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Abstract. Clathrin-coated vesicles transport selective
integral membrane proteins from the plasma mem-
brane to endosomes and from the TGN to endosomes.
Recycling of proteins from endosomes to the plasma
membrane occurs via unidentified vesicles. To study
this pathway, we used a novel technique that allows for
the immunoelectron microscopic examination of trans-
ferrin receptor-containing endosomes in nonsectioned
cells. Endosomes were identified as separate discontin-
uous tubular-vesicular entities. Each endosome was
decorated, mainly on the tubules, with many clathrin-
coated buds. Endosome-associated clathrin-coated
buds were discerned from plasma membrane—derived
clathrin-coated vesicles by three criteria: size (60 nm
and 100 nm, respectively), continuity with endosomes,

and the lack of labeling for a-adaptin. They were also
distinguished from TGN-derived clathrin-coated vesi-
cles by their location at the periphery of the cell, size,
and the lack of labeling for «y-adaptin. In the presence
of brefeldin A, a large continuous endosomal network
was formed. Transferrin receptor recycling as well as
the formation of clathrin-coated pits at endosomes was
inhibited in the presence of brefeldin A. Together with
the localization of transferrin receptors at endosome-
associated buds, this indicates that a novel class of
clathrin-coated vesicles serves an exit pathway from
endosomes. The target organelles for endosome-
derived clathrin-coated vesicles remain, however, to
be identified.

CELLS accomplish selective removal of integral mem-
brane proteins from the plasma membrane by en-
docytosis. Endocytosis includes the formation of
clathrin-coated vesicles that bud off from the plasma mem-
brane into the cell. After uncoating, these vesicles fuse with
sorting endosomes that are localized throughout the cyto-
plasma. In sorting endosomes, composed of vacuoles with
attached tubular extensions (Geuze et al., 1983; Hopkins
et al., 1990), proteins are sorted and transported to differ-
ent destinations. Soluble molecules, ligands that dissociate
from their receptors in endosomes and fluid phase—endocy-
tosed material, are largely transported from sorting endo-
somes to lysosomes. In contrast, most endocytosed integral
membrane proteins recycle efficiently to the plasma mem-
brane, probably via the tubular endosomal extensions
(Geuze et al., 1983, 1987; Courtoy et al., 1991; Trowbridge
et al., 1993), either directly or via perinuclear recycling en-
dosomes (Ghosh and Maxfield, 1995). However, many en-
docytosed membrane proteins are not efficiently recycled
to the plasma membrane. Examples are the cation-indepen-
dent mannose 6-phosphate receptor (MPR)! (Stoorvogel
et al., 1989; Riederer et al., 1994) and TGN38 (Wong and
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Hong, 1993) that are transported to the TGN, and lysoso-
mal glycoproteins (for review see Fukuda, 1991; Guarnieri
et al., 1993) and the EGF receptor (Felder et al., 1990; Fut-
ter et al, 1993) that can be transported to lysosomes.
Transport from sorting endosomes to the TGN (Geuze
and Morré, 1991) and the plasma membrane may occur via
recycling endosomes (Ghosh and Maxfield, 1995; Hopkins
et al., 1994).

The molecular machinery responsible for active sorting
of integral membrane proteins in sorting endosomes has
so far not been identified (Trowbridge et al., 1993; Luzio
and Banting, 1993; Sandoval and Bakke, 1994). Endo-
some-derived vesicles serving exit pathways have also not
been identified. Such vesicles can be expected to display
cytoplasmic coats analogous to the four types of coated
transport vesicles identified for other pathways: COP I- and
COP Il-coated vesicles, budding from Golgi cisternae (for
review see Rothman, 1994) and the ER (Barlowe et al.,
1994), respectively, and two types of clathrin-coated vesi-
cles, formed at the plasma membrane and the TGN (for
reviews see Keen, 1990; Robinson, 1994). Clathrin-coated
vesicles are intermediates in the transport pathways from
the plasma membrane to endosomes and from the TGN to
endosomes. Specific sets of integral membrane proteins are
incorporated in clathrin-coated vesicles through binding to
cytosolic adaptor complexes, AP1 at the TGN and AP2 at
the plasma membrane (Pearse and Robinson, 1990; Robin-
son, 1994). The fungal metabolite brefeldin A (BFA) aided
in the elucidation of the role of coat proteins in vesicular
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transport. Originally, BFA has been acknowledged to cause
the formation of long tubular extensions from the Golgi
apparatus and to induce a redistribution of Golgi compo-
nents to the ER (Fujiwara et al., 1988; Lippincott-Schwartz
et al., 1989; Doms et al., 1989). BFA also induces the for-
mation of long membranous tubules at the TGN and at en-
dosomes (Lippincott-Schwartz et al., 1991; Wood et al.,
1991; Hunziger et al., 1991). BFA exerts its effect by pre-
venting binding of ARF as well as AP1 and B-COP to the
TGN and cis-Golgi, respectively (Randazzo et al., 1993,
and references therein). The identical effect of BFA on
the Golgi, TGN, and endosomes with respect to the induc-
tion of long tubules suggests the presence of yet unidenti-
fied, BFA-sensitive, coat proteins on endosomes. Such coats
may be instrumental for selective and efficient recycling of
integral membrane proteins from sorting endosomes to
the plasma membrane, and/or for transport from endosomes
to the TGN.

The endocytic pathway is composed of a vacuolar sys-
tem that is very heterogeneous in morphology, protein com-
position, and subcellular distribution. To study exit pathways
from endosomes at the ultrastructural level, we developed
a novel technique that allows visualization and immunola-
beling of the endocytic system in nonsectioned cells at the
electron microscopic level. We show that endosomes do
not form a continuous membranous tubular network. In-
stead, transferrin receptor (TfR)—containing clathrin-coated
buds continuous with endosomal vacuoles and tubules
were found. These endosome-associated clathrin-coated
buds are distinct from plasma membrane— and TGN-derived
clathrin-coated vesicles. In conclusion, clathrin-coated vesi-
cles provide for an exit pathway from endosomes, via
which recycling to the plasma membrane may occur.

Materials and Methods

Cell Culture

A431 cells were cultured in high glucose DME supplemented with 10%
FCS, penicillin, and streptomycin according to standard procedures. For
whole-mount immunocytochemistry, cells were grown on golden grids car-
rying a carbon-coated Formvar film. The grids were incubated for 1 d in
culture medium before cell seeding. Cells cultured on grids were used for
experiments after 2 d of culturing.

