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Abstract. We have investigated two aspects of mem-
brane traffic at early stages of endocytosis: membrane
fusion and microtubule-dependent transport. As a
marker, we have used the frans-membrane glycopro-
tein G of vesicular stomatitis virus implanted into the
plasma membrane and then internalized for different
times at 37°C. The corresponding endosomal fractions
were immunoisolated using the cytoplasmic domain of
the G protein as antigen. These fractions were then
used in an in vitro assay to quantify the efficiency of
fusion between endosomal vesicles. To identify the
vesicular partners of the fusion, these in vitro studies
were combined with in vivo biochemical and morpho-
logical experiments. Internalized molecules were deliv-
ered to early endosomal elements, which corresponded
to a network of tubular and tubulovesicular structures.
Rapid recycling back to the plasma membrane and
routing to late stages of the pathway occurred from
these early endosomal elements. These elements ex-

hibited a high and specific fusion activity with each
other in vitro, suggesting that individual elements of
the early endosomal compartment interact with each
other in vivo. After their appearance in the early en-
dosome, the molecules destined to be degraded were
observed at the next stage of the pathway in distinct
spherical vesicles (0.5 um diam) and then in late
endosomes and lysosomes. When the microtubules
were depolymerized with nocodazole, endocytosis
proceeded as in control cells. However, internalized
molecules remained in the spherical vesicles and did
not appear in late endosomes or lysosomes. These
spherical vesicles had relatively little fusion activity
with each other or with early endosomal elements in
vitro. Our observations suggest that the spherical vesi-
cles mediate transport between the early endosome
and late endosomes and that this process requires in-
tact microtubules.

EMBRANE proteins and solutes internalized by ani-
M mal cells are delivered to the endosomal compart-

ment before being recycled back to the cell surface
or routed to the lysosomes (for reviews, see Silverstein et al.,
1977, Steinman et al., 1983; Helenius et al., 1983; Pastan
and Willingham, 1985; Goldstein et al., 1985; Wileman et
al., 1985; and Pearse, 1987). Morphological observations,
subcellular fractionation experiments, and kinetic studies of
internalization, recycling, and degradation suggest that at
least two populations of endosomes are involved in the trans-
port from the cell surface to the lysosomes. Internalized mol-
ecules are first observed in early tubulovesicular endosomal
elements, from which some receptors are likely to recycle
rapidly back to the cell surface (Ciechanover et al., 1983;
Geuze et al., 1983; Harding et al., 1983; Hopkins and Trow-
bridge, 1983; Oka and Weigel, 1983h; Mellman et al., 1984;
Mueller and Hubbard, 1986; Schmid et al., 1988). Mole-
cules destined to be degraded are then transported to late
endosomes with a complex vesicular and muitivesicular ap-
pearance, which are often observed in the perinuclear re-
gion, where the lysosomes are found (Wall et al., 1981; Hop-
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kins, 1983; Wall and Hubbard, 1985; Limet et al., 1985;
Baenziger and Fiete, 1986; Tran et al., 1987; Branch et al.,
1987; Griffiths et al., 1988). Further evidence for a distinc-
tion between early and late endosomes is that they also differ
in their acidification properties (Fuchs et al., 1989). Bio-
chemical and functional analysis of early and late endosomes
has been difficult, because of the lack of bona fide endosomal
markers.

The endocytic structures responsible for the transport
from the early to the late stage of the pathway have not been
identified. However, the movement of endocytic vesicles be-
tween the cell periphery and the perinuclear region has been
observed in vivo (Hirsch, 1962; Pastan and Willingham,
1981; Herman and Albertini, 1984) and requires microtu-
bules (De Brabander et al., 1988). Intact microtubules are
also required for the clustering of lysosomes in the nuclear
region (Phaire-Washington et al., 1980; Swanson et al.,
1987; Matteoni and Kreis, 1987). It is also clear that disrup-
tion of the microtubule network with drugs slows down the
degradation of internalized molecules (Oka and Weigel,
1983a; Wolkoff et al., 1984; Berg et al., 1985; Caron et al.,
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1985) without affecting the activity of lysosomal enzymes
(Oka and Weigel, 1983a; Berg et al., 1985). The steps of the
pathway from the plasma membrane to the lysosomes that re-
quire intact microtubules remain unclear.

To provide in vitro experimental systems for the study of
membrane traffic in endocytosis, several investigators have
recently designed cell-free assays that reconstitute some of
the fusion events occurring between vesicles (Altstiel and
Branton, 1983; Davey et al., 1985; Gruenberg and Howell,
1986, 1987; Braell, 1987; Diaz et al., 1988; Woodman and
Warren, 1988). Using different approaches, three of these
groups have compared the fusion activity in vitro at different
stages of the pathway and have observed that this activity was
higher at an early stage. Fusion was detected with a fusion-
specific reaction using as substrate either a trans-membrane
viral protein (Gruenberg and Howell, 1986, 1987), a fluid
phase marker (Braell, 1987), or a ligand of the mannose-
receptor (Diaz et al., 1988). However, the subcellular iden-
tity of the vesicular partners undergoing fusion has not yet
been characterized in these assays.

In our cell-free studies, we have used endosomal fractions
immunoisolated on a solid support as the acceptor compo-
nent of the fusion reaction (Gruenberg and Howell, 1986).
The antigen used in immunoisolation was the cytoplasmic
domain of the vesicular stomatitis virus (VSV) G protein.
The G protein was implanted into the plasma membrane and
subsequently internalized for different times. The donor was
a postnuclear supernatant (PNS)' prepared from cells lack-
ing the G protein, that had internalized lactoperoxidase for
30 min at 37°C. After mixing acceptor and donor at 37°C in
the presence of ATP, the occurrence of fusion was detected
by a subsequent iodination of the G protein itself. The
fusion-specific iodination was maximal when the acceptor
was an early endosomal fraction prepared 5 min after G pro-
tein internalization. When later acceptor fractions were
used, the signal decreased exponentially with the time of in-
ternalization showing a #, = 5 min (Gruenberg and
Howell, 1987).

In this paper, we have continued to characterize the traffic
of membrane in endocytosis. Qur cell-free assay using en-
dosomal fractions was modified by introducing a detection
system similar to that developed by Braell (1987). The occur-
rence of fusion was monitored by the formation of a fusion-
specific complex between avidin and biotinylated horserad-
ish peroxidase. These in vitro observations were correlated
with in vivo studies in the presence and in the absence of in-
tact microtubules, thus enabling us to identify (a) the vesic-
ular partners undergoing fusion (acceptor and donor) and
(b) putative endocytic carrier vesicles that depend on intact
microtubules.

Materials and Methods

Cells and Viruses

Monoiayers of baby hamster kidney (BHK-21) cells were grown in G-MEM
supplemented with 5% FCS, 10% tryptose phosphate broth, and 2 mM
glutamine. The cells were always seeded at a density of 4 x 10%/cm? of
culture dish from a stock that was allowed to grow to confluency for 3 d
and were used 14 h after passage. This protocol guaranteed a very homoge-
nous population of cells that produced an optimal homogenate for subse-

1. Abbreviations used in this paper: biotHRP, biotinylated horseradish per-
oxidase; HRP, horseradish peroxidase; PNS, postnuclear supernatant.
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quent immunoisolation. Manipulations of the cells were always at ice tem-
perature, except when indicated. VSV and [*>S]methionine-labeled VSV
were grown and harvested as described (Gruenberg and Howell, 1985,
1986).

