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Vesicles carrying recycling plasma membrane proteins from early endosomes have not yet been
characterized. Using Chinese hamster ovary cells transfected with the facilitative glucose trans-
porter, GLUT4, we identified two classes of discrete, yet similarly sized, small vesicles that are
derived from early endosomes. We refer to these postendosomal vesicles as endocytic small
vesicles or ESVs. One class of ESVs contains a sizable fraction of the pool of the transferrin
receptor, and the other contains 40% of the total cellular pool of GLUT4 and is enriched in the
insulin-responsive aminopeptidase (IRAP). The ESVs contain cellubrevin and Rab4 but are lacking
other early endosomal markers, such as EEAl or syntaxinl3. The ATP-, temperature-, and
cytosol-dependent formation of ESVs has been reconstituted in vitro from endosomal membranes.
Guanosine 5'-[y-thio]triphosphate and neomycin, but not brefeldin A, inhibit budding of the ESVs
in vitro. A monoclonal antibody recognizing the GLUT4 cytoplasmic tail perturbs the in vitro
targeting of GLUT4 to the ESVs without interfering with the incorporation of IRAP or TfR. We
suggest that cytosolic proteins mediate the incorporation of recycling membrane proteins into
discrete populations of ESVs that serve as carrier vesicles to store and then transport the cargo
from early endosomes, either directly or indirectly, to the cell surface.

INTRODUCTION cognate receptor as well as fluid material are delivered via
late endosomes to lysosomes where they are degraded.
Some of the receptors, including the transferrin (Tf) receptor
(TfR), are recycled back to the cell surface from the periph-
eral endosomes, either directly or indirectly, via pericentrio-
lar recycling endosomes.

One of the unsolved issues is the mechanism by which
those plasma membrane proteins that are not degraded are

transported out of the sorting endosomes. It is not clear

Proteins internalized via receptor-mediated endocytosis are
rapidly transported via clathrin-coated vesicles to endoso-
mal structures located in the periphery of the cell known as
early or sorting endosomes (Gruenberg and Maxfield, 1995;
Mellman, 1996; Clague, 1998). From there, ligands and their
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whether the transport vehicles are tubules or vesicles. It is
also not known in molecular terms how recycling membrane
proteins are sorted from each other in the sorting endosome.
For example, there is evidence that membrane proteins are
transported to the recycling endosomes by default, follow-
ing the bulk flow of lipids (Mayor ef al., 1993). On the other
hand, there has been circumstantial evidence to support a
role for coated vesicles in the recycling of these proteins
from endosomes. A number of coat proteins copurify with
fractions enriched in early endosomes (Whitney et al., 1995).
Electron microscopic studies also demonstrate budding pro-
files on endosomes, many containing clathrin and other coat
proteins (Stoorvogel et al., 1996, Futter et al., 1998). Endo-
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somes from specialized neuroendocrine PC12 cells have also
been shown to give rise to a subset of synaptic vesicles
(Faundez et al., 1997, 1998; Lichtenstein et al., 1998; de Wit et
al., 1999).

To explore mechanisms of sorting and transport from
early endosomes, we set out to reconstitute endosomal traf-
ficking in vitro. To develop a methodology, we took advan-
tage of several earlier findings. One is that the facilitative
glucose transporter, GLUT4, a recycling plasma membrane
protein, accumulates within a homogeneous population of
small vesicles in primary adipose and muscle cells (James et
al., 1987; Rodnick et al., 1992; Herman et al., 1994; Kandror et
al., 1995) and in transfected cell types (Herman et al., 1994).
In transfected Chinese hamster ovary (CHO) cells, these
vesicles are enriched in the insulin-responsive aminopepti-
dase (IRAP) (Miiller, unpublished data), an endogenous
plasma membrane protein and marker of GLUT4-containing
vesicles in fat and muscle cells (Kandror and Pilch, 1994;
Keller et al., 1995; Ross et al., 1996; Aledo et al., 1997; Martin
et al., 1997). A second finding is that GLUT4-containing
vesicles can be labeled from the surface in cells transfected
with epitope-tagged GLUT4 (Wei et al., 1998). Kinetic exper-
iments suggest that these small vesicles are in fact posten-
dosomal long-lived transport vesicles. Finally, we observed
that at 15°C surface-labeled GLUT4 or transferrin is inter-
nalized into peripheral endosomes but not into small vesi-
cles, thus providing a way to selectively label donor endo-
somes to be used in cell-free transport assays (Wei et al.,
1998). Interestingly, by confocal immunofluorescence at the
reduced temperature, internalized GLUT4 and TfR label
discrete peripheral endosomal structures. These data sug-
gest that these membrane proteins may transit through dis-
crete subdomains of the same endosome or via physically
separate endosomes and that it is worthwhile to compare
the behavior of both proteins (Wei et al., 1998).

Here, with improved homogenization conditions, we re-
port the identification of two discrete populations of small,
early endosome-derived vesicles that contain either the TfR
or GLUT4 and IRAP in transfected CHO cells. To our sur-
prise, we find that these vesicles are quite abundant, con-
taining a significant proportion of the recycling membrane
proteins at steady state. We have termed these vesicles en-
docytic small vesicles (ESVs). We have developed a cell-free
assay that reconstitutes the ATP-, temperature-, and cytosol-
dependent formation of both classes of ESVs from labeled
endosomes but not from labeled plasma membranes, vali-
dating the endosomal origin of the vesicles. Our findings
suggest that ESVs are vesicular intermediates involved in
the transport and/or storage of recycling plasma membrane
proteins from endosomes. In addition, the in vitro assay
shows that it is possible to perturb the delivery of one cargo
protein, GLUT4, without impairing the sorting of others.

MATERIALS AND METHODS
Reagents and Antibodies

Cell culture media and reagents were obtained from the University
of California, San Francisco, Cell Culture Facility (San Francisco,
CA), with the exception of fetal bovine serum, which was from Life
Technologies (Gaithersburg, MD). Enhanced chemiluminescence re-
agents and '*I were from Amersham (Arlington Heights, IL). Io-
dogen and dimethylpimelimidate were from Pierce (Rockford, IL).
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Protein G-Sepharose was from Pharmacia Biotech (Piscataway, NJ).
ATP, guanosine 5'-[y-thio]triphosphate (GTPvS), GTP, brefeldin A
(BFA), creatine phosphate, creatine kinase, and bovine serum albu-
min (BSA) were from Boehringer-Mannheim (Indianapolis, IN). All
other reagent-grade chemicals were from Sigma (St. Louis, MO) or
Fisher Chemical (Santa Clara, CA). Female Sprague Dawley rats
were from Bantin and Kingman (Fremont, CA). The following an-
tibodies were generously provided: monoclonal anti-GLUT4 tail
(1E8) (Paul Pilch, Boston University, Boston, MA); polyclonal anti-
GLUT4 (Samuel Cushman, National Institutes of Health, Bethesda,
MD); monoclonal anti-myc (9E10) (Michael Bishop, University of
California, San Francisco, San Francisco, CA); polyclonal anti-IRAP
(Susanna Keller, Dartmouth University, Hanover, NH); monoclonal
anti-TfR (H68.4) (Ian Trowbridge, Salk Institute, La Jolla, CA); and
polyclonal anti-cellubrevin (Reinhard Jahn, Max-Planck-Institute,
Heidelberg, Germany). The following antibodies were purchased:
polyclonal anti-GLUT4 (R820) (East Acres Biologicals, Cambridge,
MA); anti-Rab4, anti-Rab11, anti-EEA1 (Transduction Laboratories,
San Diego, CA); and HRP- (Jackson Immunoresearch Laboratories,
West Grove, PA) and gold-conjugated secondary antibodies (Pelco,
Redding, CA).