Endocytosis of TfITHRP

The T{/HRP conjugate was prepared and analyzed as described (Stoorvo-
gel et al., 1988). The conjugate bound specifically and in a saturable man-
ner to the TfR, its recycling kinetics were identical to that of nonconju-
gated Tf, and Tf/HRP was retrieved as a complex in the culture medium
after cycling through the cell (Stoorvogel et al., 1988). After 1 h of contin-
uous uptake, no Tf/HRP was mistargeted to lysosomes as determined by
cell fractionation on Percoll density gradients (not shown).

To label the entire TfR pathway, cells were first washed with MEM,
containing 20 mM Hepes/NaOH, pH 7.2, lacking bicarbonate (MEMH),
and then incubated for 1 h at 37°C in MEMH containing 25 pg/ml Tf/HRP.
When indicated, the medium was supplemented with 10 pg/ml BFA for
the last 1~30 min of incubation. For plasma membrane labeling, washed
cells were first incubated for 30 min in MEMH at 37°C and then incubated
for 1 hin MEMH containing 25 wg/ml Tf/HRP at 0°C. After endocytic up-
take or binding of T{/HRP, the medium was removed and replaced imme-
diately by MEMH at 0°C. The cells were washed twice with MEMH at 0°C
(~5 s per wash) and incubated for 30 min at 0°C in freshly prepared DAB
buffer. DAB buffer contained 1.5 mg/ml DAB (BDH Chemicals Ltd.,
Poole, UK), 70 mM NaCl, 50 mM ascorbic acid (Merck, Darmstadt, Ger-
many), 20 mM Hepes (Gibco BRL, Uxbridge, UK), and was adjusted to
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pH 7.0 using 5 N NaOH. After setting the pH, the solution was adjusted to
300 mosM using NaCl. The DAB buffer was supplemented with 0.02%
H,0, just before use. When indicated, ascorbic acid was omitted from the
DAB buffer to allow extracellular HRP-mediated DAB polymerization.
Additional NaCl was added to this buffer to compensate the loss in osmo-
larity.

Preparing Cells for Immunocytochemistry

After the HRP-mediated polymerization of DAB in endocytic compart-
ments, cells were washed three times with PBS (Dulbecco’s PBS lacking
CaCl, and MgCl,) at 0°C. Soluble cytosolic proteins were removed by per-
meabilizing the cells in PBS, 1 mM EGTA, 0.5 mM MgCl,, 0.5 mg/ml
saponin (Merck) at 0°C. Saponin binds to cholesterol in membranes, form-
ing pores through which soluble cytosolic proteins leak out. Membrane-
bound proteins, the nucleus, cytoskeleton, and proteins cross-linked to the
DAB polymer remained cell associated (Rijnboutt et al., 1991). After 30
min the cells were washed three times with PBS, 1 mM EGTA, 0.5 mM
MgCl,, and fixed for 1 h at 4°C with 1% paraformaldehyde in PBS. When
indicated, clathrin and adaptor complexes were removed from membranes
before the paraformaldehyde fixation. Towards this goal, saponin-washed
cells were incubated for 15 min at 0°C in 0.5 M Tris/HCl, pH 7.4 (Ma-
haffey et al., 1990). Tris was removed by extensive washing with PBS be-
fore fixation. All the following treatments were performed at room tem-
perature. The cells were washed three times with PBS after which free
reactive aldehyde groups were blocked during a 5-min incubation in PBS,
20 mM glycine. The grids were transferred to blocking buffer (PBS, 0.5 mg/
ml saponin, 20 mM glycine, 0.1% cold water fish gelatin [Sigma Chemical
Co., St. Louis, MO; G-7765], 0.02% NaN,). The cells were immuno-dou-
ble-labeled (Slot et al., 1991) using 5-nm and 10-nm protein A—colloidal
gold particles. The cells were fixed with glutaraldehyde after each of the
sequential labeling steps to permanently immobilize the colloidal gold la-
bel and to exclude cross-labeling (Slot et al., 1991). Cross-labeling was
checked in control experiments in which the primary antibody of the sec-
ond label was omitted and found negligible. Nonspecific labeling was
checked using nonrelevant antibodies. The cytoplasmic tail of the TfR was
labeled using mAb HTR-H68.4 (Schmid and Smythe, 1991) which was pre-
pared and provided generously by Dr. Trowbridge (Salk Institute, La
Jolla, CA). Monoclonal mouse anti-y-adaptin, 1003 (Ahle et al., 1988),
and polyclonal rabbit anticlathrin light chain were gifts from Dr. Un-
gewickell (Washington University, St. Louis, MO). Another polyclonal
antibody directed against clathrin light chain was obtained from Dr. Keen
(Thomas Jefferson University, Philadelphia, PA). The mAbs directed
against clathrin light chain, CON.1 (Nithke et al., 1992), clathrin heavy
chain, X22 (Brodsky, 1985), and a-adaptin, AP.6 (Chin et al., 1989) were
kindly provided by Dr. Brodsky (University of California, San Francisco).
Polyclonal anticlathrin heavy chain was a gift from Dr. Robinson (Cam-
bridge University, Cambridge, UK). Detection of all monoclonal antibod-
ies was performed using rabbit anti-mouse Ig (Dakopatts, Copenhagen,
Denmark).

After immunolabeling and fixation, the cells were extensively washed
with H,O, and dehydrated by sequential passage through 50, 70, 90, 96%,
and absolute ethanol. The ethanol was substituted by liquid CO,, and the
samples were dried using a critical point—drying apparatus. Finally, a film
of evaporated carbon was applied on the samples while rotating the grids
under varying angles. The grids were examined using a transmission elec-
tron microscope (Jeol USA, Peabody, MA) at 60-80 kV.