To investigate the role of microtubules in endocytosis, the conditions of
microtubule depolymerization in BHK cells were first defined. As judged
by fluorescence microscopy with antitubulin antibodies, it was necessary to
preincubate the cells for 150 min at 37°C with 10 gM nocodazole to
depolymerize the microtubules (not shown). Then, the G protein was im-
planted into the plasma membrane and internalized at 37°C, as described
below, in the presence of 10 uM nocodazole in all the solutions up to the
internalization step.

Immunological Reagents

The polyclonal antibody against avidin was obtained from Calbiochem-
Behring Corp., La Jolla, CA. We raised the polycional antibody against
horseradish peroxidase (HRP) in rabbits using HRP from Sigma Chemical
Co. (St. Louis, MO) as antigen and the polyclonal antibody against G pro-
tein using a micellar preparation of the G protein as antigen. The mAb
against an exoplasmic epitope of the G protein was a gift of K. Simons (Eu-
ropean Molecular Biology Laboratory; clone 17.2.21.4). For time-resolved
fluorescence, the following reagents were labeled with Europium (Eu) by
I. Hemmild (Wallac Oy, Turku, Finland): the affinity-purified antibodies
raised in sheep against the Fc portion of mouse IgG or rabbit IgG, protein
A (Pharmacia Fine Chemicals, Piscataway, NJ) and avidin (Calbiochem-
Behring Corp.). The solid supports used in immunoisolation experiments
were either polyacrylamide beads (Bio-Rad Laboratories, Richmond, CA)
or monodisperse magaetic beads (Ugelstad et al., 1983; Howell et al.,
1988a,b) with a covalently coupled linker antibody against the Fc por-
tion of mouse IgG. The immunoadsorbent was prepared by binding the mAb
against a cytoplasmic epitope of the G protein (clone P5D4; Kreis, 1986)
to the solid support as described (Gruenberg and Howell, 1985; Howell et
al., 1989).

Cell-free Assay of Vesicle Fusion Using
Immunoisolated Endosomal Fractions

The cell-free assay was carried out by mixing an acceptor fraction, im-
munoisolated via the G protein on a solid support, with a donor fraction,
a PNS prepared from cells lacking the G protein. The number of cells used
to prepare the donor and the acceptor fractions for each experiment was al-
ways identical.

Acceptor. We have previously described our approach using immunoiso-
lated endosomal fractions as acceptor in cell-free fusion studies (Gruenberg
and Howell, 1986, 1987). Briefly, the G protein was implanted in the
plasma membrane by low pH mediated fusion of the viral envelope with the
plasma membrane (White et al., 1980; Gruenberg and Howell, 1985). In
all experiments, 41 ug VSV were added to 1.3 X 107 cells in a 75-cm? Petri
dish; 8 ug total VSV protein were fused with the plasma membrane, corre-
sponding to a density of 70 G molecules/um? membrane surface area. The
G protein remained restricted to the plasma membrane because the cells
were kept at ice temperature. When the cells were warmed up to 37°C, the
G protein was rapidly internalized as a single and synchronous wave. In a
typical experiment, two 75-cm? Petri dishes were used for each incubation
time.

Internalization was carried out in the presence of 1.7 mg/ml avidin in
MEM buffered to 7.4 with 10 mM Hepes, containing 10 mM p-glucose and
prewarmed to 37°C. At the desired time the cells were returned to ice tem-
perature, washed 3 times for S min each with PBS containing 5 mg/ml BSA
(PBS-BSA) and scraped with a rubber policeman. The cells were cen-
trifuged at 100 g for 5 min, the pellet was resuspended in 5 ml homogeniza-
tion buffer (250 mM sucrose buffered to pH 7.4 with 10 mM Tris-HC1) and
centrifuged again at 100 g for 5 min. The pellet was then resuspended in
0.5 ml of homogenization buffer and passed 10 times through the tip of a
1-ml Pipetman (Gilson Co., Inc., Worthington, OH). The homogenate was
then centrifuged at 1,000 g for 10 min and the PNS was removed. The PNS
was diluted with 1 ml PBS-BSA and recentrifuged at 1,000 g for 15 min.
This supernatant was the input for the immunoisolation experiments. Im-
munoisolation was carried out for 2 h at 4°C using 1 mg of immunoadsor-
bent and 500 pg of PNS protein in a final volume adjusted to 1 ml with PBS-
BSA. Then, the immunoadsorbent plus bound vesicles was retrieved as
described (Gruenberg and Howell, 1986; Howell et al., 1989), resuspended
in 100 ul homogenization buffer and immediately used in the cell-free assay.

Donor. Cells without implanted G protein were washed twice with PBS.
The cells were released from the dish using 1 m! trypsin-EDTA (Gibco
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Laboratories, Grand Island, NY) for one 75-cm? Petri dish for 3 min at
room temperature. Then 2 m! PBS-BSA containing 0.1 mg/m! soybean tryp-
sin inhibitor were added and the cells were centrifuged for 5 min at 100 g.
The cell pellet was resuspended in PBS-BSA and washed three times by cen-
trifugation. Then, the cell pellet was resuspended in 1 ml PBS containing
10 mM p-glucose, 10 mM Hepes and 1.7 mg/ml biotinylated HRP (bi-
otHRP) prewarmed to 37°C and incubated for the indicated time at 37°C.
After incubation, the cells were cooled to ice temperature, diluted 10 times
with ice-cold PBS-BSA, centrifuged and washed three times as described
above. In pulse-chase experiments, the cells were reincubated at 37°C for
the indicated times in 5 ml of MEM buffered to 7.4 with 10 mM Hepes,
containing 10 mM p-glucose, 0.2% BSA and prewarmed to 37°C, and then
cooled on ice, diluted with 4 vol of PBS-BSA and centrifuged. After the
washes, the cell pellet was resuspended in 0.5 ml homogenization buffer and
the cells were passed 10 times through an 8 02-mm precision bore in a metal
block containing an 8.002 metal ball-bearing (Balch et al., 1984). The ho-
mogenate was centrifuged for 10 min at 1,000 g and the PNS was used as
donor in the cell-free assay. In a typical experiment, six dishes were used
to prepare one donor PNS.

Cell-free Assay. The different components of the assay were rapidly
mixed on ice in the following order: (a) 24 ul of a mixture containing 125
mM Hepes-KOH (pH 7.0), 0.5 M KCl, 15 mM Mg(OAc); and 10 mM
DTT; (b) 5.2 ul of 0.5 mg/ml biotinylated insulin (Sigma Chemical Co.);
() 10 ul of an ATP-regenerating system, prepared freshiy by mixing 1:1:1
vol of stock solutions of 100 mM ATP, 800 mM creatine phosphate, and
4 mg/ml creatine phosphokinase at 800 U/m] (Boehringer Mannheim,
FRG): (d) the acceptor in 100 ul homogenization buffer; (e) 100 ul of the
donor PNS. When the assay was carried out in the absence of ATP, the ATP-
regenerating system was omitted and replaced by 8 ul of an ATP-depleting
system, freshly prepared with 0.5 mg hexokinase (1,400 U/ml; Boehringer
Mannheim) in 50 ul of 250 mM D-glucose. The mixture was allowed to stay
on ice for an additional 2 min, and was then warmed to 37°C and incubated
for the time indicated. After the assay, the mixture was first cooled to ice
temperature and then diluted with 1 ml ice-cold PBS-BSA. The beads plus
bound material were retrieved and resuspended in 50 ul ice-cold PBS-BSA.
Before solubilization, 5 ul of biotinylated insulin was added. When the
amount of avidin in the acceptor was quantitated, biotinylated insulin (10
ul at 0.5 mg/ml) was present only during immunoisolation and was replaced
before solubilization with 10 ul of 0.18 mg/ml biotHRP. The bound material
was then solubilized on ice for 15 min after adding 5 ul of a mixture of 10%
Triton X-100 and 0.5% SDS. The samples were then diluted with 450 pl
of PBS-BSA, the beads were removed by centrifugation in a microfuge
(Beckman Instruments, Inc., Fullerton, CA) and 200 gl duplicates of the
supernatant were analyzed for the enzymatic activity of the avidin-biotHRP
complex with an ELISA.