Cell Culture

Wild-type and transfected CHO cells were grown as described previ-
ously (Wei et al., 1998). Experiments were performed using CHO cells
stably transfected with GLUT4 containing a c-myc epitope tag in the
first exofacial domain (CHO/G4myc) (Kanai et al., 1993).

Iodination of Anti-myc Antibodies and Transferrin

Monoclonal antibody 9E10 was purified from serum-free hybrid-
oma supernatant by protein G-Sepharose affinity chromatography.
Human apotransferrin was further purified by Sephacryl S-300 gel
filtration and then iron loaded as described before (Yamashiro et al.,
1984; McGraw et al., 1987). Aliquots of purified antibody (100 ug) or
iron-loaded transferrin were iodinated by Iodogen-mediated cou-
pling (Grote and Kelly, 1996).

Cytosol Preparation

Rat brain cytosol was prepared using Sprague Dawley rats as de-
scribed by Clift-O’Grady et al. (1998). Aliquots of cytosol were
quick-frozen in liquid nitrogen for long-term storage at —80°C

Subcellular Fractionation

CHO/G4myc cells were fractionated using a modification of the
procedures described previously (Wei et al., 1998). Cells were
washed on tissue culture dishes and scraped into a small volume of
Bud buffer (38 mM potassium aspartate, 38 mM potassium gluta-
mate, 38 mM potassium gluconate, 20 mM 3-(N-morpholino)pro-
panesulfonic acid, pH 7.2, 5 mM reduced glutathione, 5 mM sodium
carbonate, 2.5 mM magnesium sulfate; Clift-O’Grady et al., 1998)
containing protease inhibitors. Cells were homogenized using a
ball-bearing cell cracker from the European Molecular Biology Lab-
oratory, with a clearance of 10 um. Approximately 1 mg of the
homogenate was layered onto 4.5 ml of a 5-25% glycerol gradient
over 400 ul of a 50% (wt/vol) sucrose pad and centrifuged at
60,000 X g for 75 min. Fractions were collected from the top and
counted on a gamma counter or analyzed by SDS-PAGE and West-
ern blot. Separation of ESVs by equilibrium density centrifugation
was accomplished by layering peak fractions containing the ESVs
onto 10-45% sucrose gradients and centrifuging for 18 h at
183,000 X g.

In Vitro Reconstitution of ESVs

Preparation and Labeling of Donor Membranes. Confluent CHO/
G4myc cells were washed with ice-cold phosphate-buffered saline
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(PBS). The cells were then incubated in F-12 Ham’s solution, 3%
BSA, and 10 mM HEPES (pH 7.4) containing either 5 ug/ml
(107cpm/ml) radioiodinated 9E10 or radioiodinated transferrin for
80 min at 15°C. After the radioligand was removed, the cells were
washed with ice-cold PBS containing 3% BSA and then with ice-cold
PBS. Cells were scraped into 0.5 ml of ice-cold Bud buffer and
homogenized using the ball bearing homogenizer. The homogenate
was centrifuged for 30 min at 27,000 X g to pellet large membranes,
including endosomes. The membrane pellet was resuspended in
stripping buffer (2.5 M urea, 250 mM sorbitol, 20 mM HEPES, pH
6.8, 5 mM magnesium acetate, 150 mM potassium acetate; Kuehn et
al., 1998) and incubated for 15 min on ice. The membranes were then
pelleted by centrifugation for 30 min at 27,000 X g and resuspended
in Bud buffer. This step was repeated once to ensure the removal of
any residual urea.

Budding Reaction. Labeled donor membranes (1 mg/ml) were in-
cubated with 2 mg/ml rat brain cytosol, plus an ATP-regenerating
system (1 mM ATP, 8 mM creatine phosphate, 5 ug/ml creatine
kinase; Clift-O’Grady ef al., 1998), in a total reaction volume of 250
pl. The reaction mixture was incubated on ice for 5 min before
warming for 10 min at 37°C. All reactions were then placed on ice
for 5 min before further analysis. The reaction mixture was layered
on top of 5-25% glycerol gradients (Herman et al., 1994) and cen-
trifuged for 75 min at 60,000 X g. After velocity sedimentation,
fractions were collected from the top and analyzed as described
above.

Negative Staining and Electron Microscopy

Standard sample preparation was done on carbon-coated 600-mesh
copper grids that were glow discharged for 30 s before use. Samples
(5 ul) of glycerol gradient fractions containing the ESVs were ad-
sorbed for 1 min onto the grids and stained with freshly filtered 2%
ammonium molybdate. After the samples dried, they samples were
viewed in a JEM 100CX II electron microscope (JEOL, Peabody, MA)
at 80 kV and a standard magnification of X20,000. The magnifica-
tion was calibrated using negatively stained catalase crystals. The
external diameter of individual vesicles was measured parallel to
one side of each print, independently of the orientation of the
vesicle.

Immunogold Labeling

Samples were adsorbed for 1 min onto Formvar-carbon-coated
200-mesh nickel grids and washed with HBS (10 mM Na HEPES,
pH 7.4, 150 mM NaCl, 10 mM NaNj3). The grids were blocked for 10
min with 1% BSA in HBS, washed with HBS, and incubated for
19.5 h at 4°C in a humid chamber with a 1:10 dilution of rabbit
anti-GLUT4 immunoglobulin (Ig) G (R820) in HBS with 0.1% BSA.
The grids were then washed again with HBS/BSA and incubated
for 1 h at room temperature with a 1:150 dilution of 10-nm gold-
labeled goat anti-rabbit IgG secondary antibody. The grids were
then washed twice with HBS, fixed with 2.5% glutaraldehyde for 4
min at room temperature, washed with distilled water, and stained
with freshly filtered 2% ammonium molybdate.

Immunoisolation of In Vivo and In Vitro ESVs

Before protein G-Sepharose beads were used, they were blocked
with PBS and 2% BSA. Monoclonal antibody 1F8 or nonspecific
mouse IgG was coupled to protein G-Sepharose beads using the
cross-linker dimethylpimelimidate at a concentration of 2 mg of
antibody per 1 ml of beads. In vivo or in vitro generated ESVs were
isolated from glycerol gradients and incubated overnight at 4°C
with either 1F8- or IgG-coupled beads in Bud buffer plus 2% BSA.
The beads were collected by centrifugation in a microcentrifuge for
10 s and washed with Bud buffer. The vesicle proteins were eluted
with Laemmli sample buffer.
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Electrophoresis and Immunoblotting

Proteins from the glycerol gradient fractions were precipitated with
0.15% sodium deoxycholate and 6% trichloroacetic acid. The result-
ing pellet was dissolved in Laemmli sample buffer and analyzed by
SDS-PAGE followed by Western blot using enhanced chemilumi-
nescence detection as described by Bonzelius ef al. (1994). Quantifi-
cation was by optical densitometry using a charge-coupled device
camera and National Institutes of Health Image software.

Purification of the Glutathione S-Transferase (GST)-
GLUT4 Tail

The GST-GLUT4 tail construct was generated by polymerase chain
reaction amplification of the cytoplasmic tail of GLUT4 from
PCXN2GLUT4myc (Kanai et al., 1993) and subcloned into pGEX3X.
The protein was expressed in the Escherichia coli strain DH5a. The
fusion protein was purified using a glutathione agarose column
according to the manufacturer’s instructions (Pharmacia). The
eluted protein was dialyzed against Bud buffer before use.

