


























Figure 9. Immunoelectron microscopy double labeling for GLUT-4. 3T3 cells stably transfected with GLUT4 were permeabilized and
incubated with cytosol plus 100 uM GTP+S, and then double labeled for newly recruited PM adaptors with MC4 (a mouse antiserum
against the same antigen as C4) and GLUT-4. These were followed by 10-nm anti-mouse and 5-nm anti-rabbit gold-conjugated antibodies.
Views of four serial sections are shown in a to d. The arrowheads point to some of the 5-nm gold particles, which are on structures also
labeled with 10-nm gold particles. Clathrin-coated buds are also associated with some of the structures. Bar, 190 nm.

between PM and TGN adaptors, additional micrographs
were examined and the labeled membranes were scored for
gold particles of both sizes (Fig. 11). Approximately 80% of
membranes scored were labeled exclusively with either 5- or
10-nm gold. Where coincident labeling was observed, it was
generally restricted to the level of just one or two gold parti-
cles. Thus, although there may be a limited amount of
colocalization of PM and TGN adaptors, for the most part
they appear to be recruited onto different membranes.

Discussion

We have demonstrated that PM adaptor complexes can be
recruited onto the plasma membrane in vitro without prior
removal of endogenous PM adaptors. The addition of cytosol
plus energy to permeabilized cells may activate the coated
vesicle cycle, freeing adaptor-binding sites that were previ-
ously occupied and allowing new adaptors to bind. These
adaptors are able to displace the endogenous PM adaptors
and to become incorporated into coated pits. Thus, our sys-
tem provides a direct assay for PM adaptor recruitment un-
der physiological conditions.

Because our antibodies enable newly recruited PM adap-
tors to be visualized specifically, it is possible to determine
whether the adaptors are binding to the plasma membrane
or to a different compartment. We have found that addition
of GTPyS to the system causes PM adaptors to associate

The Journal of Cell Biology, Volume 123, 1993

with an endocytic compartment. Although one possible ex-
planation for this finding might be that in the presence of
GTPyS, coated vesicles bud from the plasma membrane, fail
to uncoat, and fuse with endosomes, we feel that this is un-
likely for two reasons. First, under these conditions there are
still clathrin-coated pits on the plasma membrane but they
are not labeled with antibodies against newly recruited PM
adaptors; thus, one would have to propose that the newly
recruited PM adaptors are incorporated into coated pits that
preferentially pinch off. Second, stage-specific assays for en-
docytosis indicate that GTPyS completely blocks coated
vesicle budding in vitro, possibly by acting on dynamin or
a related protein (Carter et al., 1993). The stage-specific as-
says also indicate that GTPvS inhibits another very early
event associated with the formation of plasma membrane
coated pits. It seems likely that in their system as well as in
ours, GTPvS has at least two effects: it prevents preexisting
coated pits from pinching off, while at the same time prevent-
ing new coated pits from forming by causing PM adaptors
to be recruited onto the wrong compartment.

Although we cannot formally rule out the possibility that
in the normal sequence of events, PM adaptors are recruited
first onto endosomes but then quickly follow the recycling
pathway to the plasma membrane, we feel that this too is
unlikely. Examination of cells incubated with control cy-
tosol did not reveal any transient association of the PM
adaptors with endosomes; and in cells in which the PM adap-
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Figure 10. Immunoelectron microscopy double labeling for newly recruited PM and TGN adaptors. Permeabilized NRK cells were in-
cubated with cytosol plus 100 uM GTP+S. After fixation the cells were labeled with C4 (5-nm gold) to localize newly recruited PM adaptors
and mAbl00/3 (10-nm gold) to localize newly recruited TGN adaptors. The 10-nm gold particles label a clathrin-coated tubular compart-
ment, presumably the TGN. The arrowhead points to a structure heavily labeled with 5-nm gold particles. The fine particulate matter
in the small paired structure in the center of the micrograph is not gold but a precipitate. Bar, 150 nm.
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Figure 11. Quantification of the immunogold EM double labeling
of PM and TGN adaptors. 434 membranes from 47 micrographs
were scored for the presence of 5- and 10-nm gold particles. A total
of 1,741 5-nm gold particles and 544 10-nm gold particles were
counted. 221 membranes had exclusively 5-nm gold labeling, 127
membranes had only 10-nm gold labeling, and 86 had both 5- and
10-nm gold labeling. A shows the numbers of coincident 5-nm gold
particles on membranes with two or more 10-nm gold particles.
Most of the coincident labeling was restricted to just one or two
5-nm gold particles per membrane. B shows the numbers of coinci-
dent 10-nm gold particles on membranes with two or more 5-nm
gold particles.
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tors had been mistargeted, there was little if any coincidence
with the transferrin receptor, a marker for recycling endo-
somes. Moreover, treatment with BFA completely blocks the
GTPyS-induced recruitment of PM adaptors onto endo-
somes but does not prevent recruitment onto the plasma
membrane, either in our in vitro system or in vivo (Robinson
and Kreis, 1992; Wong and Brodsky, 1992).