Cell surface '*°I Labeling, Immunoprecipitation,
and SDS-PAGE

Cells, cultured on 6-cm dishes, were washed three times with MEMH and
incubated for 60 min in MEMH at 37°C in a water bath to remove serum
Tf. Next, the cell surface was 121 labeled as described previously (Stoorvo-
gel et al., 1989). Endocytosis of surface >’I-labeled proteins was allowed
for 30 min at 37°C in MEMH containing 25 pg/ml T{/HRP. Endocytosis
was stopped and excess Tf/HRP removed by washing the cells three times
with PBS, 1 mM EDTA at 0°C. When indicated, the cells were incubated
for 1hin 1 ml PBS, 1 mM EDTA, 0.5 mg/ml proteinase K at 0°C on a rocker
platform to digest plasma membrane proteins. The protease activity was
stopped by the addition of 1 mM PMSF. The detached cells were collected
and washed twice with PBS, 1 mM EDTA, 1 mM PMSF by centrifugation
for 5 min at 300 g at 0°C. Samples of the cell suspension were incubated in
DAB buffer as described above. After the DAB cytochemistry, the cells
were washed twice with PBS, 1 mM EDTA, 1 mM PMSF by centrifuga-
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tion for 5 min at 300 g and lysed for 10 min at 0°C in 0.5 ml PBS, 1% Tri-
ton X-100, 0.1% SDS, 1 mM PMSF, 0.02% NaN,, 1 mM EDTA. Nuclei
were removed from the lysate by centrifugation for 1 min at 10,000 g, and
TfR was immunoprecipitated according to standard procedures (Stoorvo-
gel et al.,, 1989). ™I-TfR was analyzed by SDS-PAGE, and visualized
and quantified using a Phosphor Imager (Molecular Dynamics, Sunny-
vale, CA).

Results

Endosomes were studied using a novel technique that al-
lows for the visualization of endosomes in nonsectioned cells
by transmission electron microscopy. Toward this purpose
cells were cultured on Formvar-coated grids. The endocytic
pathway traveled by the TfR was labeled with Tf/HRP dur-
ing a 60-min incubation at 37°C. After Tf/HRP uptake the
cells were placed at 0°C in a buffer containing DAB, H,0,,
and ascorbic acid. Monomeric DAB easily penetrates non-
fixed membranes, but is captured after HRP-catalyzed po-
lymerization (Courtoy et al., 1984). Ascorbic acid, a mem-
brane-impermeable antioxidant, inhibited Tf/HRP-catalyzed
DAB polymerization at the plasma membrane but not in
endosomes. DAB polymerization in endosomes resulted
in three advantageous effects: (i) Electron-dense DAB poly-
mer served as an endosomal marker that was easily de-
tected using electron microscopy. (ii) The endosomal pro-
tein content, including integral membrane proteins, was
cross-linked to the DAB polymer, resulting in the selective
fixation of the endosomal structure. Nonendosomal pro-
teins were not fixed. Consequently, cytosolic proteins could
be removed after permeabilizing the cells with saponin. The
resulting electron-lucent cells could then be studied, as
whole-mount preparations, using transmission electron mi-
croscopy. (iii) Efficient removal of cytosol assured maxi-
mal accessibility of epitopes at the cytoplasmic surface of
endosomes. Together with the whole-mount aspect, this
resulted in very high labeling efficiencies.

Both endosomes and the plasma membrane were labeled
with peroxidase activity when cells were incubated at 37°C
in the presence of Tf/HRP. A subsequent incubation in the
presence of DAB and H,O, resulted in the HRP-catalyzed
deposition of DAB polymer at these two locations. For our
whole-mount immunoelectron microscopical studies it was
essential to prevent DAB polymerization at the plasma
membrane. To study DAB polymerization at the plasma
membrane (Fig. 1 A), the surface of A431 cells was %] la-
beled, and Tf/HRP was bound to plasma membrane TfRs
at 0°C. The cells were then incubated in the presence of
DAB and H,0,, washed, and lysed. As a consequence of
the peroxidation reaction, membrane proteins were en-
capsulated by DAB polymer rendering them detergent in-
soluble. Analysis by SDS-PAGE revealed large *I-labeled
protein complexes that failed to migrate into the stacking
gel (Fig. 1 A, lane 7). The addition of ascorbic acid to the
DARB solution prevented the formation of '%I-labeled pro-
tein aggregates (Fig. 1 A, lane 2), and the formation of a
DAB precipitate on these cells was not detected (not
shown). We conclude that during the peroxidation reac-
tion, ascorbic acid competed with DAB as reductant,
yielding oxidized ascorbic acid, a soluble reaction product.
Previously, we have reported that proteins present in HRP-
containing endosomes became cross-linked to DAB poly-
mer upon incubation of intact cells in the presence of DAB
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and H,0, (Stoorvogel et al., 1991a; Rijnboutt et al., 1992;
Strous et al., 1993). Consistent with this we found cross-
linked '®I-labeled proteins after allowing uptake of en-
docytosing surface »I-labeled proteins in the presence of
T{/HRP. The extracellular presence of ascorbic acid did
not prevent cross-linking of endocytosed 1%I-labeled pro-
teins by endocytosed TI/HRP, as evidenced by *I-labeled
aggregates recovered on top of the stacking gel (Fig. 1 A4,
lane 3). Some of the '»I-labeled proteins were lost during
the incubation at 37°C, probably because they represent
adhering serum proteins that dissociated from the culture
dish at 37°C (not shown).