RESULTS

TfR, GLUT4, and IRAP Accumulate within Small
Vesicles at Steady State

To visualize the small vesicles, we separated membranes on
the basis of size using velocity sedimentation (Herman et al.,
1994; Wei et al., 1998). We recently learned that, by using our
previous homogenization protocol, at least 50% of the total
pool of small vesicles is released from the cell during re-
moval of the cells from tissue culture dishes (Miiller, unpub-
lished data). These vesicles are enriched in GLUT4 and
IRAP. Hence, our previous results potentially underrepre-
sented the degree to which plasma membrane proteins are
localized to small vesicles. Here, we have revised our ho-
mogenization scheme so that no material is discarded and
all the membranes are fractionated simultaneously.
CHO/G4myc cells were removed from dishes into a small
volume of buffer and passed through a ball bearing cell
cracker. The homogenate was layered onto a glycerol gradi-
ent and centrifuged at 60,000 X g for 75 min. Because none
of the membranes are discarded, we expect a quantitative
representation of the distribution of membrane proteins.
Figure 1A shows the results of Western blot analysis after
velocity sedimentation. The right-hand side represents the
bottom of the gradient where large membranes such as
endoplasmic reticulum, Golgi, plasma membranes, and en-
dosomes sediment. The left-hand side represents the top of
the gradient where smaller organelles and soluble proteins
sediment. As in previous studies (Herman et al., 1994; Wei et
al., 1998), GLUT4 is localized to slowly sedimenting small
vesicles and larger membranes. Optical densitometry indi-
cates that ~45% of the total pool of GLUT4 are localized to
small vesicles (Figure 1B). Small vesicles containing TfR can
now be visualized. Approximately 17% of the total pool of
TfR are cofractionated with small vesicles. The remainder
are localized to large membranes, presumably endosomes
and plasma membranes. More than 20% of the cellular pool
of the IRAP localizes to small vesicles. A majority of the pool
of IRAP localizes with large membranes. A small percentage
is identified at the top of the gradient, consistent with the
behavior of a soluble protein. Although IRAP is an integral
membrane protein, the homogenization procedure may fa-
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Figure 1. Identification of ESVs in CHO cells stably
transfected with myc epitope-tagged GLUT4 at
steady state. (A) Western blot analysis of fractions
generated by velocity sedimentation. Homogenates
from CHO/GLUT4myc cells were fractionated by
velocity sedimentation on 5-25% glycerol gradients
over a 50% sucrose pad and centrifuged at 60,000 X
g for 75 min. Note that GLUT4, IRAP, and TfR colo-
calize with slowly sedimenting small vesicles (frac-
tions 4-12) and larger, rapidly sedimenting mem-
branes at the bottom of the gradient (fractions 15-
19). (B) Densitometry analysis of A. For each marker,
the total signal was calculated by summing the sig-
nal from each fraction. (C) Western blot analysis of
fractions generated by differential centrifugation.
Each fraction (20 pg) was analyzed: H, homogenate;
P1, a pellet centrifuged at 500 X g for 5 min (enriched
in plasma membranes); P2, a pellet from the super-
natant, obtained after a 500 X g spin, centrifuged at
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27,000 X g for 45 min (enriched in endosomal mem-
branes); P3, a pellet from the supernatant left behind
by the P2 spin centrifuged at 100,000 X g for 1 h
(enriched in small vesicles); S3, the supernatant left
behind after the P3 spin. Note the inclusion of IRAP,
GLUT4, TfR, cellubrevin, and Rab4 but the exclusion
of syntaxin13, EEA1, and Rab11 from the small ve-
sicular fractions. A sharp band of ~45 kDa is ob-
served in the S3 fraction. This band, lacking the
pattern of the normally glycosylated GLUT4, ap-
pears to be a cross-reacting soluble protein and not
GLUT4.

cilitate dislocation of the protein from the membranes. We
previously observed this phenomenon in the case of the
polymeric Ig receptor (Bonzelius et al., 1994). Although it is
not known whether IRAP is ubiquitinated, transmembrane
proteins degraded by the ubiquitin-proteasome—conjugat-
ing system are dislocated from the membranes before deg-
radation (Bonifacino and Weissman, 1998; Plemper and
Wolf, 1999). Similar results are obtained when the cells are
homogenized using a Teflon-glass homogenizer (Lim, Bon-
zelius, Low, Wille, Weimbs, and Herman, unpublished ob-
servations).

We utilized differential centrifugation to determine
whether the small vesicles are enriched for other markers of
early endosomes (Figure 1C). Fractions enriched in small
vesicles (P3) were compared with fractions enriched in en-
dosomes (P2), plasma membranes and endosomes (P1), or
crude homogenate (H). Consistent with the above results,
GLUT4, TfR, and IRAP are detected within both endosomal
and small vesicular fractions. Although Rabs 4 and 11 are
known to be associated with endosomes (Chavrier ef al.,
1990; van der Sluijs et al., 1992; Ullrich et al., 1996) and Rab4
has been detected within GLUT4-containing membranes
(Cormont et al., 1996), only Rab4 was detected within the P3
fraction enriched in small vesicles. The early endosomal
marker EEA1 (Mu et al., 1995) is associated with endosomal
fractions (P1 and P2) but is absent from the small vesicular
fractions. Similarly, the endosomal t-SNARE, syntaxinl3
(Prekeris et al., 1998), is localized to endosomal fractions but
absent from the P3 fraction. Thus, a significant fraction of the
cellular pools of GLUT4, TfR, and IRAP are localized at
steady state to small vesicles that contain Rab4 but lack other
many other markers of early endosomes.
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Discrete Populations of Small Vesicles Containing
either GLUT4 or TfR Are Endocytic in Origin

To obtain evidence that the small vesicles in our preparation
are derived along the endocytic pathway, we sought to label
the vesicles by uptake of radiolabeled ligands. Cells were
incubated with either radiolabeled transferrin or anti-myc
monoclonal antibodies (9E10) at 0, 15, or 37°C. After the cells
were washed to remove nonspecific label, the cells were
homogenized, and the homogenate was subjected to veloc-
ity gradient centrifugation. Figure 2, A and B, shows the
distribution of internalized ligands after internalization at
different temperatures. At 37°C, both radiolabeled 9E10 (Fig-
ure 2A) and transferrin (Figure 2B) accumulate within
slowly sedimenting vesicles. The ligands also cosediment
with larger membranes at the bottom of the gradient, con-
sistent with the labeling of endosomes and the plasma mem-
brane. The distribution mirrors that observed at steady state
(Figure 1). Soluble ligand is also seen at the top of the
gradient. At 0 or 15°C, the internalized ligands cosediment
to a similar degree with the larger membranes (endosomes
or plasma membranes) but do not label the small vesicles,
consistent with earlier observations (Wei et al., 1998). Simi-
larly, pulse-chase experiments show that when cells are
incubated with radiolabeled ligands at 15°C to selectively
label endosomes, and subsequently warmed to 37°C, label-
ing of small vesicles is also observed (Lim, Bonzelius, Low,
Wille, Weimbs, and Herman, unpublished observations).

It is not clear from the above data whether surface-labeled
TfR and GLUT4myc are targeted to one class of small vesi-
cles or to discrete populations of ESVs that have a similar
size. To address this issue, we utilized two experimental
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Figure 2. Labeling of ESVs by internalization of radiolabeled li-
gands. (A and B) Velocity sedimentation of homogenates. CHO/
GLUT4myc cells were incubated with 5 pg/ml 'I-9E10 (A) or
1251-Tf (B) for 30 min at 37°C, 80 min at 15°C, or 2 h at 0°C and
fractionated as described for Figure 1. Note targeting of the radio-
labeled ligands to similar sized ESVs as those seen in Figure 1. (C)
Separation of ESVs by equilibrium density centrifugation. Peak
fractions from the glycerol gradients containing labeled ESVs were
layered onto 10-45% sucrose gradients and centrifuged at
183,000 X g for 18 h. Note the different buoyant densities for ESVs
containing transferrin (~22% sucrose) compared with ESVs contain-
ing 9E10 (~27% sucrose). (D) Immunoisolation of labeled ESVs.
Radiolabeled homogenates were centrifuged at 27,000 X g for 30
min. The supernatant, enriched in ESVs, was incubated with anti-
GLUTH4 tail antibody (1F8) or mouse IgG overnight at 4°C and then
centrifuged on glycerol gradients as above. Peak fractions contain-
ing the ESVs were incubated with protein G-Sepharose beads over-
night at 4°C. The amount of each ligand bound to the beads was
compared with the amount of ligand left behind in the unbound
supernatant. Note the targeting of each ligand to discrete types of
small vesicles. + denotes presence in assay; — denotes absence.