Detection System. The avidin-biotHRP complex was quantitated using
an ELISA. Microtiter wells were coated overnight at 4°C with 2 ug of
affinity-purified antiavidin antibody in 0.1 M NaHCO3/Na;CO; (pH 9.0)
per well. The plates were washed with PBS, quenched for 1 h at room tem-
perature with PBS-BSA, and washed twice with PBS-BSA. The reaction
mixture containing the avidin-biotHRP complex was added and incubated
for 2 h at room temperature. The plates were washed six times with PBS-
BSA containing 0.1% Tween-20 and the enzymatic activity of the bound
HRP was determined (see below).

Quantitation of G Protein on the Cell Surface with a
Time-resolved Immunofluorometric Assay

The G protein was implanted into the plasma membrane as described above.
Internalization was carried out in MEM, 10 mM Hepes (pH 7.4) containing
0.2% BSA and 10 mM p-glucose for the indicated times. The cells were
returned to ice temperature and washed twice with PBS. The cells were then
incubated for 30 min on ice with 7.4-MEM (MEM, 10 mM N-trisfhydrox-
ymethyljmethyl-2-aminoethane sulfonic acid [Tes], 10 mM Mops, 15 mM
Hepes, 2 mM NaH,POq, and 350 mg/liter NaHCO3, pH 7.4) containing 20
mM N-acetylglucosamine, 5 mg/ml BSA, and the mAb against G exoplas-
mic domain at 1 ug/ml. The antibody was removed and the monolayers were
washed three times for 5 min each with PBS-BSA. The amount of bound
antibody was determined by adding 200 ng of an anti-mouse Fc antibody
labeled with Eu in 2.5 m! PBS-BSA for one 75-cm? dish. After | h on ice,
the excess detecting antibody was removed and the cells were washed three
times for 5 min each with PBS-BSA. The bound Eu was released with 500
11 Enhancer solution (Wallac Oy) for 30 min on ice. The Enhancer solution
was collected and counted in 200-u1 aliquots in duplicate in an ARCUS/
DELFIA time-resolved fluorometer (Wallac Oy).
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When the G protein was cross-linked with antibodies on the cell surface,
the protocol remained the same except that the polyclonal antiserum against
G protein was used at a dilution of 1:200 in 7.4-MEM-BSA containing 20
mM N-acetylglucosamine and reacted with the cells for 30 min on ice before
the internalization step. The cells were washed three times for 5 min each
with PBS-BSA and the G protein/antibody complex was irternalized. The
amount of antibody on the cell surface was detected with 200 ng Eu-labeled
protein A as above.

Quantitation of G Protein Degradation

All protocols for implantation/internalization were identical except that 5
X 10° dpm of 3*S-labeled VSV were added per 75-cm? Petri dish. At the
end of internalization, the cells were scraped in PBS, centrifuged at 100 g
for S min and resuspended in 10 mM Tris (pH 7.4), containing | mM PMSF,
1 mM iodoacetamide, 10 ug/ml aprotinin, | xg/ml pepstatin, 17 zg/mi ben-
zamidine, and 1 pg/m! antipain. After 5 min to allow swelling of the cells
to occur, the cells were homogenized by repeated pipetting, centrifuged at
1,000 g for 10 min and the supernatant was collected. Then, the G protein
was extracted in Triton X-114 (Bordier, 1981). Proteins in both the detergent
and the water phases were precipitated in 90% acetone at —20°C and ana-
lyzed by SDS-PAGE using the buffer system of Maizel (1971). The labeled
viral proteins were revealed by autoradiography and quantitated by densito-
metric scanning using a Quick Scan R & D densitometer (Helena Laborato-
ries, Beaumont, TX).

Electron Microscopy

The G protein was labeled on the cell surface before internalization with
the polyclonal antibody as described above. The cells were then washed
three times for 5 min each in PBS-BSA and reacted with protein A-colloidal
gold (Au-13 nm) in 7.4-MEM-BSA for 45 min at ice temperature. The G
protein/Au complexes were then infernalized for the indicated times with
or without HRP at 5§ mg/ml in the same buffer as above. The cells were then
washed twice in PBS and fixed in 1% glutaraldehyde in 200 mM cacodylate
buffer, pH 7.4. They were subsequently treated with osmium tetroxid and
embedded in Epon. Acid phosphatase cytochemistry was carried out as de-
scribed by Griffiths et al. (1983a) and internalized HRP was visualized as
described by Marsh et al. (1986).

For the quantitation of the gold particles in the acid phosphatase-positive
compartments, 25 micrographs were taken at random at a primary mag-
nification of 6,000. Each structure containing the reaction product of acid
phosphatase was also photographed at a magnification of 25,000, to clearly
visualize the gold particles. The volume density of the acid phosphatase-
positive structures was determined by point counting methods (Weibel,
1979; Griffiths and Hoppeler, 1986).

For microscopic examination of the immunoisolated fractions, the same
protocol for G implantation, gold labeling, and internalization was used.
The cells were homogenized, a PNS was prepared, and the fractions were
immunoisolated from the PNS. Then the fractions were embedded in 1%
low melting agarose in 200 mM Hepes (pH 7.4) buffer and fixed for 30 min
in 1% paraformaldehyde in 200 mM Hepes (pH 7.0). After washing in the
Hepes buffer, the fractions were frozen and processed as described by
Griffiths et al. (19835).

Analytical Techniques

Biotinylation of HRP. 20 mg HRP in 9.5 ml of 0.1 M NaHCOQ3/Na;CO3
{pH 9.0) was mixed with 11.4 mg of biotin-X-NHS (Calbiochem-Behring
Corp.) in 0.5 ml dimethylformamide for 2 h at room temperature. This cor-
responds to a 50:1 molar excess of biotin over HRP. The unreacted active
groups were quenched with 1 ml of 0.2 M glycine (pH 8.0) and mixed for
an additional 30 min. The mixture was dialyzed against several changes of
PBS. The final biotHRP, 1.8 mg/ml, exhibited the same specific enzymatic
activity as native HRP (not shown). Time-resolved fluorescence was used
to monitor the extent of biotinylation. Serial dilutions of biotHRP were ad-
sorbed directly onto the plastic of microtiter wells overnight in PBS. Detec-
tion was either with a polyclonal antibody against HRP itself followed by
Eu-labeled sheep anti-rabbit Fc antibody or directly with Eu-labeled avidin.
Titration of biotHRP was compared with native HRP with the anti-HRP an-
tibody. These data demonstrated that all molecules of HRP were bi-
otinylated (not shown).