The TR was used as a model protein to show that endocy-
tosed proteins were efficiently cross-linked and that the
extracellular presence of ascorbic acid did not interfere
with this process (Fig. 1 B). Surface *I-labeled TfR was
immunoprecipitated from a detergent extract and ana-
lyzed by SDS-PAGE (Fig. 1 B, lane I). A treatment of in-
tact '%I-labeled cells with proteinase K at 0°C completely
removed all surface 'I-TfR (Fig. 1 B, lane 2). After en-
docytosis at 37°C in the presence of Tf/HRP, cell surface
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Figure 1. Selective DAB polymerization in endosomes. Cell sur-
face proteins were 2] labeled at 0°C. Samples of total cell lysates
(A) or immunoprecipitated ZI-TfR (B) were analyzed by SDS-
PAGE and autoradiography. '>I-labeled cells were incubated in
the presence of T/HRP (TH) at 0°C (A, lanes I and 2; B, lane 5)
or 37°C (A, lane 3; B, lanes 3 and 4) or in the absence of Tf/HRP
at 0°C (B, lanes 1 and 2). Some of the culture dishes were then in-
cubated with proteinase K (PK) at 0°C to remove TfR at the
plasma membrane (B, lanes 2—4). Next, some cell cultures were
incubated in the presence of DAB and H,O, only (A, lane 1), or
in the presence of DAB, H,0,, and ascorbic acid (AA) (A, lanes
2 and 3; B, lanes 4 and 5). *’I-TfR is indicated with an open trian-
gle. Some nonreduced dimeric [-TfR is found just below the
200-kD marker. Molecular mass (200, 92, 69, 46, and 30 kD) is in-
dicated at the right (arrowheads). Top of the running and stack-
ing gel is indicated with arrows at the right.
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I51.T{R was removed by the proteinase K treatment leav-
ing only internalized 'I-TfR intact (Fig. 1 B, lane 3).
When similarly treated cells were additionally incubated
in the presence of DAB, H,0,, and ascorbic acid, endocy-
tosed »I-TfR was cross-linked to DAB polymer with an
efficiency of 85% (Fig. 1 B, lane 4). Of the ®I-labeled
cross-linked endosomal protein complex, only a small pro-
portion could be immunoprecipitated using anti-TfR anti-
bodies, possibly due to epitope masking by DAB polymer,
and was recovered as a complex on top of the stacking gel.
In contrast to endosomal 'PI-TfR, 'I-TfR at the plasma
membrane was not cross-linked in the presence of ascorbic
acid (Fig. 1 B, lane 5). Thus, ascorbic acid is a membrane-
impermeable reducing agent that competed extracellularly,
but not intracellularly, with DAB as a substrate for HRP.

Next, we studied Tf/HRP-mediated DAB polymeriza-
tion at the plasma membrane and in endosomes using
whole-mount electron microscopy. TfRs at the plasma
membrane were allowed to bind Tf/HRP at 0°C, after which
the cells were incubated with DAB/H,0, either in the ab-
sence or presence of ascorbic acid. After DAB polymer-
ization the cells were washed in the presence of saponin
resulting in membrane permeabilization. Consequently,
soluble proteins from the cytosol and intracellular vacu-
oles leaked out of the cells (Rijnboutt et al., 1991) while
membrane-associated proteins and proteins that were
cross-linked to the DAB polymer remained cell associ-
ated. Although saponin-induced pores have a reported di-
ameter of 8 nm (Dourmashkin et al., 1962), they allowed
passage of protein A complexed to 5 nm and 10 nm colloi-
dal gold. Upon saponin removal, permeabilization for pro-
tein A—colloidal gold complexes was reversed (not shown),
indicating maintenance of the integrity of the plasma mem-
brane. Due to the saponin treatment the cells became elec-
tron lucent, allowing visualization of electron-dense DAB
polymer. After the saponin treatment the cells were fixed
with paraformaldehyde and immunolabeled. DAB poly-
mer was detected at sites with a diameter of 100 nm which
labeled for both clathrin (10 nm gold) and a-adaptin (5 nm
gold), identifying them as plasma membrane-associated
clathrin-coated pits (Fig. 2). When ascorbic acid was present
during the DAB reaction, sites labeled for clathrin and
a-adaptin were negative for DAB polymer (not shown).
Consequently, DAB staining in the presence of ascorbic
acid, detected after endocytic uptake of T{/HRP, must be
attributed to endosome labeling.

Endosomes Form a Continuous Tubular Network in the
Presence of BFA But Not at Control Conditions

Although endosomal tubules may have a considerable
length (Hopkins et al., 1990; Tooze and Hollinshead, 1991),
it is not clear whether individual endosomes are connected
with each other via a continuous membranous tubular net-
work. However, it has been widely accepted that endo-
somes form a large tubular network in the presence of
BFA (Lippincott-Schwartz et al., 1991; Wood et al., 1991;
Hunziger et al., 1991). To address questions on the extent

%

Figure 2. Plasma membrane-associated clathrin-coated pits. Cells
were allowed to bind Tf/HRP for 60 min at 0°C. After removal of
nonbound T{/HRP, the cells were incubated at 0°C in the pres-
ence of DAB and H,0,. After removal of soluble cytosolic pro-
teins in the presence of saponin, the cells were processed for
whole-mount immunoelectron microscopy. The cells were la-
beled with protein A complexed to 5-nm and 10-nm gold parti-
cles for the demonstration of a-adaptin (AP.6) and clathrin light
chain (polyclonal Ungewickell), respectively. DAB polymer and
a-adaptin were found at clathrin-coated pits. One DAB-stained
profile is labeled for a-adaptin only (arrowhead). Bar, 0.2 pm.

of the endosomal tubular network in the absence of BFA,
it had to be verified that the experimental conditions used
to prepare the whole-mount preparations did not interfere
with the continuity of endosomal tubules. To validate the