approaches, equilibrium density centrifugation and vesicle
immunoisolation. In the first set of experiments, peak frac-
tions from the glycerol gradients containing labeled ESVs
(Figure 2, A and B) were layered onto sucrose gradients and
centrifuged for 18 h at 183,000 X g. As shown in Figure 2C,
ESVs containing radiolabeled transferrin have a different
buoyant density (~22% sucrose) than ESVs containing ra-
diolabeled 9E10 (~27% sucrose). In the second set of exper-
iments, labeled homogenates were incubated with a mono-
clonal antibody recognizing the GLUT4 cytoplasmic tail
(1F8) (James et al., 1988) or with IgG before sedimentation on
glycerol gradients. The peak fractions containing the labeled
ESVs were then incubated with protein-G-Sepharose beads.
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Under conditions in which 1F8 specifically immunoadsorbs
50% of the ESVs labeled with radioiodinated 9E10, no spe-
cific adsorption above background levels is observed for
ESVs labeled with radioiodinated transferrin (Figure 2D).
The reciprocal experiments using antibodies against the TfR
cytoplasmic tail (H68.4) (White et al., 1992) were not success-
ful, because the antibody did not appear to recognize native
protein. These experiments suggest that ESVs containing
GLUT4myc contain little or no transferrin. Thus, although
ESVs containing transferrin and GLUT4myc have a similar
size, they are distinct from one another as evidenced by
different buoyant densities and discrete cargo compositions.

ESV Formation from Endosomes Can Be
Reconstituted in a Cell-Free Assay

To provide direct evidence of the endosomal origin of ESVs
and to gain access to the molecular components involved in
the sorting of membrane proteins to ESVs and ESV forma-
tion, we established an in vitro assay that reconstitutes the
formation of ESVs from endosomal membranes. A sche-
matic of the assay is outlined in Figure 3. The assay is based
on the fact that at 15°C ligands binding to the TfR or to
GLUT4myc are internalized into endosomes but do not
reach small vesicles (Wei et al., 1998; Figure 2, A and B).
Because the donor membranes can be selectively labeled, a
relatively crude mixture of membranes can be utilized as
starting material, bypassing the need to purify endosomes
away from other organelles with similar physical character-
istics. Crude membranes (containing the labeled endosomes)
are pelleted and washed with urea-containing buffer to strip
off peripheral membrane proteins associated with the cyto-
solic face of the membranes. The stripped membranes are
pelleted and resuspended in Bud buffer (Clift-O’Grady et al.,
1998) (which approximates the electrolyte content of cytosol)
with added cytosol and an ATP-regenerating system and
warmed to 37°C. The entire reaction mixture is then layered
onto a glycerol gradient and analyzed by velocity sedimen-
tation. ESV formation is assayed by the appearance of ra-
diolabeled ligand at the characteristic position in the middle
of the gradients.

Figure 4, A and B, shows the product from a typical in
vitro reaction using membranes selectively labeled at 15°C
with either ?°I-9E10 or '?°I-transferrin, respectively. In the
presence of 2 mg/ml rat brain cytosol, both ligands appear
in vesicles that sediment at a similar position as those iden-
tified in intact cells. The efficiency of the assay was such that
~10-30% of the cell-associated radioactivity appeared in the
de novo vesicles (Lim, Bonzelius, Low, Wille, Weimbs, and
Herman, unpublished observations). In the absence of cy-
tosol, there is some background budding that is probably a
result of incomplete stripping of the endosomal membranes.
When endosomal membranes are treated with milder buff-
ers, including bud buffer or Tris-containing buffers, budding
occurs even in the absence of cytosol (Lim, Bonzelius, Low,
Wille, Weimbs, and Herman, unpublished observations). To
verify that some of the de novo ESVs are not arising from
labeled plasma membranes, we performed cell-free assays
using membranes that were labeled at 0°C (Figure 4, C and
D). Cells were incubated on ice for 2 h with either '?°I-
transferrin or '?°I-9E10. A similar degree of cell-associated
radioactivity is achieved as in the experiments conducted at
15°C. The cells were then processed in an identical manner
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1. Internalization of surface-labeled GLUT4myc or TiR.

125]-9E10 or 125|-Tf
15 °C, 80 min

v

2. Homogenization and pelleting of membranes

containing labeled early endosomes.

27,000xg, 30min
urea stripping

3. Reconstitution of ESV budding from labeled endosomes.

cytosol +

4. Isolation of ESVs by velocity sedimentation.

ATP regneneratin.g system %"‘ %%%gf
37°C, 10 min ® o
'

Figure 3. A cell-free assay for ESV
formation from endosomes. (1)
CHO/G4myc cells are incubated
with 12°I-9E10 or ?°I-Tf for 80 min
at 15°C to label early endosomes.
(2) Cells are homogenized and cen-
trifuged to pellet the labeled endo-
somes. Peripheral membrane pro-
teins are removed from endosomes
by treatment with buffer containing
2.5 M urea. The membranes are
subsequently washed with Bud
buffer. (3) Labeled membranes are
incubated with cytosol in the pres-
ence of an ATP-regenerating sys-
tem at 37°C, which, gives rise to
~70- to 90-nm small vesicles. (4)
The reaction mixture is fractionated

~70-90nm small vesicles

Collect L e L] L
fractions U @ o @ @
5-25% 60,000xg, Top Bottom
glycerol 75 min l
Count on gamma counter
or SDS-PAGE
GLUT4myc ;7 1251-9E10 o0
Q" or TiR or 125]-Tf m Endosome ESV

on glycerol gradients as described
above. Gradient fractions are col-
lected from the top and counted on
a gamma counter or analyzed by
SDS-PAGE and Western blot.

as the experiments shown in Figure 4, A and B. Unlike those
experiments, neither ligand appears in de novo ESVs. These
results indicate that the ESVs we observe in the cell-free
assay after labeling membranes at 15°C arise from endoso-
mal membranes and not labeled plasma membranes.

We also compared the efficiency of in vitro ESV formation
from membranes enriched in plasma membranes with mem-
branes enriched in endosomes (Figure 4E). To enrich the
starting material for endosomal membranes, differential cen-
trifugation was used. A 500 X g pellet (P1) contains 90% of
the plasma membrane (as detected by the distribution of
0°C-labeled membranes) and some of the endosomal mem-
branes. The supernatant left behind after a 500 X g spin was
subjected to centrifugation at 27,000 X g to generate a pellet

986

(P2) that is enriched in endosomal membranes. The effi-
ciency of ESV production from the P2 was higher than that
for the P1 for both TfR and GLUT4. These results are con-
sistent with those that would be expected if the donor for the
ESVs are endosomes rather than the plasma membrane.