HRP Enzymatic Activity. The HRP enzymatic activity in cell extracts
or in microtiter wells was measured at 460 nm using 0.342 mM o-dianisi-
dine and 0.003% H,0, as substrates in 0.5 M Na-phosphate buffer pH 5.0
containing 0.3% Triton X-100.
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Figure 1. G protein distribution in early endosomal elements in the presence and in the absence of microtubules. After implantation into
the plasma membrane, the G protein was labeled with the polyclonal antibody followed by protein A-gold (13 nm). The cells were incubated
for 5 min at 37°C in the presence (C and D) or in the absence (4, B, and E) of 10 uM nocodazole to depolymerize the microtubules and
were then fixed and processed for electron microscopy. (4 and B) Gold particles were internalized via coated pits (B) and coated vesicles
(A). Arrowheads in A and B point at the clathrin coat, whereas the arrows in A point at gold particles on the plasma membrane. (C-E)
The gold particles were observed in early, tubulovesicular endosomal elements. These elements exhibited the same morphology after
microtubule depolymerization (C and D) and in control cells (E). In D and E, these elements were also visualized by the reaction product
of HRP, after cointernalization of HRP and G protein. In D, the arrow points a microvillus on the cell surface. In E, the arrowhead points
at the neck of a connection between the tubular-reticular and the vesicular parts of the endosome and the arrows indicate the gold particles.
A and B, x120,000; C, x93,000; D, x17,000; E, x91,000.
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Figure 2. G protein distribution in acid phosphatase—positive prelysosomes or lysosomes in the presence of microtubules. The experimental
conditions were as shown in Fig. 1, in the absence of nocodazole. Lysosomes (and possibly late endosomes/prelysosomes; see Discussion)
were revealed by acid phosphatase cytochemistry. (4) The G protein/gold complexes were internalized for 15 min at 37°C. A large vesicle
(asterisk) containing gold particles (arrow) is seen next to an acid phosphatase-positive structure. (B and C) After 45 min internalization,
the gold particles (arrows) have moved to acid phosphatase-positive elements. Acid phosphatase-positive vesicles with a complex morphol-
ogy often contain long rod-like structures (4 and B; arrowhead) and may represent prelysosomes (see Discussion). A, x110,000; B,

x95,000; C, x88000.

Protein Determination. The protein was determined according to Brad-
ford (1976).

Results

Morphology of the Endosomal Elements

The endosomal elements containing the G protein after
different times of internalization were identified by electron
microscopy. The G molecules were implanted into the
plasma membrane and labeled with a polyclonal antibody
followed by protein A-colloidal gold. These experimental
steps were carried out at ice temperature to restrict the la-
beled G molecules to the cell surface. Then, the G pro-
tein/gold complexes were internalized for different times at
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37°C. Cross-linking of the G molecules with antibodies pre-
vents recycling and guarantees that all the G molecules are
transported towards the lysosomes as a single and syn-
chronous wave (Gruenberg and Howell, 1987; see Figs. 4
and 5).

The G protein/gold complexes were internalized via coated
pits and vesicles (Fig. 1, 4 and B) and after 5 min were local-
ized in a reticulum of tubular, cisternal, and tubulovesicular
elements. The morphology of these early endosomal ele-
ments could be better visualized by labeling their content
using HRP cointernalized with the G protein/gold complexes
(Fig. 1 E; see also the overview in Fig. 1 D after microtubule
depolymerization). Between 5 and 15 min internalization,
the G molecules were observed also in large spherical vesi-
cles with a diameter ranging from 0.4 to 0.7 um (Fig. 2 A).
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Figure 3. G protein distribution in the spherical vesicles in the absence of microtubules. The experimental conditions were as in Figs.
1 and 2; internalization was for 45 min in the presence of 10 uM nocodazole. (A) The G protein/gold complexes were internalized for
40 min without HRP and then for an additional 5 min in medium containing 5 mg/ml HRP. Early tubulovesicular endosomal elements
that contain the reaction product of HRP (arrow) are distinct from a large HRP-negative spherical vesicle (arrowhead), where the gold
particles have accumulated. (B) A lysosome (or a prelysosome) is revealed by acid phosphatase cytochemistry (asterisk). The gold particles
were not seen in the acid phosphatase—positive structure, but accumulated in large spherical vesicles (0.4-0.7 um; arrowhead), similar
to the vesicles seen after 15 min internalization in the absence of nocodazole (Fig. 2 4). The basal side of the cell, facing the plastic of
the culture dish is indicated in both A and B. A, x79,000; B, x87,000.
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Table 1. Morphometric Analysis of the Subcellular
Distribution of the G Protein with and without
Intact Microtubules

G protein internalization No nocodazole 10 pM nocodazole

gold particles/um® of vesicular profile

25 min + 5-min pulse of HRP
HRP*, tubulo-vesicular

elements 294 + 80 294 + 84
HRP~ and AcPase™, spherical
vesicles 186.0 + 63.0 138.0 + 54.0
45 min
AcPase*, lysosomes
(prelysosomes) 16.5 + 5* 0.7 £ 0.3*

* The volume density of acid phosphatase-positive (AcPase*) compartments
remained similar after nocodazole treatment (2.49 + 0.6% of the cytoplasmic
volume) when compared with control cells (2.14 + 0.5%).

In these experiments, the late endosomes and the lysosomes
were visualized by acid phosphatase cytochemistry. Although
acid phosphatase has always been considered a marker of the
lysosomes, recent data indicate that late endosomes are also
reactive (Griffiths, G., R. Matteoni, R. Back, and B. Hoflack,
manuscript in preparation), in agreement with earlier obser-
vations of Storrie et al. (1984). In this study, we will refer
to the acid phosphatase-positive, late endosomes as prelyso-
somes. The G protein/gold complexes were observed in the
large spherical vesicles before being seen in prelysosomes or
lysosomes. After 45 min internalization, the bulk of the gold
particles had reached acid phosphatase-positive elements
(Fig. 2, B and C).

Large Spherical Vesicles

Several morphologically distinct structures or compartments
could be identified during G protein endocytosis: the plasma
membrane, coated pits and vesicles, tubulovesicular ele-
ments, large spherical vesicles, and acid phosphatase-posi-
tive prelysosomes and lysosomes (Figs. 1 and 2). If intact
microtubules are required for any transport step between
these morphologically distinct compartments, their depoly-
merization would be expected to prevent delivery to more
distal compartments. The effect of microtubule depolymer-
ization on the subcellular distribution of the internalized G
molecules was therefore investigated. To promote microtu-
bule depolymerization, the cells had to be preincubated with
10 uM nocodazole for 150 min at 37°C (not shown) and
nocodazole was present in all solutions during the experi-
ment. The G protein was then implanted, labeled with colloi-
dal gold, and internalized at 37°C.

After 5 min internalization, the G protein/gold complexes
were cleared from the cell surface and internalized into en-
dosomal elements (Fig. 1, C and D) that were morphologi-
cally indistinguishable from the elements observed in con-
trol cells (Fig. 1 E). The high magnification micrograph
(Fig. 1 C) should be compared with the control (Fig. 1 E).
An overview of the early endosome visualized with the reac-
tion product of HRP co-internalized with the G protein is
shown in Fig. 1 D. Unlike tubular lysosomes (Swanson et al.,
1987), the early endosomal elements clearly retained their
tubular and tubulovesicular morphology after microtubule
depolymerization.
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After longer incubations in the presence of nocodazole,
the G molecules were observed in large spherical vesicles of
0.4-0.7 um diameter (Fig. 3). These vesicles appeared iden-
tical to the vesicles observed in the control cells after 5-15
min internalization (Fig. 2 4). However, in contrast to the ob-
servations made in control cells, the G molecules remained
in these spherical vesicles during longer incubations. Even
after 45 min, the appearance of G protein in acid phospha-
tase-positive prelysosomes and lysosomes was significantly
reduced (Fig. 3 B, see Table I). We took advantage of this
effect of microtubule depolymerization to determine whether
the spherical structures are elements of the tubulovesicular
network of the early endosome. For this experiment, the
early endosomal elements were labeled with a 5-min pulse
of HRP after G protein had been already internalized for 25
min. The HRP during the 5-min pulse did not reach the
spherical vesicles in which the G protein/gold complexes had
accumulated (Fig. 3 A), showing that these vesicles are struc-
turally distinct from the early endosome.