Figure 3. Endosomes form a tubular network in the presence but not in the absence of BFA. Cells were allowed to endocytose Tf/HRP
for 60 min at 37°C. BFA was either absent (A and B) or present during the last 5 min of this incubation (C). Then the cells were incu-
bated at 0°C in the presence of H,O,, DAB, and ascorbic acid. Soluble cytosolic proteins were removed by washing in the presence of
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saponin, and the cells were processed for whole-mount electron microscopy. The nucleus (N) and the edge of the cells (E) are indicated.
(A) a low magnification of cell showing perinuclear and peripheral DAB staining. Bar, 10 pm. (B) Numerous individual endosomes con-
sisting of vacuoles (arrowheads) and tubules of sometimes considerable length (arrows) are identified by the electron-dense DAB pre-
cipitate. Nonidentified, less electron-dense meshworks, probably representing cytoskeleton, are also visualized. Bar, 1 pm. (C) A BFA-
treated cell shows a continuous tubular network (arrows) ranging from the periphery to the perinuclear area of the cell. Endosomal vac-
uoles, often discontinuous with the tubular network (arrowhead) were also encountered. Bar, 1 pm.
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Figure 4. Endosome derived clathrin-coated vesicles. Cells were labeled with Tf/HRP and processed as in Fig. 3 A. After permeabiliza-
tion and fixation, the cells were immuno-double-labeled with protein A complexed to 5S-nm and 10-nm gold particles. (A). Cells were la-
beled with 10-nm gold for the demonstration of clathrin heavy chain using the monoclonal X22. A peripheral tubular DAB-labeled en-
dosome continuous with many 60-nm clathrin-coated buds is shown. Free DAB-positive vesicles with a diameter of 60 nm and labeled
for clathrin (arrows) probably derived from the endosome. Non—clathrin-coated DAB-labeled 60-nm vesicles (possibly representing un-
coated endosome-derived vesicles; triangles) and D AB-positive 100-nm clathrin-coated vesicles, discontinuous with the endosome and
presumably derived from the plasma membrane (arrowheads) are also present. (B) Cells were labeled with 5-nm gold for the demon-
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technique, we checked for the integrity of endosomal tu-
bules after BFA treatment. A431 cells were incubated for
60 min at 37°C in the presence of Tf/HRP to ensure label-
ing of the entire endocytic tract of TfR with peroxidase ac-
tivity. BFA was either omitted or present during the last
1-30 min of this incubation. Subsequently, the cells were
prepared for whole-mount electron microscopy. Individ-
ual electron-lucent cells were observed with a contrasted
nucleus, and electron-dense DAB polymer deposited at
the perinuclear area and cell periphery (Fig. 3 A). In the
absence of BFA, hundreds of individual DAB-labeled en-
dosomes were encountered in the periphery of each cell
(Fig. 3 B). We did not find DAB-labeled organelles after
DAB cytochemistry on unfixed A431 cells when Tf/HRP
was omitted (not shown). Besides their DAB contents, en-
dosomes were also identified by the presence of TR as
shown by abundant immuno-gold labeling (see Fig. 6).
Endosomes were of variable shapes and sizes and consisted
of interconnected tubules only or tubules connected to
vacuoles. The lengths of these tubular endosomes varied
from 100 nm to 3 pm. Besides peripheral endosomes, many
DAB-positive structures were found in the perinuclear
area packed so densely that the continuity between these
structures could not easily be determined (see Fig. 1 A; for
higher magnification, see Fig. 5 D). After 1 min in the
presence of BFA, a significant increase in the average
length of endosomal tubules was already detected (not
shown). After 5 min a large continuous DAB-stained en-
dosomal network was found (Fig. 3 C), consistent with ob-
servations by others (Lippincott-Schwartz et al., 1991; Wood
et al., 1991; Hunziger et al., 1991). After a prolonged incu-
bation in the presence of BFA (up to 30 min), tubular en-
dosomes disappeared from the periphery of the cell and
redistributed to the perinuclear area (not shown). Similar
observations were made for the human hepatoma cell line
HepG2, and the human epidermoid carcinoma cell line
Hep?2 (not shown). These data show that endosomal tu-
bules, when present, were not fragmented during sample
preparation. Thus, it must be concluded that at normal cell
culture conditions endosomes do not form a continuous
membranous network.

Endosomal Buds Coated with Clathrin

On each individual endosome, buds with a uniform diame-
ter of 60 nm were observed. Labeling of whole-mount cells
with antibodies to clathrin light chain from three different
sources and to clathrin heavy chain from two different
sources (see Materials and Methods) revealed that both
heavy and light chain clathrin are associated with these
buds (Fig. 4, A and C). The continuity of these buds with
endosomes was confirmed by stereo images (not shown).
Besides 60-nm clathrin-labeled buds, occasionally 80-100-
nm buds that did not label for clathrin were also found
associated with endosomes (Fig. 4 B, arrowheads). In ad-
dition to clathrin-coated buds on endosomes, free 60-nm

DAB-labeled clathrin-coated vesicles were encountered
(Fig. 4 A, open triangles). The endosome-associated clath-
rin-coated buds and free DAB-labeled clathrin-coated
vesicles were considerably smaller than plasma membrane—
derived 100-nm clathrin-coated vesicles (Figs. 4 A, arrow-
heads indicate 100-nm clathrin-coated vesicles; for labeling
with anti-a-adaptin see Figs. 2 and 5 A). After a 5-min in-
cubation in the presence of BFA, clathrin-coated buds were
absent on the tubular endosomal network (not shown), in-
dicating that their formation was inhibited by this drug.

To further discriminate endosome-associated clathrin-
coated buds from plasma membrane—derived clathrin-coated
vesicles, we immuno—double-labeled for a-adaptin and
clathrin (5 nm and 10 nm gold, respectively; Figs. 5, A and
B). Generally, endosome-associated clathrin-coated buds
were negative for a-adaptin (Fig. 5 A). Occasionally,
however, little labeling for a-adaptin was found on clath-
rin-labeled buds on endosomes (Fig. 5 B, arrowheads),
confirming that some a-adaptin may be associated with en-
dosomes (Wang et al., 1993; Seaman et al., 1993). In con-
trast, plasma membrane-derived DAB-labeled 100-nm
clathrin-coated vesicles (Fig. 5 A, arrow) labeled heavily for
a-adaptin. a-adaptin was also found on clathrin-labeled,
DAB-negative sites, representing clathrin-coated pits at
the plasma membrane (Fig. 5 A, arrowhead). Endosome-
associated clathrin-coated buds were thus discriminated
from plasma membrane-derived coated vesicles by their
continuity with endosomes, the absence of a-adaptin, and
their size.

To discriminate endosome-associated clathrin-coated
buds from TGN-derived coated vesicles, we immuno-dou-
ble-labeled for clathrin and y-adaptin. Recycling endosomes
and the TGN are localized in the perinuclear area and are
closely associated with one another (Hopkins et al., 1994;
Connolly et al., 1994). A dense mass of 60-nm DAB-labeled
tubules was found in the perinuclear area (Fig. 5 D), anal-
ogous to the recycling endosomes reported by others
(Ghosh and Maxfield, 1995; Hopkins et al., 1994; Connolly
et al., 1994). DAB-negative vesicles, labeled for clathrin
(10 nm gold) and y-adaptin (5 nm gold), were also found
in this area (Fig. 5 D, arrows) and are characteristic for
TGN-derived clathrin-coated vesicles (Geuze and Morré,
1991; Klumperman et al., 1993). Due to the lack of con-
trast of DAB-negative membranes, the diameter of these
vesicles could not be measured. However, in cryosections
they have a diameter of ~100 nm (Klumperman et al.,
1993}, similar to that of plasma membrane—derived clath-
rin-coated vesicles. In contrast to perinuclear clathrin-
coated buds/vesicles, endosome-associated clathrin-coated
buds were largely negative for y-adaptin (Fig. 5 C). Occa-
sionally, some vy-adaptin was detected on endosome-asso-
ciated clathrin-coated buds (Fig. 5 C, arrowheads). We
conclude that endosome-associated clathrin-coated pits can
be discerned from TGN-derived coated vesicles by their
subcellular localization, size, and the absence of y-adaptin.

