G protein. Supporting this hypothesis,
treatment of whole cells with AlF,~ or cholera toxin,
which activate G;, increases transcytosis. Although
cholera toxin is often considered to be specific for G;,
in fact it ADP-ribosylates many other proteins quite ex-
tensively, and so an effect of cholera toxin is not defin-
itive evidence that G, is involved (Gill and Coburn,
1987).

To analyze the potential role of G, directly, we de-
veloped a perforated cell system to study the budding
of transcytotic vesicles containing pIgR from early en-
dosomes. To demonstrate that budding requires G, we
took advantage of the observation that activated G,
dissociates from the By (which is anchored to the mem-
brane by an isoprenyl group) and is at least partially
released into the cytosol (Ransnés et al., 1989; Negishi
et al., 1992) of G,,. This may be a consequence of the
fact that G,, lacks N-terminal myristoylation. Our trans-
cytotic vesicle budding reaction requires addition of
crude cytosol. We found that removal of G,, from the
added cytosol inhibits budding of transcytotic vesicles,
irrespective of stimulation by phosphorylation and/or
ligand binding. This indicates that the G, is required for
vesicle budding and also suggests that it acts down-
stream from these two signals. Recombinant G,, can
replace endogenous G,,. To our knowledge this is the
only membrane traffic system where the involvement
of a G, protein has been definitively demonstrated by
addition of the purified G,. However, we found that
this recombinant G,, must be added in the GDP-bound
form, which presumably is able to bind 8+ in the mem-
brane. G,, added in the GTP¥S bound form could not
restore activity to our assay. This is a puzzling obser-
vation, as in the classic model only the GTPyS-bound
form of G, is competent to act on the downstream ef-
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fector. One possible explanation is that the GDP-bound
form of G, has a direct role in this process. For instance,
the GDP-bound form of G, may have a high affinity
for the pIgR, as discussed below. This would be anal-
ogous to the recent proposal that GDP-bound G, has
a direct role in other systems (Bourne and Stryer, 1992).

A non-mutually exclusive explanation is that in our
system the heterotrimeric G,g, form of the G, is an ob-
ligate step in the reaction. This possibility prompted us
to examine the involvement of 8vy. Indeed we found
that both the a and By subunits of G, are directly in-
volved in transcytotic sorting. In most of the other sys-
tems described above, addition of purified 8y antago-
nized the effect of agents that activate G proteins, such
as GTPvS. As mentioned above, these results were in-
terpreted as indicating that the added 8y complexed
with and inactivated G, . In contrast, in our assay, ad-
dition of purified B stimulates budding. This is the first
indication that in a membrane trafficking process, 8y
does not act by simply complexing with the G, subunit
and instead acts on a downstream effector. However,
G;, must be present for v to stimulate budding. Our
result is analogous to the recent demonstration that both
G, and By synergistically stimulate type II adenylyl
cyclase, although in that case the G,, must be in the
GTP~S-bound form (Tang and Gilman, 1991). How-
ever, in the case of the pIgR we do not know what
protein is acted on by 8v. The 8y may target a protein
to the membrane, as has been suggested for 3-adrenergic
receptor kinase (Pitcher et al., 1992).

G; appears to be part of the machinery for sorting
plgR specifically into transcytotic vesicles, as G; is not
involved in recycling of transferrin from the same early
endosomes back to the basolateral plasma membrane.
G, is thus the first identified component of the machin-
ery involved in polarized sorting in epithelial cells. We
have proposed a model for transcytotic sorting of pIgR
(Bomsel et al., unpublished data) (Figure 1, New Model).
Ligand binding and/or Ser®®* phosphorylation inde-
pendently causes the receptor to bind to and activate
G;, which is the first step in this signal transducing
pathway. We hypothesize that the pIgR interacts with
a “‘sorter”” molecule, which would be the downstream
effector of the activated G;. This sorter may be or may
interact with a complex of coat proteins, perhaps in-
cluding ARF. A 108-kDa protein that is enriched in
transcytotic vesicles may be a component of the coat
(Sztul et al., 1991). Binding of this protein is apparently
controlled by G; (Sztul, personal communication). Our
evidence suggests that both the G, and 8y subunits act
synergistically, presumably by binding to the sorter. The
By has been shown to interact with some receptors,
such as rhodopsin (Kelleher and Johnson, 1988). It is
possible that By interacts directly with the pIgR. The
complex of ligand, pIgR, sorter, and possibly one or
both subunits of the G, are then sorted into transcytotic
vesicles. Eventually, hydrolysis of GTP by G, returns
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the cycle to the starting point. The net result of activation
of G, may be to increase the concentration of pIgR in
transcytotic vesicles and/or to increase production of
transcytotic vesicles.