Morphometric Analysis of the Subcellular
Distribution of G Protein in the Presence and
Absence of Microtubules

In the absence of microtubules, the amount of G protein/gold
complexes observed in the early endosome decreased, yet
the complexes did not reach acid phosphatase-positive ele-
ments (Fig. 3). To characterize these observations in more
detail, a morphometric analysis was carried out (Table I).
First, the decrease of G molecules in the early endosome and
their appearance in the spherical vesicles were quantitated
after 30 min internalization in the presence and absence of
microtubules, using the same protocol as that used in Fig.
3 A. The tubulovesicular endosomal structures were scored
morphologically with the reaction product of HRP after a
pulse of 5 min, after a 25-min internalization of the G pro-
tein. The large, spherical vesicles containing gold particles
were scored according to both their typical morphology and
the absence of reaction product for both HRP (early endo-
some) and acid phosphatase (prelysosomes and lysosomes).
In these spherical vesicles, the density of gold particles/
pm? of vesicular profile was similar both in the presence of
microtubules (186 + 63) or in their absence (138 + 54). This
shows that the number of G molecules packaged in the vesi-
cles was the same under both conditions. The density of gold
particles remaining in the HRP-positive early endosome af-
ter 30 min internalization was approximately five times lower
than in the spherical vesicles in both cases. This demon-
strates that microtubule depolymerization did not impair the
step of the pathway between the early endosome and the
spherical vesicles.

Next, the distribution of G protein/gold complexes in acid
phosphatase-positive structures after 45 min internalization
was quantified (Table I). This analysis was restricted to struc-
tures containing significant amounts of reaction product:
early endosomes often contain small deposits of reaction
product, whose significance is not clear. In the presence of
microtubules, the density of gold particles in acid phospha-
tase—positive structures was 16 + 5 gold particles/um? of
vesicular profile. This density was only =10% of that ob-
served in the spherical vesicles. This is likely to reflect a
higher concentration of G molecules in the vesicles and their
subsequent dilution in the larger total surface area and vol-
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Figure 4. G protein degradation. The amount of G protein degraded
was quantitated using 3*S-labeled VSV. (4) The implanted G mole-
cules were cross-linked with a polyclonal antibody and subse-
quently internalized for the indicated times with or without 10 uM
nocodazole. Then, the membrane-spanning forms of the [¥*S]G
protein were extracted in Triton X-114. Both the detergent and the
water (H:O) phases were analyzed by gel electrophoresis and au-
toradiography. The G protein (67 kD) was processed during the in-
cubation first into G, (=60 kD), a membrane-spanning form, and
later into the water soluble G, (=28 kD). The other viral proteins
partition in the water phase (N, 50 kD; M, 24 kD). (B) The deter-
gent phases were directly counted (indicated as cpm) and the values
are compared with the densitometric values obtained from the
bands in A, corresponding, respectively, to the sum of G and G,
(G + Ga) or Gy. Open symbols, without nocodazole; solid sym-
bols, with nocodazole.

ume of the acid phosphatase—positive structures. In the ab-
sence of microtubules, the density of gold particles in acid
phosphatase—positive structures dropped from 16 + 5 to 0.7
+ 0.3 gold particles/um? of vesicular profile. These data
show that in the absence of microtubules, the G molecules
remain in the spherical vesicles and do not appear in acid
phosphatase-positive prelysosomes or lysosomes.

G Protein Degradation

The effect of microtubule depolymerization on the transport
of the internalized G molecules to a degradative compart-
ment was directly quantified. Conditions were similar to
those used for the morphological analysis (Figs. 1-3). VSV
metabolically labeled with [**S]methionine was used for the
implantation of the G protein in the plasma membrane. The
cells were then incubated at 37°C for increasing times and
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extracted with Triton X-114. All viral proteins are labeled,
but only the membrane-spanning G protein partitions into
the detergent phase. Both the detergent and the water phases
were analyzed by gel electrophoresis and autoradiography
(Fig. 4 A). Degradation of the G protein was quantified by
densitometric scanning of the gel and compared with the di-
rect counting of the detergent phases (Fig. 4 B). The water
phase contains the other viral proteins (M and N), which ac-
count for ®78% of the total [**S]methionine of the virus.

In the absence of nocodazole, a fraction of the G protein
(67 kD) was processed within 20 min to a smaller form (G,
= 60 kD). G, also partitioned into the detergent phase, and
presumably retained its membrane-spanning domain (Fig. 4
A). A second processed form of the G protein (G, = 28 kD)
appeared in the water phase. After 60 min, =70% of the G
protein was processed (Fig. 4 B) and the label was recovered
in Gy. This indicated that G, originated from the cleavage of
G (or G.) into soluble peptides of equal mobility; sequence
analysis has shown that methionine residues are equally dis-
tributed throughout the G protein (Rose and Gallione, 1981).
When the G protein was not cross-linked with an antibody
before internalization, the fraction of the G protein that was
internalized was also cleaved to G, and G, with the same ki-
netics and to the same extent. After 60 min, 70% of the inter-
nalized, non-cross-linked G molecules were processed to
G, (not shown).

In the presence of nocodazole, this time-dependent pro-
cessing of the G protein was significantly reduced. After 60
min, the G protein, together with the membrane-spanning
cleaved product G,, accounted for =92% of the G protein
initially present. The appearance of G, was reduced to
=12% (Fig. 4, A and B). The depolymerization of microtu-
bules thus resulted in a = sevenfold decrease in the process-
ing of the G protein to the 28-kD peptide after 60 min.

G Protein Endocytosis and Recycling Monitored with
an Immunofluorometric Assay Using Europium

The depolymerization of microtubules reduced the delivery
of G protein to a degradative compartment, as quantified
both by the morphometric analysis (Table I) and by the deg-
radation of the G protein (Fig. 4). The next step was to deter-
mine the kinetics of G protein internalization and recycling
in the absence of antibody cross-linking after microtubule
depolymerization. The amount of G protein at the cell sur-
face was quantified using a new immunofluorometric assay.
This technique, used for clinical immunoassays (Soini and
Hemmili, 1979; Soini and Kojola, 1983; Hemmili et al.,
1984), was applied here for the detection of cell surface anti-
gens. The G molecules at the cell surface were labeled after
various times of internalization with a mAb against the G
exoplasmic domain followed by a detecting antibody, which
recognized the Fc domain of mouse IgG and was labeled with
Europium. Because the Eu atoms exhibit a delayed fluores-
cence, the emitted fluorescence can be counted in a time-
resolved fluorometer as single photon events (Eu counts)
after repeated pulses of excitation by light. This technique
provides a higher sensitivity, lower background, and a wider
dynamic range than other labels.

The depolymerization of microtubules had no effect on the
kinetics of G protein internalization or recycling, as shown
in Fig. 5 A. Both in the presence and in the absence of intact
microtubules, =60% of the G molecules were internalized
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after 5 min and =50% of the internalized molecules recycled
back to the cell surface with a #,, = 5 min. Localization of
the G protein after 5 min (Fig. 1) showed that this early com-
partment from where recycling occurred corresponded to the
tubulovesicular endosome.

In the experiments described in Figs. 1-4, the G molecules
were cross-linked with an antibody before internalization.
Under these conditions, recycling was abolished (Fig. 5 B)
and all the G molecules were transported to a degradative
compartment with the same kinetics as the internalized,
non-cross-linked G protein (see above). Internalization of
the cross-linked G molecules also was not affected by noco-
dazole (Fig. 5 B).

Nocodazole did not affect the internalization or recycling
of the membrane-spanning G protein. The effect of microtu-
bule depolymerization on the kinetics of fluid phase endocy-
tosis was then studied using HRP as a general marker (Fig.
5 C). After depolymerization, HRP continued to accumulate
to =75% of the control amount within 60 min.