stration of clathrin light chain using the monoclonal CON.1. A peripheral tubular DAB-labeled endosome continuous with many 60-nm
clathrin-coated buds is shown. In addition, 100-nm buds that are not labeled for clathrin can be seen (arrowheads). (C) Cells were im-
muno—double-labeled to demonstrate the simultaneous presence of clathrin light chain (polyclonal Ungewickell; S-nm gold) and clath-
rin heavy chain (monoclonal X22; 10-nm gold) on DAB-labeled endosome-associated buds. Note the 100-nm DAB-negative clathrin-
coated pit or clathrin lattice at the plasma membrane (arrowhead). Bars, 0.2 pm.
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Figure 5. Endosome-derived clathrin-coated vesicles can be differentiated from plasma membrane— and TGN-derived clathrin-coated
vesicles by the absence of a- and y-adaptin. Cells were labeled with Tf/HRP and processed as in Fig. 3 A. After permeabilization and fix-
ation, the cells were immuno-double-labeled with protein A complexed to S-nm and 10-nm gold particles. (A and B) Cells were double-
labeled with 5-nm and 10-nm gold for the demonstration of a-adaptin and clathrin light chain (polyclonal Ungewickell), respectively.
(A) Peripheral tubular DAB-positive endosome continuous with 60-nm clathrin-coated buds that are negative for a-adaptin is shown. In
contrast, a DAB-negative clathrin-coated pit at the plasma membrane (arrowhead) and a 100-nm DAB-positive plasma membrane-derived
clathrin-coated vesicle (arrow) are labeled for a-adaptin. (B) Occasionally, 60-nm clathrin-coated buds on peripheral endosomes la-
beled for a-adaptin (arrowheads). (C and D) Cells were double-labeled with 5-nm and 10-nm gold for the demonstration of y-adaptin
and clathrin light chain (polyclonal Ungewickell), respectively. (C) Only occasionally 60-nm clathrin-coated buds on peripheral endo-
somes labeled for y-adaptin (arrowheads). (D) In the perinuclear area many densely packed DAB-positive membranes were observed.
Between this dense material, DAB-negative vesicles with an apparent diameter of 60 nm labeled for clathrin and y-adaptin (arrows).
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Endosome-associated 60-nm Buds Contain TfR

Analogous to plasma membrane— and TGN-derived clath-
rin-coated vesicles, endosome-derived clathrin-coated ves-
icles may be expected to carry a selected cargo of integral
membrane proteins. We studied whether endosome-asso-
ciated buds are labeled for TfR as a representative for the
recycling pathway. Antibodies directed against the cyto-
plasmic tail of the TfR were used to avoid epitopes that
may have been masked by the DAB polymer. Only little
TfR labeling (10 nm gold) in clathrin-coated buds (5§ nm
gold) as compared to the rest of the endosome was found
(Fig. 6 B, arrowheads). We anticipated that, due to steric
hindrance, the clathrin coat interfered with labeling of the
cytoplasmic tail of the TfR. To avoid this problem, we re-
moved clathrin coats by incubating the saponin-permeabi-
lized cells in 0.5 M Tris before the paraformaldehyde fixa-
tion. This procedure, originally developed to strip clathrin
coats from isolated plasma membranes (Mahaffey et al.,
1990), efficiently removed clathrin from endosomes and
the plasma membrane (not shown). The typical 60-nm buds
on endosomes (Fig. 6 A, arrowheads), stripped from clath-
rin, now efficiently labeled for TfR (Fig. 6 A, 5 nm gold).
To determine whether TfR was specifically incorporated
in these buds, the distribution of MPR, an integral mem-
brane protein sorted from the TfR in endosomes to be
transported to the TGN, was also assessed. We were not
able to detect a selective enrichment of TfR (5 nm gold)
nor MPR (10 nm gold) in endosome-associated 60-nm
buds (Fig. 6 A). However, an enrichment of TfR in clath-
rin-coated buds by only 5% may already be sufficient for
efficient recycling (see Discussion). In the presence of BFA,
an endosomal network devoid of clathrin-coated buds was
formed (Fig. 6 C). This network was homogeneously la-
beled for TfR (5 nm gold) and MPR (10 nm gold). No lat-
eral heterogeneity in the distribution of these proteins
along these tubules was observed. Concurrent with the dis-
appearance of clathrin-coated buds on endosomes in the
presence of BFA, the expression of the TfR at the plasma
membrane decreased twofold due to a relatively low ex-
ternalization rate (unpublished data; see also Damke et
al., 1991; Schonhorn et al., 1994). This suggested that en-
dosome-derived clathrin-coated vesicles are involved in
TfR recycling.

Discussion

We identified an exit from endosomes involving a novel
class of clathrin-coated vesicles. These clathrin-coated ves-
icles were distinguished from those originating from the
plasma membrane and the TGN. Clathrin-coated buds on
endosomes were visualized using a novel technique that
allows for whole-mount immunoelectron microscopy of
the endosomal apparatus at the electron microscopic level.
It involves the selective fixation of endosomes with DAB
polymer by using the peroxidase activity of endocytosed
T{/HRP. DAB polymerization by extracellular T{/HRP was
suppressed selectively using ascorbic acid (Figs. 1 and 6),
yielding DAB staining of Tf/HRP-labeled endosomes only
(Fig. 3). Endosomes are comprised of vacuolar and tubu-
lar elements that localize to the periphery and in the peri-
nuclear area of the cells consistent with earlier observations
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(Geuze et al., 1983; Hopkins et al., 1990). Both peripheral
and perinuclear tubular DAB-labeled endosomes had a di-
ameter of 60 nm, analogous to diameters reported by others
(Hopkins and Trowbridge 1983; Tooze and Hollinshead,
1991; Hopkins et al., 1994).