Recent reports have suggested that the effects of BFA may
be mediated by the small GTP-binding protein ARF, which
has been implicated in the recruitment of coatomers onto
Golgi membranes (Donaldson et al., 1992; Helms and Roth-
man, 1992). It is possible that ARF may also play a role in
the recruitment of TGN adaptors and in the mistargeting of
PM adaptors, both of which are also sensitive to BFA. How-
ever, because the three types of coat proteins are all recruited
onto different membranes, there must be other factors that
specify the target compartment. Moreover, we have inves-
tigated the effects of some other potential activators of GTP-
binding proteins and find that mastoparan, which is thought
to be specific for heterotrimeric GTP-binding proteins
(Bomsel and Mostov, 1992), also causes PM adaptors to
be mistargeted to a perinuclear compartment, although
one with a somewhat more disperse morphology (data not
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shown). In contrast, another non-hydrolysable GTP ana-
logue, GMP-PNP, has no detectable effect on PM adaptor
targeting, even when used at a concentration (1 mM) which
promotes TGN adaptor recruitment (data not shown), possi-
bly because the relevant GTP-binding protein(s) bind this
analogue with low affinity.

Elevated calcium levels also cause mistargeting of PM
adaptors. Calcium has been implicated in the pinching off of
endocytic-coated vesicles (Lin et al., 1992), but our results
suggest a possible role for calcium further upstream in the
process of coat protein recruitment. Interestingly, Wang et
al. (1993) have shown that calmodulin inhibitors can produce
a similar mistargeting of PM adaptors in vivo. Calcium/
calmodulin-dependent protein kinases regulate many intra-
cellular events; however, preliminary experiments have
failed to show any effects of either kinase inhibitors or phos-
phatase inhibitors in our system (data not shown). At pres-
ent, therefore, the most likely explanation for our observa-
tions is that activation of several different pathways may lead
to PM adaptor mistargeting.

The perinuclear compartment to which PM adaptors are
mistargeted has been defined as endosomal because it can be
filled with endocytosed ligands. The small amount of colo-
calization with newly recruited TGN adaptors at the EM
level can probably be explained by the trafficking known to
occur between the TGN and the endosomal system. The PM
adaptor-binding compartment appears to be a late endo-
somal one, both because it consists mainly of multivesicular
bodies, which is the typical morphology of late endosomes,
and because of its lack of coincidence by immunofluores-
cence with the transferrin receptor. However, immunofluo-
rescence indicates that the compartment is not particularly
enriched in either the M6PR or LGP120, both of which have
been shown to be present in late endosomes (Griffiths and
Simons, 1986; Harter and Mellman, 1992). The dynamic
nature of the endocytic system makes precise definition of the
endocytic compartments and their intermediates very diffi-
cult, but taken together these observations suggest that the
PM adaptors may be recruited onto a specialized subcom-
partment of the late endosomal system. Clathrin is fre-
quently associated with the compartment as well, indicating
that once adaptors have bound to a membrane, even if it is
not one with which they are normally associated, cytosolic
clathrin can then bind to the adaptors, leading to the assem-
bly of coated vesicles.

The ligand receptors that are concentrated in coated pits
at the plasma membrane are also found in endosomes, and
one possibility is that PM adaptors are recruited onto these
membranes by binding to the cytoplasmic tails of such pro-
teins. However, ligand receptors generally cycle between the
plasma membrane and an early endosomal compartment,
while the adaptor binding compartment appears to be a late
endosomal one. Therefore, we propose that PM adaptors are
initially recruited onto the membrane by binding to a specific
adaptor receptor, which may correspond to the elastase-
sensitive protein(s) identified in the PM adaptor binding as-
say of Mahaffey et al. (1990). Adaptor binding need not be
stoichiometric: transient binding might occur, after which
the association of adaptors with the membrane could be sta-
bilized by interactions with lipids or with the cytoplasmic
tails of ligand receptors. Thus, although endocytosis of the
adaptor receptor is likely to occur, it need not be highly con-
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centrated in coated vesicles. The adaptor receptor could re-
side not only on the plasma membrane, but also in an en-
dosomal storage compartment from which it could be
mobilized to allow the cell to recruit more coat protein onto
the plasma membrane, leading to an increased level of en-
docytosis. For instance, in adipocytes and muscle cells, insu-
lin stimulation results in the exocytosis of vesicles derived
from a specialized endosomal subcompartment highly en-
riched in the glucose transporter GLUT-4 (Slot et al., 1991a,
b). This is accompanied by a threefold increase in the amount
of clathrin associated with the plasma membrane (Corvera,
1990), facilitating the rapid recycling of GLUT-4 back to the
storage compartment. The partial colocalization of GLUT-4
and PM adaptors in GTPyS-treated transfected cells sug-
gests that the cell may be able to insert GLUT4 and PM
adaptor receptors into the plasma membrane simultane-
ously.

Because PM adaptors are not normally recruited onto en-
dosomes, the cell must have a way of switching on the adap-
tor receptor when it is on the plasma membrane and switch-
ing it off in the endosomal compartment. Both GTPvS and
calcium appear to be capable of reversing the switch. Al-
though we do not yet know the precise details of how the
switch might operate, it is likely to involve other proteins
residing in the plasma membrane and endosomal compart-
ments (e.g., GTP-binding proteins), and possibly signal
transduction across the membrane as well.
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