Transcytosis of pIgR bound to its ligand, dIgA, is
strongly inhibited by BFA (Hunziker et al., 1991b).
However, we found that when the pIgR is not bound
to its ligand, transcytosis of pIgR is not blocked by BFA.
One possible explanation is that ligand binding causes
the pIgR to induce the binding of a BFA-sensitive coat
protein. Without ligand, bound transcytosis may not
need this coat protein, binding of the coat protein may
be insensitive to BFA, or transcytosis may utilize a dif-
ferent pathway. Nevertheless, irrespective of ligand
binding, transcytosis (or at least budding of transcytotic
vesicles) cannot occur in the absence of G,,, indicating
that this step is downstream. Identifying the effector of
G; will help resolve this puzzle.

LIGAND-RECEPTOR INTERACTION MAY
REGULATE MEMBRANE TRAFFIC
THROUGH G PROTEIN ACTIVATION:

A WORKING HYPOTHESIS

We further speculate that the pIgR may be a general
model for other receptors that transport various ligands
to their proper intracellular destination (Figure 1, New
Model). These ligands would be particular cargo mol-
ecules (soluble or membrane bound) moving through
various secretory or endocytotic pathways. Some of
these cargo molecules may be newly synthesized or
newly endocytosed, whereas others could be recycling.
At appropriate locations, such as branch points, these
cargo molecules would bind to receptors that would in
turn activate G proteins. Much as in the case with the
plgR and G, these G proteins may interact with a sorter.
This sorter may be or may interact with a coat protein.
The net result would be to increase (or in some cases
decrease) the concentration of cargo in a vesicle and/
or to induce (or in some cases inhibit) the formation of
vesicles to carry the cargo to the proper destination.
Traffic would thereby respond to the amount of cargo.
It is also possible that G protein activation sorts cargo
not into carrier vesicles but into specific portions of
complex tubular or tubulovesicular structures (see
below).

Although the only example of a receptor so far iden-
tified that appears to use a mechanism of G protein
activation for sorting is the pIgR, a second possible ex-
ample could be the IGF II/Man-6-P receptor that de-
livers lysosomal enzymes from the TGN to endosomes.
This receptor is also coupled to G;., despite the fact that
it spans the membrane only once (Okamoto et al., 1990).
Binding of one ligand, insulin-like growth factor-II (IGF-
II), stimulates G;_, Binding of Man-6-P, and presumably
of Man-6-P containing lysosomal enzymes, modulates
the effects of IGF-II and its trafficking (Rogers and
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Hammerman, 1989) and may affect sorting of the re-
ceptor into vesicles targeted to endosomes (see below).

The third possible example is the low-density lipo-
protein receptor. Recent provocative data indicate that
ligand binding to this receptor activates phosphatidyl-
inositol turnover. This process is sensitive to PTX and
therefore probably involves a G protein (Tkachuk et al.,
1992; Voyno-Yasenetskaya, personal communication).