After the initial realization that endocytosed proteins are
sorted in a prelysosomal compartment which is composed
of vesicular elements with attached tubular extensions
(Geuze et al., 1983), endosomal tubules with lengths =2 pm
have been observed in electron microscopic images of thick
sections of HRP-labeled cells (Tooze and Hollinshead,
1991), and in three-dimensional reconstructions using se-
rial thin sections (Marsh et al., 1986). Although already
considerable, the tubule length in these studies may have
been limited artificially due to fragmentation after chemi-
cal fixation (Hopkins et al., 1990; Robinson and Karnovsky,
1991). Light microscopic images of living cells incubated
with fluorescently labeled transferrin suggested that nonfixed
endosomes may even form a continuous network (Hop-
kins et al., 1990). However, our electron microscopic im-
ages of nonsectioned DAB-fixed endosomes confirmed the
earlier observations that endosomes do not form a contin-
uous membranous network (see Fig. 2). In the present
study, the tubular aspect of endosomes had been pre-
served well during preparation since BFA-induced tubular
endosomal networks were not disrupted (Fig. 2 B). In ad-
dition, in the absence of BFA, the tips of endosomal tu-
bules were often coated with clathrin, which cannot be ex-
plained when tubules would have been fragmented during
the treatment. Although not continuously connected with
one another, endosomes might form transient networks by
fusion and fission events (Gruenberg and Howell, 1989).
Such transient connections may contribute to the visual-
ization of an apparent continuous network in living cells at
the light microscopic level (Hopkins et al., 1990).

Cytoplasmic tails of integral membrane proteins in en-
dosomes, and proteins associated with the cytoplasmic face
of endosomes were immunolabeled using colloidal gold.
Numerous clathrin-coated buds continuous with endoso-
mal vacuoles and tubules were detected. In previous stud-
ies, clathrin has occasionally been found associated with
endosomes (Geuze et al., 1983; Killish et al., 1992). Un-
identified coats on presumed endosomes have also been
reported previously (Geuze et al., 1984; Allen et al., 1992;
Rabinowitz et al., 1992). However, in these studies endo-
some-associated clathrin coats were scarce and were not
discerned from plasma membrane— and TGN-derived clath-
rin-coated membranes. In our opinion, the best marker
available, generally thought to be highly enriched on TGN
and not on endosomes, is y-adaptin (Robinson, 1994).
Similarly, AP2 is a specific marker for plasma membrane-
derived clathrin-coated vesicles. On cryosections of cells,
limited immunolabeling for AP1 and AP2 does not allow
for the identification of endosome-associated clathrin-coated
buds negative for AP1 or AP2. In contrast, the novel tech-
nique described here allows for immunolabeling of the entire
surface of endosomes, thereby achieving a high labeling
efficiency. This allowed us to discriminate clearly between
v-adaptin-labeled and +y-adaptin-negative clathrin-coated
buds (Fig. 5, C and D). Thus, endosome-associated clathrin-
coated buds could be discerned from TGN-derived coated
vesicles by the absence of y-adaptin and localization in the
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Figure 6. Incorporation of TfR in endosomal buds. Cells were labeled with Tf/HRP and processed as in Fig. 3 A. (A) After permeabili-
zation, the cells were washed with 0.5 M Tris to remove clathrin coats before fixation. The cells were immuno-double-labeled for TfR
and MPR using 5-nm and 10-nm gold particles, respectively. Both 60-nm (arrowheads) and 100-um buds (arrows) were labeled for TfR
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cell. In addition, TGN-derived coated vesicles have a di-
ameter of ~100 nm (Klumperman et al., 1993), which is
significantly larger than the 60-nm endosome-associated
clathrin-coated buds. The clathrin-coated buds on endo-
somes were also discerned from plasma membrane—
derived coated vesicles by three criteria: size (60 nm and
100 nm, respectively), the absence of a-adaptin, and conti-
nuity with endosomes (Figs. 2 and 5 A). Only occasionally
y-adaptin (Fig. 5 C) and a-adaptin (Fig. 5 B) were found
associated with peripheral Tf/HRP-labeled endosomes. In
contrast, clathrin-coated vesicles derived from the plasma
membrane and TGN labeled heavily for a-adaptin (Fig. 5
A) and v-adaptin (Fig. 5 D), respectively. Apparently,
v-adaptin and a-adaptin are not exclusively localized at
the TGN and the plasma membrane. The potential of AP2
to be targeted to endosomes was also illustrated by the lo-
calization of AP2 on endosomes in the presence of cat-
ionic amphiphilic drugs (Wang et al., 1993) and in the pres-
ence of GTPyS or excess Ca?* (Seaman et al., 1993).
Overexpression of TGN 38/41, a TGN protein binding to
AP1 adaptors, led to mislocalization of y-adaptin to endo-
somes (Reaves and Banting, 1994). Adaptors are thought
to be recruited from the cytosol to specific membranes by
largely unidentified adaptor receptors (Moore et al., 1987,
Mahaffey et al., 1990; Stamnes and Rothman, 1993; Traub
et al., 1993). Possibly, residual interactions between adap-
tors and their receptors in endosomes may explain the mi-
nor amounts of a-adaptin and vy-adaptin found on endo-
somes in the current study. Alternatively, adaptors may
play a role in the docking of vesicles with endosomes
(Beck et al., 1992). Finally, the antibodies directed against
y-adaptin and/or a-adaptin may cross-react with unidenti-
fied endosome-associated adaptins.

Endosome-derived clathrin coated vesicles may be asso-
ciated with yet unidentified adaptor complexes. In the nerve
endings of neuronal cells, a clathrin assembly protein,
AP180, has been characterized to induce the assembly of
clathrin in 60-70-nm coats (Morris et al., 1993, and refer-
ences therein). Two other potential novel adaptor proteins,
p47A and p47B, which show homology with the 50- and
47-kD subunits of the AP1 and AP2 adaptor complexes have
been characterized (Pevsner et al., 1994). Although the phys-
iological functions of these proteins are unknown they may
serve as adaptor subunits in the generation of clathrin-
coated vesicles at endosomes.

Why have endosome-associated clathrin-coated buds not
been frequently encountered by immunocytochemistry on
cryosections? One plausible explanation could be that clath-
rin-coated buds on endosomes may be relatively unstable
and dissociate before chemical fixation with formaldehyde
or glutaraldehyde. This notion is supported by the occa-
sional detection of relatively high cytosolic clathrin con-
centrations close to, but not in contact with, endosomal tu-
bules on cryosections (Geuze et al., 1983). HRP-driven

cross-linking of endosomal integral membrane proteins to
DAB polymer may preserve the cytoplasmic tails for
adaptor/clathrin binding. Indeed, we found that nonfixed
clathrin cages were stably associated with DAB-fixed en-
dosomes during the saponin incubation, even in PBS lack-
ing Mg?* and EGTA (not shown).