Gruenberg et al. Early Endosome and Carrier Vesicles

Cell-free Assay of Fusion Using Immunoisolated
Fractions

The experiments described above have shown that endocyto-
sis proceeds in at least two stages: (@) the microtubule-in-
dependent internalization into, and recycling from, the early
endosome and (b) the subsequent microtubule-dependent
transport towards the late endosomes (or prelysosomes). The
morphological analysis suggested that this transport involves
spherical vesicles, which are distinct from the early tubulo-
vesicular endosome. To provide an additional functional
characterization of this pathway, we combined subcellular
fractionation with a quantitative assay to measure the fusion
of endocytic vesicles in vitro. The fusion was quantitated by
the formation of a complex between avidin and biotHRP,
originally internalized by fluid phase endocytosis respec-
tively in acceptor and donor cells.

The experimental protocol is outlined in Fig. 6. Cells with
implanted G were incubated at 37°C in the presence of 3.0
mg/ml avidin to cointernalize avidin with the G protein. At
various times, the cells were returned to ice temperature and
homogenized, and a PNS was prepared. The endocytic vesi-
cles containing the G protein and avidin were then im-
munoisolated from the PNS onto a magnetic solid support
using a mAb against G cytoplasmic domain (Gruenberg and
Howell, 1986; Howell et al., 1989). The immunoisolated
fractions provided the acceptor component in the cell-free
fusion experiments. This protocol offers the advantage that
the vesicles are bound to a solid support and therefore can
be introduced into, and retrieved from, the reaction mixtures
of the assay. In the assay, the immunoisolated acceptor was
mixed with a donor PNS prepared from cells lacking the G
protein that had internalized biotHRP for different times at
37°C. Fusion delivered biotHRP into the lumen of acceptor
vesicles containing avidin. At the end of the incubation, the
vesicles bound to the solid support were retrieved, washed,

Avidin immuno-isolated
in acceptor wvesicles

BiotHRP in donor
endocytic vesicles
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G
SRR

%
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&
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o
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Figure 6. Outline of the cell-free assay.
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Figure 7. Cell-free fusion as-
say: the acceptor and the do-
nor. (4) Avidin at 3 mg/ml
(45.6 uM) was cointernalized
with the G protein for 5, 15,
and 30 min. The correspond-
ing acceptor fractions were
immunoisolated, incubated for
40 min at 37°C, under the
same conditions as in the as-
say, and solubilized in the pres-
ence of exogenous biotHRP,
omitting biotinylated insulin.
The total amount of immuno-
isolated avidin present in the
acceptor fractions was quanti-
tated with the ELISA. (B) An
immunoisolated acceptor frac-
tion was prepared 5 min after
internalization of 456 uM
avidin, as in A. The donor was
prepared after internalization
of 1.7 mg/ml biotHRP for 30
min, which corresponds to the
same molar concentration as
avidin. The assay was carried
out for the indicated times by
mixing the acceptor and the
donor at 37°C in the presence
of an ATP-regenerating sys-
tem (0). When an ATP-de-
pleting system was used, or
when the assay was carried
out at 4°C, the signal was abol-
ished (X). The fusion events
were quantitated by the amount
of avidin-biotHRP complex
formed during the fusion using
an ELISA. These values are
compared with the total amount
of avidin present in the accep-
tor during the assay (w). Af-
ter 40 min, the avidin that has
formed the fusion-specific
complex with biotHRP ()
accounts for 65 % of the avidin
present in the acceptor (m).
(C) The assay was carried out
as in B with donors prepared
after the indicated times of
biotHRP internalization. (D)
The acceptors were prepared
after the indicated times of
internalization and biotHRP
was internalized in the donors
for 5 (D), 15 (&), and 30 min
(m). (E) The acceptor was
prepared after 5 min internal-
ization, as in A. BiotHRP was
internalized in the donor cells
for 5 min (O0) or subsequently
chased for 10 min (a) and 40
min (m) in biotHRP-free me-
dium. The values are expressed
in percentage of the maximum
efficiency at 5 min. The total
amount of biotHRP present in
the donor fractions decreased
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and solubilized in detergent in the presence of biotinylated
insulin to quench the unreacted avidin. Then, the fusion-
specific complex was bound to a microtiter well via a poly-
clonal antibody against avidin and the HRP activity of the
complex was quantified.

The assay relies on the quantification of avidin complexed
to biotHRP during fusion. Therefore, it was important to es-
tablish first that the amount of avidin present in the acceptor
fraction could be determined with the ELISA. These prelim-
inary experiments were carried out as described above, ex-
cept that the donor was omitted and an excess exogenous bi-
otHRP replaced the biotinylated insulin during the detergent
solubilization. With this protocol, the molecules of avidin
immunosiolated in the acceptor fraction could be complexed
with biotHRP. Fig. 7 A shows that an acceptor fraction im-
munoisolated 30 min after G protein/avidin cointernalization
contained approximately five times more avidin than after 5
min. This accumulation of a fluid phase marker agreed well
with the rate of HRP internalization in the cells during the
same time course (Fig. 5 C) and subsequently immunoiso-
lated (Gruenberg and Howell, 1987). With all acceptor frac-
tions, the yield of immunoisolation from the PNS was =70%
(not shown), as reported previously with HRP (Gruenberg
and Howell, 1986). These experiments showed that (a) the
amount of avidin-biotHRP complex could be quantified with
the ELISA and (b) the immunoisolated acceptors remained
intact during the different steps of the experiment (see also
Fig. 8). The total amount of immunoisolated avidin was de-
termined for each in vitro experiment and the value was used
to calculate the efficiency of fusion (see below).

Early Endosome: Fusion Activity of the Acceptor

In a first series of experiments, the efficiency of fusion of the
early endosomal vesicles immunoisolated 5 min after G pro-
tein internalization was determined (Fig. 7 B). The donor
was prepared after continuous biotHRP internalization for
30 min. The time course of the fusion reaction itself is shown
in Fig. 7B, in the presence (open symbols) and in the absence
of ATP (crosses). The data confirmed that fusion is ATP de-
pendent and blocked at 4°C, in agreement with our earlier
studies (Gruenberg and Howell, 1986; 1987) and others
(Davey et al., 1985; Braell, 1987; Diaz et al., 1988: Wood-
man and Warren, 1988). The total amount of avidin present
in the acceptor fraction, assayed as in Fig. 7 A, remained
constant after different times of in vitro incubation (Fig. 7
B, solid symbols) and when ATP was omitted (not shown).
The efficiency of vesicle fusion was calculated as the frac-
tion of the total immunoisolated avidin that formed the com-
plex with biotHRP during the fusion reaction:

avidin-biotHR Pruion + are/avidin-biotHRPyw X 102

The efficiency was 65% for an acceptor prepared 5 min af-
ter G protein/avidin cointernalization and a donor prepared
after biotHRP continuous internalization for 30 min (Fig. 7
B). These data show that the early endosome exhibits a high
fusion activity in vitro.

with the time of chase, due to recycling of the fluid phase (see
Besterman et al., 1981). After 10 and 40 min chase, the donors con-
tained, respectively, 72 and 58% of the biotHRP present in the
5-min donor. These values do not account for the decreased signal
of fusion activity after chase.
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Figure 8. Morphology of early endosomal elements and spherical vesicles after immunoisolation. (4 and B) The G protein was implanted
and labeled with colloidal gold as in Fig. 1. After 5 min internalization, the early endosomal fraction was immunoisolated and prepared
for electron microscopy using cryosections to visualize the membrane organization. Small arrows point at gold particles. In A4, a tubule
(arrowhead) connected to the immunoisolated structure is bound to the solid support; in B, the vesicular portion (V) of a tubulovesicular
element can be visualized. (C and D) The experiment was as in A, except that internalization was for 45 min in the presence of 10 uM
nocodazole. Under these conditions, the G protein/gold complexes did not reach acid phosphatase—positive structures and remained in
large spherical vesicles (see Fig. 3). These vesicles were immunoisolated on the solid support. Bars, 0.2 um.