The fourth possible example is erd2. This receptor
retrieves resident endoplasmic reticulum (ER) proteins
from the Golgi back to the ER. The distribution of erd2
is controlled by ligand binding, suggesting that it is a
signal transducing receptor (Lewis and Pelham, 1992).
The erd2 protein is very similar to many G protein cou-
pled receptors in that it spans the membrane seven
times. Overexpression of a protein that is very closely
related to erd2 (erd2-like protein [ELP]) confers a BFA-
like effect on the cells (Hsu et al., 1992). This suggests
that the function of ELP is somehow related to the ma-
chinery that is altered by BFA (see below). The function
of erd2 requires that it bind its ligand tightly in one
compartment (probably the Golgi) and releases it in an-
other (probably the ER). Coupling erd2 to a G protein
might provide one way to accomplish this regulated
change in affinity. In the case of plasma membrane re-
ceptors coupled to G proteins, the receptor’s affinity for
ligand is maximal when complexed to a G protein with
an empty guanine nucleotide binding site, but this af-
finity is reduced when GTP is bound (Ross and Gilman,
1980; Gilman, 1987). In some cases GDP binding also
reduces stability of the ligand-receptor-G complex, but
in other cases (e.g., G;) the GDP-bound state has high
affinity for the activated receptor (Hamm, 1990). By
analogy we can imagine that the complex of erd2 and
G protein with an empty nucleotide binding site (or
perhaps with GDP bound) binds the ligand tightly in
the Golgi, but after reaching the ER, GTP binds to the
G protein, causing the erd2 to release its ligand. This
mechanism requires that the binding of GTP to the G
protein (or perhaps release of GDP) be prevented when
the G protein is in the Golgi. This might be accomplished
by the sorter molecule, which could block the nucleotide
binding site, but only when the complex is in the Golgi
(see Figure 1, New Model, step 3).

A similar scheme may operate with the pIgR. G,
(empty or perhaps with GDP bound) may have a high
affinity for the pIgR, and this binding may be utilized
to correctly sort the pIgR into transcytotic vesicles. There
is some suggestion that dissociation of G, from the pIgR
is triggered by binding or fusion of the transcytotic ves-
icles with the apical plasma membrane. Transcytotic
vesicles apparently contain G, and cholera toxin treat-
ment reduces the fusion of these vesicles with the apical
plasma membrane (Bomsel et al., unpublished data;
Sztul, personal communication). A second GTP-binding
protein may be involved in this process (Sztul, personal
communication). In cholestatic (bile duct obstructed) rat
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liver, presumptive transcytotic vesicles containing pIgR
accumulate underneath the apical plasma membrane,
apparently unable to fuse with that surface (Larkin and
Palade, 1991). It was recently reported that in such livers
the amount of immunologically detectable G,, is un-
changed, but much of this G, can no longer be modified
by cholera toxin (Rodriguez-Henche, N., Guijarro, L.,
Couvineau, A., Arilla, E., Laburthe, M., and Prieto, J.,
unpublished observations). We speculate that this G,
accumulates on these arrested transcytotic vesicles in a
form unable to react with cholera toxin, thereby ac-
counting for the fusion block.