Characterization of the Cell-Free Assay of ESV
Formation

The cell-free assay of ESV formation was characterized. Fig-
ure 5A indicates the degree of ESV formation observed from
membranes incubated with different concentrations of rat
brain cytosol. The efficiency of ESV formation containing
either radiolabeled transferrin or 9E10 increased with higher

Molecular Biology of the Cell
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Figure 4. ESV formation can be reconstituted in a cell-free assay.
(A and B) Cytosol dependence of ESV formation in vitro. CHO/
GLUT4myc cells were incubated with either *°I-9E10 (A) or '2°I-Tf
(B), respectively, for 80 min at 15°C. Labeled crude membranes (1
mg/ml) were incubated for 10 min at 37°C with or without 2 mg/ml
rat brain cytosol in the presence of an ATP-regenerating system. The
entire reaction mixture was fractionated on glycerol gradients as
described above. (C and D) Absence of detectable ESVs after in vitro
budding from membranes labeled by incubation with '*I-9E10 (C)
or 12°I-Tf (D) for 2 h at 0°C. (E) Efficiency of ESV formation increases
using donor membranes enriched in endosomal membranes. The
formation of ESVs from different preparations of donor membranes
was compared. P1, a pellet centrifuged at 500 X g (enriched in
plasma membranes); P2, a pellet from the supernatant obtained
after a 500 X g spin centrifuged at 27,000 X g (enriched in endoso-
mal membranes). Values shown indicate the amount of specific
radioactivity associated with de novo ESVs assayed on glycerol
gradients normalized relative to the amount of specific radioactivity
associated with the starting material in each reaction. The total
amount of radioactivity recovered was the same for plus- and
minus-cytosol conditions.

cytosol concentrations up to 1 mg/ml rat brain cytosol.
Beyond 2 mg/ml cytosol, additional increases in the levels
of ESV formation were not observed. A larger increase in
cytosol-dependent budding was observed for ESVs contain-
ing transferrin (sixfold) than for ESVs containing 9E10 (3.5-
fold). Similar results were observed when cytosol obtained
from other tissues (liver, adipose, skeletal and cardiac mus-
cle) was substituted for brain cytosol in the in vitro reaction
(Lim, Bonzelius, Low, Wille, Weimbs, and Herman, unpub-
lished observations). Thus, the budding of ESVs from endo-
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Figure 5. Characterization of the cell-free assay for ESV formation.
(A) Cytosol concentration dependence of ESV biogenesis. Mem-
branes (1 mg/ml) labeled with either '*I-9E10 or *?°I-Tf were incu-
bated with varying concentrations of rat brain cytosol in the pres-
ence of an ATP-regenerating system. Values are normalized relative
to the minus-cytosol control. (B) Nucleotide dependence of ESV
biogenesis. Budding from labeled membranes was carried out in the
presence of cytosol with ATP, GTP, or no added nucleotide. Values
were normalized relative to the amount of budding observed in the
presence of 1 mM ATP. (C) Time course of ESV budding from
labeled membranes at 37°C. Values were normalized relative to the
maximal amount of ESV formation observed at 10 min. (D) Tem-
perature dependence of ESV biogenesis. Budding from labeled
membranes at either 0, 15, or 37°C. Values were normalized relative
to the amount of budding observed at 0°C. The amount of specific
radioactivity associated with de novo ESVs on glycerol gradients
was determined for each reaction condition.

somes seems to have different cytosol requirements than the
budding of synaptic like microvesicles (Desnos et al., 1995).

ATP is also required (Figure 5B). When ATP is excluded
from the reaction mixture, the levels of ESV formation ob-
served approximate that of the background levels observed
in the minus-cytosol controls described above (Figure 4, A
and B). Added GTP is able to provide a modest stimulation
in ESV formation. However, this may be due to the conver-
sion of GTP to ATP or the presence of contaminant ATP in
the preparation and may not reflect a true requirement for
GTP.

A time course for ESV formation containing either ligand
showed unusual kinetics (Figure 5C). Membranes contain-
ing internalized '*I-transferrin or '*°I-9E10 were incubated
with cytosol and an ATP-regenerating system at 37°C for
various periods of time. The maximum extent of ESV for-
mation occurs within 10 min. The maximal rate of ESV
formation is observed within the first 5 min of the reaction.
Beyond 10 min of incubation at 37°C, there is a significant
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diminution in the degree of ESV formation observed. Addi-
tion of n-ethyl maleimide (NEM) to the reaction mixture
prevents this decline (Lim, Bonzelius, Low, Wille, Weimbs,
and Herman, unpublished observations). We speculate that
the decrease in ESV formation observed after 10 min may in
part be due to fusion of the budded ESVs with each other or
with other membranes (endosomes, plasma membrane) still
present in the reaction mixture. According to this explana-
tion, at times earlier than 10 min, the rate of vesicle biogen-
esis would exceed the rate of vesicle fusion.

The temperature dependence of the reaction was mea-
sured (Figure 5D). Consistent with the results observed in
intact cells (Figure 1B), increases in ESV formation above
background levels were not observed at 0 or 15°C.

ESV Formation from Endosomes Is Mediated by a
BFA-insensitive GTPase(s) and Inhibited by
Neomycin

GTP-binding proteins mediate most vesicular transport pro-
cesses. These have been shown to be involved in the recruit-
ment of coat proteins (e.g., ARF1, Sarl) to a donor organelle
as well as vesiculation of the nascent bud (e.g., dynamin;
Holroyd et al., 1999; Springer et al., 1999; Mellman and
Warren, 2000). We sought to determine whether ESV forma-
tion was sensitive to the addition of nonhydrolyzable ana-
logues of GTP. Addition of nonhydrolyzable GTP ana-
logues, GTPyS or GMP-PNP resulted in the reduction of
ESV formation from donor membranes to or below back-
ground levels (Figure 6A). Although a GTPase appears to be
involved in ESV formation, its action was not sensitive to the
addition of the fungal metabolite, BFA (Figure 6B). Despite
the addition of up to 400 ug/ml BFA, the levels of de novo
ESVs did not appreciably decrease. Furthermore, when BFA
was added simultaneously with the internalization of radio-
labeled ligands at 37°C in intact cells, no reduction in the
delivery of the ligands to ESVs was observed (Lim, Bonze-
lius, Low, Wille, Weimbs, and Herman, unpublished obser-
vations). These results suggest that the ARF1 GTPase-acti-
vating protein in this cell line is insensitive to inhibition by
BFA or, alternatively, that ARF1 is not involved in ESV
formation. Consistent with the latter possibility, addition of
dominant active (Q71L) or dominant negative (T31N) mu-
tant forms of recombinant ARF1 (Randazzo et al., 1992) to
the reaction mixtures did not significantly alter levels of
ESV production (Lim, Bonzelius, Low, Wille, Weimbs, and
Herman, unpublished observations). Thus, ESV formation
appears to be mediated by one or more BFA-insensitive
GTPases.

Phospholipase D (PLD) has been postulated to be a down-
stream effector of ARF (Kahn et al., 1993; Cockcroft, 1996)
mediating budding of Golgi vesicles (Ktistakis et al., 1996),
adaptor recruitment to endosomes (West et al., 1997), and
endosome-endosome fusion (Jones and Wessling-Resnick,
1998). PLD has been proposed to facilitate coat recruitment
to donor membranes by increasing the local production of
phosphatidic acid and phosphatidylinositol 4,5-biphosphate
(PIP2; Ktistakis ef al., 1996). To investigate the potential role
of PLD in ESV formation, we assayed the effects of neomycin
on ESV formation. Neomycin, an aminoglycoside, has been
shown to inhibit PIP2-dependent PLD indirectly by binding
PIP2 (Liscovitch et al., 1994, West et al., 1997; Jones and
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Figure 6. Inhibition of ESV formation by nonhydrolyzable ana-

logues of GTP and neomycin. (A) ESV formation in vitro was
assayed in the presence of nonhydrolyzable GTP analogues, 200 uM
GTP»S or 200 uM GMP-PNP plus cytosol and an ATP-regenerating
system. (B) ESV formation in vitro was assayed in the presence of
varying concentrations of BFA. (C) ESV formation in vitro was
assayed in the presence of varying concentrations of neomycin.
Donor membranes and cytosol were preincubated with neomycin
for 15 min at 0°C. (D) Inhibition of ESV formation by neomycin is
prevented by the addition of poly-L-aspartic acid (PAA). Neomycin
(0.3 mM) and/or poly-L-aspartic acid (0.03 mM) were preincubated
with membranes and cytosol as above.