Early Endosome: The Donor

In the experiments described above, the donor was prepared
after continuous biotHRP internalization for 30 min and
therefore could potentially provide partner vesicles from any
stage of the endocytic pathway. To identify these partner vesi-
cles, donor fractions were prepared after continuous inter-
nalization of biotHRP for 5, 15, and 30 min. Each donor was
assayed with the early acceptor prepared after 5 min (Fig.
7 C). The fusion efficiency was already 65% with a donor
prepared after 5 min internalization and remained at the
same level with donors prepared after longer times of con-
tinuous internalization. This suggests that only the early en-
dosomal vesicles of the donor fractions, corresponding to the
internalization of biotHRP for 5 min, participate in the fu-
sion with the early acceptor, also prepared after 5 min.
Next, the reciprocal experiment was carried out. The fu-
sion efficiency was determined with acceptors immunoiso-
lated after cointernalization of G protein/avidin for 5, 15, and
30 min. Each acceptor was then tested with donors prepared
after 5, 15, and 30 min biotHRP internalization (Fig. 7 D).
The fusion efficiency of the acceptors decreased with the
time of G protein/avidin cointernalization and the kinetics of
this decrease were essentially identical with the different
donors. This decrease follows kinetics similar to those previ-
ously reported using a fusion-specific iodination of the G
protein with a donor prepared after 30 min (Gruenberg and
Howell, 1987). This experiment shows that only the early
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endosomal elements of both the acceptor and the donor ex-
hibit a high fusion activity in the assay.

Finally, a pulse-chase protocol was used to confirm that
only the early vesicles of the donor provided the fusion part-
ners to the acceptor vesicles in the assay. The same experi-
ment as in Fig. 7 D was repeated using donor fractions pre-
pared after biotHRP internalization for 5 min, followed by
incubations for 0, 10, and 40 min in biotHRP-free medium
to chase the biotHRP to later stages of the pathway (Fig. 7
E). The data are expressed as a percentage of the maximum
efficiency, which we define as that obtained after 5 min inter-
nalization. The 10-min chase decreased the efficiency to
40% of the value obtained with a 5-min pulse and the 40-min
chase abolished the signal.

Chasing the Markers from the Early, Fusion-active
Endosome Does Not Require Intact Microtubules

The in vitro experiments showed that fusion activity was at
a maximum when the markers distributed in the early,
tubulovesicular endosome and then decreased as the markers
were chased from the early endosome to later stages of the
pathway. Our in vivo data showed that in the absence of
microtubules, the G molecules were endocytosed and se-
quentially appeared in the early endosome and then in the
spherical, acid phosphatase-negative vesicles where they re-
mained. Therefore, we asked whether the markers could be
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chased out of the early, fusion-active endosome after micro-
tubule depolymerization in our cell-free assay.

First, we investigated whether the early, fusion-active en-
dosomal elements and the spherical vesicles containing the
G molecules after nocodazole treatment retained their struc-
ture after immunoisolation (Fig. 8). In these experiments,
the implanted G molecules were labeled with colloidal gold
before internalization, as in Figs. 1-3. In a number of differ-
ent cell types, the spherical vesicles contain a complex sys-
tem of internal membranes that are clearly visualized in
cryosections but poorly in conventional plastic sections (G.
Griffiths, upublished observation). To visualize more clearly
the internal structure and the membrane organization of the
vesicle in this study, the samples were processed for cryosec-
tioning. After S min internalization, tubular and tubulovesic-
ular elements were observed that retained some structural
features that were observed in the cell (compare Fig. 8, A and
B with Fig. 1). These structures appeared similar to those re-
vealed by a direct examination of the fusion product embed-
ded in plastic (Gruenberg and Howell, 1987). Smaller tu-
bules and vesicles were also immunoisolated (not shown;
see Gruenberg and Howell, 1988). After 45 min, the im-
munoisolated fraction consisted of large spheres of =0.5 pm
diameter containing the gold particles (compare Fig. §, C
and D with Fig. 2 4 and Fig. 3). It is evident that these vesi-
cles contain a complex organization of internal membranes
also labeled with gold particles. A similar luminal organiza-
tion was also observed in vesicular regions of early en-
dosomal elements (see Fig. 8 B), suggesting that the spheri-
cal vesicles originate from the early endosome.

The cell-free assay was then used to determine whether the
G molecules were chased from the early, fusion-active endo-
some in the absence of microtubules. When the transport of
G molecules to acid phosphatase—positive prelysosomes was
impaired in acceptor cells using nocodazole, the fusion ac-
tivity of the different acceptor fractions remained as with
fractions prepared from control cells (Fig. 9 4). The donors
were prepared from cells containing intact microtubules af-
ter continuous internalization of biotHRP for 30 min to guar-
antee the detection of all fusion events that might occur in
the assay.

Finally, we tested whether the fluid content, monitored
with biotHRP, could also be chased from the early donor en-
dosome when the microtubules were depolymerized. For
this experiment, the donor fractions were prepared from
cells with depolymerized microtubules, whereas the accep-
tor fractions were prepared from control cells (Fig. 9 B). A
donor prepared 1S5 min after internalization in nocodazole-
treated cells supported the fusion with the different acceptors
as a control donor. However, when biotHRP was internalized
for 15 min and subsequently chased for 30 min, the signal
was abolished. These experiments demonstrate that both the
endosomal content and the membrane-spanning G protein
are chased from the early, fusion active endosome in the ab-
sence of microtubules.

Discussion

In this paper we have dissected the early stage of membrane
traffic in endocytosis both in vivo and in vitro. For these
studies, the trans-membrane glycoprotein G was implanted
into the plasma membrane and subsequently endocytosed for
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Figure 9. Cell-free fusion as-
say: acceptor (A) or donor (B)
prepared after microtubule de-
polymerization. (A) Cells with
] implanted G protein were in-
60 cubated in the presence of
avidin for the indicated times
with (X) or without (D) noco-
dazole. Acceptor fractions were
immunoisolated from these
20 cells after the indicated times
] and used in the cell-free assay
as in Fig. 7 B. The donor frac-
tion was prepared after 30 min
biotHRP internalization in the
absence of nocodazole. The
fusion efficiency is expressed
as in Fig. 7 E. (B) The accep-
tor fractions were prepared as
] in A, in the absence of noco-

dazole. The donors were pre-

pared from cells treated with
o 10 uM nocodazole after inter-
nalization of biotHRP for 15
0 min (O) followed by a 30-min
chase in biotHRP-free medi-
20 D=15min um (m). After 30 min chase,
o D:t.umn  the donor contained 65% of
T 20 e the biotHRP present in the 15-
min pulse (see Fig. 7).
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different times at 37°C. Because the G molecules were inter-
nalized as a synchronous wave, they provided both a mor-
phological and a biochemical marker of the pathway and a
cytoplasmic epitope for the immunoisolation of the corre-
sponding endosomal fractions. After cointernalization of the
G protein with avidin, the immunoisolated fractions were
used as acceptors in a cell-free assay that measured their fu-
sion activity with donor fractions prepared from cells that
had internalized biotHRP. With this approach, two different
endosomal structures were identified, fractionated, and func-
tionally characterized: the early endosomal compartment
and the putative carrier vesicles, involved in the transport be-
tween the early endosome and a later stage of the pathway,
presumably the prelysosome (or late endosome).