BFA MAY ACT ON A G PROTEIN-COUPLED
RECEPTOR THAT REGULATES VESICLE
FORMATION AND LIPID COMPOSITION

BFA also may help to unravel the mechanisms of re-
ceptor-G protein coupling (reviewed in Klausner et al.,
1992). Studies with BFA have led to the notion that
membrane traffic events can often proceed by two al-
ternative mechanisms: vesicular carriers and tubules that
connect two compartments. Coat protein binding is
thought to favor formation of vesicles. BFA inhibits
binding of certain coat proteins to membranes and
causes dramatic formation of tubules from the Golgi,
TGN, and endosomes (Lippincott-Schwartz et al., 1991;
Orcietal.,, 1991; Wood et al., 1991; Reaves and Banting,
1992). In contrast, activation of G proteins by AlF,”,
GTP+S, or mastoparan antagonizes BFA and promotes
coat protein binding. Furthermore, addition of 8y pre-
vents binding of 8-COP and ARF to membranes. Traffic
in the absence of drugs is probably a balance between
vesicular and tubular events, and this balance is ap-
parently regulated by a G protein(s). The site of action
of BFA is intimately related to this regulation. BFA is
active at micromolar concentrations, and several ste-
reoisomers are inactive. This and other data suggest that
BFA acts by mimicking an endogenous ligand that nor-
mally binds to a receptor that controls intracellular
membrane traffic. As a derivative of palmitic acid, BFA
may mimic an endogenous fatty acid or derivative such
as palmityl-CoA or an eicosanoid. We suggest that this
endogenous lipid binds to a G protein-coupled receptor.
It is worth noting that some receptors for eicosanoids
are seven-membrane spanning G protein-coupled re-
ceptors (Sugimura et al., 1992). It also may be relevant
that ARF is activated by arachidonic acid (Bobak et al.,
1990). This hypothetical receptor may monitor the lipid
composition of membranes or rate of lipid synthesis
and thereby adjust membrane traffic to maintain correct
lipid compositions in various compartments. Properly
balanced lipid composition in the Golgi, for instance,
has been shown to play a key role in traffic through this
organelle (Cleves et al., 1991). In yeast, the SEC 14 gene
product binds phosphatidylinositol (a major lipid in
yeast) and phosphatidylcholine and has been suggested
to regulate phosphatidylcholine biosynthesis (Bankaitis,
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personal communication). Perhaps SEC 14 is somehow
analogous to the hypothesized BFA receptor. BFA may
be a potent agonist or antagonist of the lipid-monitoring
receptor. Consequently, addition of BFA would unbal-
ance membrane traffic by overstimulating or inhibiting
a normal control process.

The formation of numerous tubules in the presence
of BFA has additionally led to the suggestion that some
membranes may have the tendency to “’spontaneously”
form tubules and that the role of coat proteins is to
regulate this (Klausner et al., 1992). The distortion of
planar membranes leading to tubule and /or vesicle for-
mation may require (and might even be driven by)
changing the ratio and/or composition of lipids in the
two halves of the lipid bilayer. We might imagine that
to shape the growing tubule, extra lipids are increasingly
added to the cytoplasmic half of the bilayer at the site
of budding. This process is likely to be performed by
phospholipid translocators that flip lipids across the bi-
layer. Phospholipases (which are often effectors for
heterotrimeric G proteins) may play a complementary
role by removing lipid from the other half of the bilayer
or otherwise perturbing the bilayer. ARF binding also
may cause budding and/or tubulation. ARF is homol-
ogous to phospholipases and can bind to lipid bilayers
(Bobak et al., 1990). Perhaps in binding it reshapes the
bilayer (e.g., by changing lipid packing density in the
cytoplasmic half of the bilayer), thereby providing the
membrane curvature needed to form buds and/or tu-
bules. We speculate that this bilayer remodeling ma-
chinery is regulated by a heterotrimeric G protein(s).
This G protein is coupled to a receptor, which is the
target of BFA.

G PROTEINS AND CELLULAR REGULATION:
CROSS-TALK BETWEEN SIGNAL
TRANSDUCTION AND MEMBRANE TRAFFIC

The notion that G protein activation stimulates budding
would seem to contradict the data that activation of
Gi.; inhibits traffic through the Golgi (Stow et al., 1991)
and that activation of a G; inhibits budding from the
TGN (Barr et al., 1991). However, much as adenylyl
cyclase can be stimulated or inhibited by different G
proteins, traffic though the Golgi and other compart-
ments might be subject to both positive and negative
control by antagonistic G proteins. Slowing traffic
through a compartment such as the Golgi might be im-
portant, for instance, to control the exposure of a cargo
molecule (e.g., proteoglycans) to resident oligosaccha-
ride processing enzymes. Similarly, regulating passage
through the endocytotic pathway would control expo-
sure to low pH and proteases. Furthermore, slowing or
accelerating traffic through one pathway might lead to
increased or decreased diversion of cargo to an alter-
native pathway. For instance, activation of G;; in the
Golgi might increase retrograde traffic from the Golgi
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to the ER (the presumed erd2 pathway) and might
thereby appear to slow anterograde export from the
Golgi to the cell surface.