Wessling-Resnick, 1998). When varying concentrations of
neomycin are added to labeled endosomal membranes, we
observe a dose-dependent inhibition of ESV formation (Fig-
ure 6C). Poly-L-aspartic acid, which binds to PIP2-contain-
ing membranes and displaces aminoglycosides (Kishore et
al., 1990), has been shown to reverse the inhibition of PLD by
neomycin (Jones and Wessling-Resnick, 1998). Including
poly-L-aspartic acid in the reaction mixture (Figure 6D) pre-
vents inhibition of ESV formation by neomycin. Thus, the
inhibitory action of neomycin appears to be specific to phos-
pholipid binding and not due to detergent-like effects on the
endosomal membranes.

ESVs Generated In Vitro Resemble Those Isolated
from Intact Cells

To ensure that the cell-free assay faithfully reproduces the
vesicle formation that occurs in intact cells, we compared the
appearance and composition of ESVs formed in the cell-free
assay with those isolated from intact cells. Figure 7 shows
the results from electron microscopy experiments. First,
ESVs were isolated from intact cells by collecting the peak
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Figure 7. Negative stain electron
micrographs of ESVs isolated from
intact cells and generated in vitro.
(A) ESVs isolated from intact
CHO/GLUT4myc cells. (B) Vesicles
generated in vitro from CHO/
GLUT4myc cell membranes. (C) In
vitro generated vesicles immuno-
gold labeled with anti-GLUT4 poly-
clonal antibody R820. The inset

shows a magnified image of a sin- C
gle in vitro generated vesicle carry-
ing two gold particles (arrow-
heads). (D) Histogram showing the
size distributions of in vivo
(hatched bars) and in vitro (solid
bars) generated vesicles. Both types
of vesicles show a similar size dis-
tribution with a median external di-
ameter of ~70-90 nm. Negative
stain, 2% ammonium molybdate.
Bars, 100 nm.

fractions from glycerol gradients after velocity sedimenta-
tion. The ESVs were adsorbed onto grids, negatively stained
with ammonium molybdate, and visualized with an electron
microscope. Similar samples were prepared by isolating de
novo ESVs after budding from labeled endosomal mem-
branes. The clusters of vesicles shown in Figure 7, A and B,
demonstrate typical membrane stain exclusion and are es-
sentially indistinguishable in appearance from one another.
The external diameter of individual vesicles was measured
and the size histogram of ESVs isolated from intact cells
compared with that of ESVs generated in the cell-free assay
(Figure 7D). The size distribution of ESVs was very similar
because both types of preparations of vesicles showed a
median diameter of ~70-90 nm.

The samples visualized in Figure 7B did not appear to
contain any pre-existing ESVs that were present in the prep-
aration before budding at 37°C. When the in vitro reactions
were carried out in the absence of cytosol or at 0°C, no ESVs
could be detected in samples prepared from the gradient
fractions corresponding to those obtained above. The start-
ing material contained large, tubular structures without any
apparent free or attached small vesicles (Lim, Bonzelius,
Low, Wille, Weimbs, and Herman, unpublished observa-
tions). ESVs isolated under both conditions showed a similar
pattern of immunogold labeling when the ESVs were incu-
bated with an anti-GLUT4 cytoplasmic tail polyclonal anti-
body (Figure 7C).

We next assayed the composition of de novo ESVs and
those isolated from intact cells (Figure 8). In vivo and in vitro
generated ESVs were isolated on glycerol gradients. Peak
fractions containing the ESVs were incubated with protein
G-Sepharose beads coupled to the anti-GLUT4 cytoplasmic
tail monoclonal antibody, 1F8, or to IgG-coupled beads.
SDS-PAGE and Western blot were used to analyze the start-
ing material (SM) containing ESVs isolated from the gradi-
ents or ESVs associated with the 1F8-beads (1F8) or IgG-
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beads (IgG). The 1F8-coupled beads are able to adsorb most
of the GLUT4 associated with in vivo as well as in vitro
generated ESVs. The 1F8-coupled beads also adsorb all of
the IRAP associated with ESVs. In contrast, almost none of
the TfR is adsorbed, consistent with the results shown in
Figure 2D. The same results are observed whether or not the
ESVs are labeled with internalized 9E10 before immunoiso-
lation. The observation of different vesicle populations
therefore cannot be explained by cross-linking of a subset of
vesicles by the 9E10 antibody. Thus, at least two classes of
ESVs are identified; those enriched in GLUT4 and IRAP and
those that contain TfR. Segregation into these discrete
classes of ESVs is preserved in the cell-free assay.

ESVs adsorbed by the 1F8-beads also contain the endoso-
mal v-SNARE, cellubrevin (vesicle-associated membrane
protein 3; McMahon et al., 1993; Daro et al., 1996). Because
most of the cellubrevin is adsorbed under these conditions,
it is unclear which v-SNARE is associated with the ESVs
enriched in TfR. We were not able to detect any vesicle-
associated membrane protein 2 or endobrevin associated
with either class of small vesicles (Lim, Bonzelius, Low,
Wille, Weimbs, and Herman, unpublished observations).
However, the amount of immunodetectable signal was very
low, even that obtained from crude membranes. Consistent
with the results presented above, Rab11, EEA1, and syntaxin
13 were not detected in either in vivo or in vitro generated
ESVs (Lim, Bonzelius, Low, Wille, Weimbs, and Herman,
unpublished observations). Thus, the composition of ESVs
generated in vitro appears very similar to those isolated
from intact cells.

Inhibition of the Targeting of GLUT4 to ESVs

The sorting of transmembrane cargo into vesicles budding
from donor organelles appears to involve the interaction of
the cytoplasmic tails of the membrane proteins with cytoso-
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Figure 8. Western blot analysis of in vivo and in vitro generated
ESVs after immunoisolation. ESVs labeled in intact cells (in vivo) or
in vitro generated ESVs were isolated from glycerol gradients and
incubated overnight at 4°C with protein G-Sepharose beads cross-
linked to either 1F8 or mouse IgG. The starting material (SM; the
peak glycerol gradient fractions containing the ESVs) and the 1E8-
bead (1F8) or IgG-bead (IgG) eluates were subjected to SDS-PAGE
and Western blot analysis. Note that under both conditions TfR is
largely excluded from ESVs enriched in GLUT4 and IRAP. The
v-SNARE cellubrevin is localized to the ESVs.

lic coat proteins (Kirchhausen et al., 1997). We sought to
more directly determine the selectivity of cargo recruitment
into the newly budded ESV. Monoclonal antibodies are
available that will bind to and interact with the cytoplasmic
tail of GLUT4 in its native state (James et al., 1988). If inclu-
sion of GLUT4 into the ESVs occurs by selective recruitment,
then it may be possible to hinder the inclusion of GLUT4
into de novo ESVs by sterically interfering with the interac-
tion of the GLUT4 tail with cytosolic proteins using those
antibodies. If, on the other hand, the targeting of GLUT4 into
ESVs is passive, then the inclusion of GLUT4 into ESVs
should be unaffected by agents that interact with the GLUT4
tail.

Endosomal membranes labeled by internalization of ra-
diolabeled transferrin or 9E10 at 15°C were preincubated
with the anti-GLUT4 tail antibody, 1F8, before the addition
of cytosol and an ATP-regenerating system. Incubation of
the endosomal membranes with 1F8 results in an ~40%
decrease in the delivery of radiolabeled anti-myc monoclo-
nal antibodies to ESVs but has very little effect on the tar-
geting of transferrin to ESVs (Figure 9A). Addition of mouse
IgG has almost no effect. When the 1F8 antibody is preincu-
bated with a GST-fusion protein containing the GLUT4 car-
boxy terminus (GST-GLUT4tail), the inhibitory effect of the
antibody is no longer observed. However, the GST-
GLUT#4tail alone is without effect. We hypothesize that the
affinity of the fusion protein for the cytosolic sorting ma-
chinery is too low to competitively inhibit association of the
native, full-length GLUT4 with the cytosolic proteins.