The pathway(s) served by endosome-derived clathrin-
coated vesicles remain speculative at this time. Previously,
we showed that although TfR and MPR are enriched in
early and late endosomes, respectively, the endosomal dis-
tributions revealed an extensive overlap (Stoorvogel et al.,
19915). In the present study, we found labeling of both
MPR and TfR in early endosome-associated clathrin-coated
buds, but were not able to determine whether one of these
antigens is selectively enriched in these structures. Epitopes
on the cytoplasmic tails of these proteins were masked by
the clathrin/adaptor coat for antibody binding (Fig. 6 B).
However, stripping of the clathrin coat from these buds in
0.5 M Tris allowed access to the epitopes (Fig. 6 A).
Stripped endosomal 60-nm buds were heavily labeled for
TiR, but MPR was not excluded. In these preparations,
epitope accessibility may still suffer from steric hindrance
due to dense packing of integral membrane proteins. Thus,
no definite conclusions regarding the selectivity for incor-
poration of integral membrane proteins in endosomal 60-
nm buds could be made. However, several findings argue in
favor of the possibility that endosome-derived clathrin-
coated vesicles are involved in the recycling pathway. First,
clathrin-coated buds on endosomes are heavily labeled with
DAB polymer and thus contain significant amounts of
TfR-Tf/HRP. Second, after the Tris wash all 60-nm buds on
endosomes labeled heavily for the TfR. Third, clathrin-
coated buds are quite numerous on typical peripheral early
endosomes, organelles considered to sort recycling pro-
teins from lysosomal targeted proteins. Fourth, BFA con-
comitantly inhibited TfR recycling and the formation of
clathrin-coated buds at endosomes. BFA interferes with
the association of the cytoplasmic tail of MPR with AP1
(LeBorgne et al., 1993), resulting in a two- to fourfold in-
crease of its expression at the plasma membrane due to an
increased externalization rate (Damke et al., 1991). In con-
trast, the expression of the TfR at the plasma membrane
decreases twofold due to a relatively low externalization
rate (unpublished data; see also Damke et al., 1991; Schon-
horn and Wessling-Resnick, 1994). Endocytosed TfR exits
the sorting endosome within 1-2 min after uptake whereas
the entire endocytic cycle takes ~10 min (Stoorvogel et
al., 1987). Thus, the exit from endosomes does not consti-
tute the rate-limiting step of the TfR cycle through the
cell. Consequently, inhibition of the egress of TfR from
endosomes by BFA would need to be very effective (~10
times) to achieve the measured twofold increase in the rate
of recycling of the TfR. Concurrent with the inhibitory ef-
fect of BFA on TR recycling, clathrin-coated buds disap-

and MPR. Label not associated with DAB polymer probably localizes to the plasma membrane. (B) Cells that were not washed with
Tris before fixation were immuno—double-labeled for clathrin light chain (CON.1) and TfR using 5-nm and 10-nm gold particles, respec-
tively. TfR was not labeled efficiently on 60-nm clathrin-coated buds on endosomes (arrowheads). (C) During the last 5 min of T{/HRP
uptake, BFA was present in the medium. The cells were immuno-double-labeled for TfR and MPR using 5-nm and 10-nm gold parti-
cles, respectively. Extensive labeling for both proteins was found along the entire length of the endosomal tubules. Note the large DAB-
positive vacuoles (V) that also labeled for both proteins. Bar in A, 0.2 pwm, is representative for all figures.
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peared from endosomes (Fig. 6 C), suggesting their involve-
ment in TfR recycling. In Dictiostelium there is genetic
evidence for the involvement of clathrin in the secretion of
mature a-mannosidase from lysosomes to the extracellular
space (Ruscetti et al., 1994). This secretion is thought to
occur via a postlysosomal compartment (Padh et al., 1993),
possibly equivalent to endosomes.

An alternative function for endosome-derived clathrin-
coated vesicles, which cannot be excluded, is that they serve
transport from endosomes to the TGN. Although endocy-
tosed MPR is targeted first to early endosomes, its sorting
from the endocytic pathway is considered to occur mainly
at late endosomes (Stoorvogel et al., 1989; Riederer et al.,
1994). Thus, it appears unlikely that clathrin-coated buds
that are formed in great numbers at early endosomes serve
a pathway from endosomes to the TGN. In addition, the
finding by Draper et al. (1990) that, in permeabilized cells,
anti-clathrin antibodies did not interfere with the traffick-
ing of MPR from endosomes to the TGN also argues
against this possibility.

Besides 60-nm clathrin-coated buds, 100-nm buds lack-
ing clathrin were also found on endosomes (Fig. 3 A). These
buds labeled for both TfR and MPR (Fig. 6 A). Unlike the
60-nm buds, 100-nm buds did not require a treatment with
0.5 M Tris to be labeled for these proteins (not shown),
suggesting that these buds are either not coated or contain
a nonclathrin coat that did not interfere with antigen ac-
cessibility. Since these buds have the same diameter as
plasma membrane—derived coated vesicles and TGN-
derived clathrin-coated vesicles (Klumperman et al., 1993),
they may represent the fusion site for uncoated plasma
membrane-derived or TGN-derived vesicles. Alternatively,
they may represent the budding site for nonidentified
transport vesicles. Recently, ARF6 has been implicated in
vesicular transport between the plasma membrane and en-
dosomes (Peters et al., 1995; D’Souza-Schorey et al., 1995).
Overexpression of a dominant negative ARF6 mutant, de-
fective in GTP binding, resulted in impaired recycling of
endocytosed transferrin (D’Souza-Schorey et al., 1995) and
the accumulation of 100-300-nm vesicles with an unidenti-
fied coat lacking clathrin (Peters et al., 1995). These vesicles
could represent either unfused endocytic structures that
have either acquired or revealed a new coat, or recycling
endosomal remnants (Peters et al., 1995), and may be equiv-
alent to the 100-nm buds identified in the present study.

In conclusion, we identified a novel class of clathrin-
coated vesicles budding from endosomes, via which recy-
cling to the plasma membrane may occur. Further evidence
is required to positively identify endosome-derived clathrin-
coated vesicles as transport intermediates in this pathway.
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