More generally, G proteins provide a versatile way
for membrane traffic to be regulated. Each step in mem-
brane traffic must be tightly controlled and coordinated
with other steps. For instance, to maintain constant or-
ganelle size and composition, traffic to the Golgi must
equal traffic from the Golgi and similarly traffic to the
cell surface should balance traffic from the surface.
Moreover, the level of membrane traffic also must be
regulated to meet the changing physiologic needs of the
cell. For instance, a growing cell would require much
more membrane synthesis than a quiescent cell. Mem-
brane traffic also varies in response to various hormones
and growth factors that bind to G protein-coupled re-
ceptors. We suggest that the machinery for responding
to extracellular signals and the machinery for controlling
membrane traffic may be much more closely connected
than has been appreciated previously.

We have, perhaps artificially, divided the functions
of G proteins into two areas: signal transduction and
regulation of membrane traffic. This division reflects
how these functions were discovered. However, there
are numerous possibilities for cross-talk between these
two classes, and in some cases a G protein may simul-
taneously play both roles. Both the a and By subunits
may be involved in these processes. For instance, acti-
vation of a G protein at the cell surface by a hormone
may result in the production of free 8y, which could
then act on a membrane trafficking process. Also, once
activated, a receptor and/or G protein may be inter-
nalized and act in the endosome to affect intracellular
membrane traffic. One G protein-coupled receptor with
a well-known dual function in growth regulation and
membrane traffic is the IGF-II/Man-6-P receptor, and
it provides an obvious point for integrating the two pro-
cesses. This example offers particularly complex pos-
sibilities for control, as binding of one ligand IGF-II
leads to stimulation of G;, (Okamoto et al., 1990, 1991),
whereas binding of the other ligand, Man-6-P (or en-
zymes containing Man-6-P) can modulate the effects of
IGF-1I (Rogers and Hammerman, 1989). Furthermore,
the postulated receptor that binds BFA also may be in-
volved in growth control, as cells that are less sensitive
to BFA (MDCK, PtK;) tend to be nontransformed cells
(Hunziker et al., 1991a; Ktistakis et al., 1991).

Clearly, much remains to be learned about the roles
of G proteins. Many G proteins have been cloned re-
cently and for some little is known of their function
(Simon et al., 1991). Some may play specific roles in
particular membrane traffic events. For instance, G, is
quite abundant in neurons (Kaziro et al., 1991). In pre-
liminary data, G, can substitute for G, in our in vitro
assay of budding of transcytotic vesicles containing pIgR
(Bomsel et al., unpublished data). Although G, is prob-
ably not found in epithelia transporting pIgR, our data
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suggest that G, may be involved in a membrane traffic
pathway in neurons that is analogous to transcytosis,
such as post-endocytotic sorting of membrane proteins
into synaptic vesicles or polarized axonal transport.

CONCLUDING SPECULATION:
ORIGIN OF G PROTEINS

Finally, we hypothesize that G proteins originally
evolved to control membrane trafficking and that their
role in transducing extracellular signals evolved later.
Prokaryotes, which apparently lack G proteins, use
other mechanisms to respond to extracellular signals.
In contrast, a hallmark of eukaryotes is compartmen-
talization by intracellular membranes and G proteins
may have originated to control traffic between the var-
ious membranous organelles. Using G proteins to
transduce extracellular signals might be a natural ex-
tension of a system that responds to intracellular signals
borne by cargo molecules. Some of the cargo molecules
that act on internal G protein-coupled receptors may
reach the surface or be secreted and thereby have access
to the corresponding receptors on other cells. These
cargo molecules would therefore be primitive extracel-
lular signaling molecules or hormones. A fundamental
action of such signaling molecules would be to alter
membrane traffic patterns in their target cells, which
could lead to global changes in cellular metabolism.
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