The reaction products were also analyzed by SDS-PAGE
and Western blot. The amount of GLUT4, TfR, and IRAP
localized to ESVs was compared after preincubation with
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either the 1F8 antibody or an IgG control. As shown in
Figure 9B, the amount of GLUT4 localized to de novo ESVs
is reduced by ~50% after incubation of the donor endosomal
membranes with the 1F8 antibody as compared with the IgG
control. However, formation of the class of ESVs that nor-
mally contain GLUT4, as assayed by the presence of IRAP,
was unperturbed. The amounts of IRAP associated with the
ESVs were the same or higher than the IgG control. This
argues against an artifact whereby addition of the 1F8 to the
reaction mixture cross-links a subset of the vesicles, making
them heavier than usual. The amounts of TfR associated
with the other class of ESVs were also the same or higher
than the IgG control, consistent with the results from Figure
9A. Taken together, these results suggest that inclusion of
the 1F8 antibody into the cell-free reaction disrupts the
association of the GLUT4 carboxy terminus with cytosolic
sorting machinery. Thus, the entry of GLUT4 into ESVs can
be selectively inhibited without interfering with the target-
ing of other cargo proteins to the ESVs.

DISCUSSION

According to vesicular transport models, trafficking of mem-
brane proteins is mediated by the formation of transport
vesicles that capture cargo proteins from a donor organelle
and carry the cargo to an acceptor organelle where they fuse
(Holroyd et al., 1999; Springer et al., 1999; Mellman and
Warren, 2000). However, it has been difficult to validate this
model with respect to the transport of recycling plasma
membrane proteins from early endosomes. In particular,
transport vesicles carrying recycling plasma membrane pro-
teins have not yet been identified. Here, we report the iden-
tification of at least two classes of small vesicles of endoso-
mal origin, the ESVs, which are enriched in either the TfR or
GLUT4 and IRAP and which have unique buoyant densities.
To validate the endosomal origin of the ESVs, we also de-
scribe the efficient cell-free reconstitution of ATP-, tempera-
ture-, and cytosol-dependent budding of these ESVs from
labeled endosomal membranes. ESVs do not form from
plasma membranes labeled at 0°C. Although we do not yet
know the ultimate fate of the ESVs, a model describing the
potential role of ESVs in the trafficking of recycling plasma
membrane proteins is shown in Figure 10.

Surprisingly, we found that a significant fraction of the
total pools of GLUT4, TfR, and IRAP are localized to ESVs at
steady state (Figure 1A). Although GLUT4 has been shown
to localize to small vesicles that exclude TfR in fat and
muscle cells (Livingstone et al., 1996, Martin et al., 1996;
Malide et al., 1997; El-Jack et al., 1999; Lee et al., 1999; Hash-
iramoto and James, 2000), the abundance of ESVs containing
GLUT4 in other cell types has been underestimated. The
targeting of TfR to other classes of small vesicles has also not
been previously reported. There are a number of possible
explanations for these discrepancies. First, the ESVs may
have been lost during homogenization because 50% of the
small vesicles escape from cells during removal of the cells
from dishes (Miiller, unpublished data). Because less TfR
than GLUT4 is localized to ESVs, the loss of small vesicles
was such that the presence of TfR within ESVs was not
detected in our earlier work (Herman et al., 1994; Wei et al.,
1998). Second, the ESVs may be difficult to distinguish from
endosomes by immunofluorescence techniques because
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Figure 9. Anti-GLUT4 tail antibodies interfere with
the targeting of GLUT4 to de novo ESVs. (A) Target-
ing of radiolabeled ligands to ESVs. Endosomal
membranes labeled with either '?I-9E10 or '*I-Tf
were preincubated with either 100 pug/ml monoclo-
nal anti-GLUT4 antibody 1F8, 1F8 plus 4 mg/ml
GST-GLUT4 tail fusion protein, GST-GLUT4 tail fu- B
sion protein alone, or 100 pg/ml mouse IgG for 30
min at 4°C. Budding was measured by the addition
of cytosol and an ATP-regenerating system and
warming to 37°C for 10 min. The reaction mixtures
were analyzed by velocity sedimentation as de-
scribed above. Gradient fractions were counted on a
gamma counter. (B) Analysis of targeting to ESVs by
Western blot. Gradient fractions were precipitated
with 6% trichloroacetic acid, subjected to SDS-
PAGE, and analyzed by Western blot. ESV budding
after inclusion of the 1F8 antibody in the reaction
mixture was compared with IgG controls. Note the
selective inhibition of targeting of GLUT4 but not
IRAP or the TfR to the newly formed ESVs.

light microscopic techniques do not resolve vesicles of this
size. Third, because of their small size, the abundance of
ESVs may be underestimated by electron microscopy of thin
sections. Moreover, it is difficult to distinguish small vesicles
from tubules that have been transverse sectioned. Electron
microscopy of thin sections in fat and muscle cells does
reveal that GLUT4 localizes to tubulovesicular structures
(Slot et al., 1991a,b; Smith et al., 1991; Rodnick et al., 1992).
Using a novel electron microscopy technique, abundant sim-
ilarly sized small vesicles containing GLUT4 can be more
clearly identified in unsectioned cells (Ramm ef al., 2000).
Although it is possible that fragmentation of endosomes
could give rise to small vesicles, this is an unlikely explana-
tion of our findings. First, ESVs of similar size, appearance,
and composition are observed from intact cells using a va-
riety of homogenization techniques as well as the product of
cell-free assays where no shearing forces are applied. Sec-
ond, in the absence of ATP or cytosol, no ESV formation is
observed in vitro. Third, the selective inclusion of Rab4 and
cellubrevin and exclusion of other early endosomal markers
such as Rabll, EEA1, and syntaxinl3 from ESVs argues
against a fragmentation mechanism. Fourth, the selective
disruption of GLUT4 targeting to the ESVs using antibodies
against the GLUT4 tail also argues against such a mecha-
nism. Finally, although BFA causes increased endosomal
tubulation with transferrin localizing to an extensive tubular
network (Lippincott-Schwartz et al., 1991; Tooze and Hollin-
shead, 1992; Daro et al., 1996), we did not see an increase in
the localization of transferrin to ESVs. If ESVs were forming
as a result of fragmentation of tubules, we would expect to

Vol. 12, April 2001

125,

1004
75( ||
50
25

IRAP
TR | I——

GLUT4

Gradient ———— — —

Endosome-derived Recycling Vesicles

Control
GST-GLUT4

IgG
lgG+GST-GLUT4
1F8
1F8+GST-GLUT4

i
‘.‘. ¢l

L
-

Y,

-

)
]

X
"m0 8 O

7]

0
[1251]

1F8
ESVs

.| | - .=
~mnl coommd
RRALEETTT ) coo vl

observe an increase in the amount of ESVs after BFA treat-
ment.

What is the function of the ESVs? Given their size, it is
unlikely that ESVs can be considered sorting organelles. If
they are true carrier vesicles, they should fuse with an
acceptor membrane. Current evidence, albeit preliminary,
supports a carrier role. The time course of ESV formation
from endosomes in the cell-free assay implies that after 10
min the ESVs disappear, presumably by undergoing fusion
with other membranes in the preparation (Figure 5C). This
idea is reinforced by the observation that NEM can prevent
this decline. In intact cells, under conditions in which tar-
geting to ESVs is inhibited, ESVs labeled with internalized
GLUT4myc disappear with kinetics that mirror the kinetics
of the surface appearance of the transporter (Wei et al., 1998).
In preliminary experiments, we have also been able to re-
constitute the NEM-sensitive fusion of ESVs with other
membranes, but so far we have been unable to discern
whether the acceptor membranes are the plasma membrane
or another endosomal compartment (Lim and Herman, un-
published data).

The ESVs do not appear to be identical to pericentriolar
recycling endosomes enriched in Rabs 4 and 11 (Sheff et al.,
1999; Sonnichsen et al., 2000). At steady state in CHO cells,
GLUT4, TfR, and IRAP do accumulate in pericentriolar
structures as visualized by immunofluorescence microscopy
(Yamashiro et al., 1984; Johnson et al., 1998). However, in
addition to the fact that ESVs lack Rab11, purification of the
recycling endosomes on optiprep gradients followed by
electron microscopy reveals structures that are two to three
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times the size of ESVs observed here (Sheff et al., 1999). We
propose that ESVs serve as transport vesicles to carry recy-
cling membrane proteins from early endosomes to either
pericentriolar recycling endosomes or directly to the cell
surface. Because GLUT4 and TfR label discrete structures at
15°C (Wei et al., 1998), ESVs containing GLUT4 or IRAP may
bud from different subdomains of the same endosome or
physically separate endosomes than ESVs enriched in TfR.

The fact that the ESVs are so abundant raises the possi-
bility that, in addition to serving a role as transport inter-
mediates, they may be involved in the intracellular storage
of the plasma membrane proteins, providing a reserve pool
for modification of the cell surface. Alternatively, the flow of
proteins through short-lived transport vesicles could be so
great that the ESVs are easily detected at steady state. We
find that GLUT4, TfR, and IRAP accumulate within ESVs to
varying degrees. Differences in the abundance of ESVs may
arise if the rates of ESV formation and fusion with acceptor
membranes vary with different classes of ESVs and in dif-
ferent cell types, allowing for additional levels of regulation.
In the case of the class of ESVs containing IRAP and GLUT4,
our results are consistent with observations in fat and mus-
cle cells showing differential targeting of the proteins to
small vesicles (Aledo ef al., 1997; Martin et al., 1997; Ross et
al., 1998). These differences may result in part from variation
in the efficiency of sorting of each of the membrane proteins
from endosomes to the ESVs. In insulin-responsive fat and
muscle cells, we have observed that 90% of the cell-associ-
ated GLUT4 is localized to small vesicles at steady state
(Kallay and Herman, unpublished data). The abundance of
ESVs, even in CHO cells, is consistent with our earlier hy-
pothesis (Herman et al., 1994) that many cell types might use
an ESV storage mechanism to allow rapid alteration of the
composition of the plasma membrane.

The in vitro assay of ESV formation presented here pro-
vides a functional basis to study the molecular requirements
of the targeting of recycling membrane proteins to ESVs
from endosomes. The cell-free assay appears to faithfully
reconstitute the targeting to ESVs that is observed in intact
cells. ESVs isolated from intact cells have the same appear-
ance and size by electron microscopy and the same biochem-
ical composition as ESVs generated in vitro. The sorting of
GLUT4 and TfR to separate compartments in vitro is also
consistent with our earlier observations in intact cells (Wei et
al., 1998). We have only begun to understand the molecular
events involved. Although a GTPase is involved, ESV for-
mation is insensitive to BFA. Consistent with this observa-
tion is the fact that the recycling of transferrin is largely BFA
resistant (Lippincott-Schwartz et al., 1991) and transport of
transferrin from Rab4/Rab5-positive early endosomes to
Rab4/Rab11-recycling endosomes proceeds in the presence
of BFA (Sénnichsen et al., 2000). Although ESV formation is
resistant to BFA, PIP2-sensitive PLD, a downstream effector
of ARF, may be involved in this process, as evidenced by the
inhibition of ESV biogenesis by neomycin. It is possible that
ARFs mediate coat recruitment to early endosomes and ESV
formation but that the ARF exchange factors localized to the
early endosomes are resistant to BFA. Alternatively, other
stimulators of PLD may be involved or the catalytic activity
of PLD on endosomal membranes in CHO cells might be
high enough to bypass a requirement for ARFs in coat
recruitment. Because neomycin inhibits PLD indirectly by
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Figure 10. Model-discrete classes of ESVs store and carry recycling
membrane cargo from early endosomes. TfR and GLUT4 are inter-
nalized from the cell surface into discrete domains of early/sorting
endosomes (or to physically separate early endosomes). IRAP is
internalized into the same domains occupied by GLUT4. GLUT4
and IRAP are targeted into one class of ESVs, whereas TfR is
targeted to another population of discrete ESVs. Other classes of
ESVs, not yet identified, may also exist. Transport from early endo-
somes to both classes of ESVs is inhibited at 15°C and is mediated
by one or more BFA-insensitive GTPases and PIP2-dependent PLD
or directly by PIP2. Because entry of GLUT4 into ESVs can be
perturbed with anti-cytoplasmic tail antibodies, we propose that the
entry of cargo into nascent ESVs is facilitated by an interaction of the
cytoplasmic tails of the recycling plasma membrane (PM) proteins
with cytosolic proteins. ESVs, containing Rab4 and the v-SNARE
cellubrevin, may carry the recycling membrane proteins to pericen-
triolar recycling endosomes or directly to the cell surface. Because
they are so abundant, the ESVs may also function as a storage depot,
delivering the cargo to targets at variable rates.

binding to PIP2, it is also possible that PIP2 plays a more
direct role in coat recruitment, independently of PLD activ-
ity. Such a role for PIP2 has been suggested in the recruitment
of coat proteins such as AP2 and accessory proteins such as
dynamin to coated pits (Corvera ef al., 1999). Although we do
not yet know which coat proteins are required for membrane
protein targeting to ESVs and ESV formation, preliminary ex-
periments indicate that in the presence of nonhydrolyzable
analogues of GTP, subunits of clathrin, AP1, AP2, and dy-
namin are recruited from cytosol to immunoisolated ESVs
(Lim, Bonzelius, Low, Wille, Weimbs, and Herman, unpub-
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lished observations). Validation of the putative role of these
proteins awaits further experimentation.

The most important observation so far from the in vitro
reconstitution assay is that the targeting of recycling mem-
brane proteins to ESVs from endosomes appears to be se-
lective. Inclusion of an antibody against the GLUT4 carboxy
terminus is able to impede the incorporation of GLUT4 into
newly formed ESVs without disrupting the delivery of IRAP
to the same class of ESVs or TfR to the other class of ESVs
(Figure 9). Although we cannot rule out retention of GLUT4
within endosomes as a result of cross-linking of GLUT4
molecules by the 1F8 antibody, we favor an explanation
whereby the antibody sterically interferes with the interac-
tion of the cytoplasmic domains of the transmembrane cargo
with cytosolic proteins. These data argue against a mecha-
nism whereby cargo proteins would be passively included
in the budding ESVs or one in which ESVs form by random
vesiculation of endosomal membranes. Our experiments
also suggest that the inclusion of cargo into the nascent
vesicles can be uncoupled from vesicle budding. This is in
contrast to recent studies linking cargo selection to vesicu-
lation (Salem et al., 1998; Springer and Schekman, 1998;
Haucke and De Camilli, 1999). Cytosolic proteins involved
in the sorting of cargo proteins to ESVs might be useful
targets for the development of therapeutic agents to modu-
late the trafficking of select plasma membrane proteins. For
instance, in type 2 diabetes, there is diminished redistribu-
tion of GLUT4 to the cell surface in response to insulin,
resulting in elevated blood sugar levels (Kahn, 1998). Inhi-
bition of the sorting of GLUT4 to ESVs by interfering with
these cytosolic proteins might redirect enough GLUT4 to the
cell surface to correct the hyperglycemia. Studies will need
to be performed in fat and muscle cells to determine wether
similar mechanisms influence the sorting of GLUT4 in insu-
lin-responsive cells.
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