After 5 min internalization at 37°C, 65% of the G mole-
cules are internalized into early endosomal elements. At the
morphological level, these separate elements form a network
of tubular, cisternal and tubulovesicular structures. We
define these elements as the first station in the pathway where
internalized molecules are routed to their cellular destina-
tions. After longer incubations at 37°C, the G molecules in-
ternalized into the early endosome are either recycled back
to the cell surface or chased to a later stage of the pathway
with similar kinetics (f,» = 5 min). This agrees well with a
consensus emerging from several studies that the rapid recy-
cling of internalized receptors back to the plasma membrane
occurs from an early endosome (Ciechanover et al., 1983;
Geuze et al., 1983; Harding et al., 1983; Hopkins and Trow-
bridge, 1983; Oka and Weigel, 1983b; Meliman et al., 1984;
Mueller and Hubbard, 1986).

The fusion activity in vitro of an acceptor fraction im-
munoisolated after 5 min internalization was high and cor-
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responded to a mixing of 65 % of its luminal content with do-
nor vesicles. This high value suggests that the fusion active
vesicles represent a major population of the vesicles in the
acceptor fraction. Because the majority of the G molecules
reside in the early, tubulovesicular endosome after 5 min in-
ternalization, the vesicles active in the assay must cor-
respond to elements of the early endosome. This confirms
our earlier observations obtained by direct morphological
examination of the fusion product (Gruenberg and Howell,
1986). Characterization of the donor in the fusion reaction
showed that the high fusion activity is supported only by en-
docytic vesicles prepared 5 min after internalization of bi-
otHRP. Fusion activity decreased when either marker, the
membrane-spanning protein G in the acceptor or the en-
dosomal content in the donor, were transported to a later
stage of the pathway in vivo, before preparation of the frac-
tions. This reduced activity cannot be explained simply by
an inactivation of the fraction after immobilization on the
solid support. Loss of activity of the fusion active acceptor
was not observed during the time course of our in vitro assay.
The results also indicated that the decreased activity of later
acceptors was not due to a failure to immunoisolate later en-
dosomes nor due to a decrease in latency. It remains to be
established whether relatively little membrane fusion actu-
ally occurs at later stages of the pathway in the cell or
whether these fusions have other requirements that are not
fulfilled by our present in vitro conditions.

A possible interpretation of our observations is that the do-
nor vesicles in the assay are incoming vesicles that deliver
their cargo by fusion to the first station of the pathway, the
immunoisolated acceptor. However, the total number of in-
coming vesicles present at any time point represent a small
fraction of the total volume of the early endosomal, (=7%;
Griffiths, G., R. Back, and M. Marsh, manuscript in prepa-
ration). It seems unlikely that these vesicles could support
the high efficiency of fusion we observe. This high efficiency
suggests that the fusion-active vesicles in the donor PNS are
also elements of the early endosome that fuse with the early
acceptor or that both are connected by vesicular traffic. If
these in vitro findings can be extrapolated to the in vivo func-
tions, it suggests that the individual elements of the early en-
dosome, rather than being separate functional units, actively
interact with each other, thereby exchanging membrane and
content.

Our results show another striking difference between early
and late endosomes, namely that all the functions of the early
endosome we have measured do not require intact microtu-
bules, in contrast to later stages. After depolymerization,
both the rates and the amount of internalization and recycling
remained identical to that seen in the control cells. Our cell-
free data also indicated that the membrane-spanning G pro-
tein (acceptor) and the endosomal content (donor) were
transported in the absence of microtubules from the fusion-
active, early endosome to a more distal endocytic compart-
ment. Transport of the endosomal content beyond the early
endosome in the presence of nocodazole was also shown by
our in vivo observation that HRP internalization did not
reach an early plateau but continued to accumulate in the
cells with increasing times of incubation. That the G mole-
cules were chased from the early endosome after microtu-
bule depolymerization, was also confirmed by the morpho-
metric analysis of G protein subcellular distribution.
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When the microtubules were depolymerized, transport of
the G molecules to prelysosomes and lysosomes was sig-
nificantly reduced, even after 45 min. The G molecuies were
then observed in spherical, acid phosphatase-negative vesi-
cles (0.4-0.7 pm). In vitro these vesicles exhibit little, if any,
fusion activity with elements of the early endosome or with
each other. They are clearly distinct from the early, tubulo-
vesicular elements and from the prelysosomes (or late endo-
somes) with a complex multi-vesicular appearance (for a
morphological description, see for example Wall et al., 1980;
Hopkins, 1983; Griffiths et al., 1988). Griffiths et al. (1988)
have observed spherical vesicles proximal to the block of en-
docytosis at 20°C, which have the same morphological ap-
pearance as the spherical vesicles described here, whereas
prelysosomes were distal to the block. We also observed
these spherical vesicles in control cells between 5 and 15 min
internalization, when the G molecules were transported
from the early, tubulovesicular endosome to the acid phos-
phatase-positive prelysosomes.

Two models have been proposed for membrane traffic in
endocytosis (reviewed and summarized by Helenius et al.,
1983). The first model predicts that early endosomal ele-
ments undergo a maturation process and become late endo-
somes, whereas the second model predicts that early and late
endosomes are preexisting compartments connected by
vesicular traffic. Definite evidence supporting either model
remains to be obtained. However, the observed fusion spec-
ificity of early endosomal elements must clearly reflect the
presence of unique molecules in their membranes. This is
also supported by the recent observations of Schmid et al.
(1988) that different proteins are iodinated in an eatly and a
late endosomal fraction. In both our and their studies, the
early endosome is likely to encompass the same compart-
ment; in their studies, the early endosome contains both lac-
toperoxidase internalized for 4 min and transferrin, which
recycles to the cell surface with kinetics similar to the G pro-
tein (Hopkins and Trowbridge, 1983). It is more difficult to
ascertain clearly whether the late transferrin-negative endo-
some of Schmid et al. (1988), prepared after 15 min lac-
toperoxidase internalization, corresponds to the spherical
vesicles, to the prelysosomes, or to a mixture of both. In any
case, we believe that both the presence of distinct molecules
in the studies of Schmid et al. (1988) and the high, specific
fusion activity we observe, argue in favor of a preexisting,
early endosomal compartment. We suggest that the decrease
in fusion activity after 5 min internalization measures the ex-
port of the G molecules from the early fusion-active endo-
some to distinct vesicles with little fusion activity in our as-
say. Our data show that these vesicles correspond to the
large, spherical vesicles in which the G molecules appear af-
ter leaving the early endosome but before reaching the pre-
lysosomes.

We propose that a relatively high number of small incom-
ing vesicles deliver their membrane and content from the
plasma membrane to the early endosome and that a low num-
ber of large, spherical carrier vesicles then collect the mate-
rial destined to degradation. Because early endosomal ele-
ments may interact with each other by fusion or vesicular
traffic, a carrier vesicle could conceivably pool this material
from more than one element. A single large carrier of di-
ameter =0.5 um could accommodate the volume of fluid en-
docytosed by =100 coated vesicles (diameter = 0.1 um), and
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thus permit a more efficient packaging of the solutes destined
to degradation. These calculations take into account an esti-
mated 50% recycling of the endosomal content from the
early endosome (Besterman et al., 1981; Adams et al.,
1982). Our data leads us to suggest that these carrier vesicles
are generated at the first endosomal station and subsequently
transport the materials destined to be degraded to the
prelysosome. This process is microtubule dependent, sug-
gesting that the carrier vesicles interact specifically with the
microtubules (see below). The carrier vesicles may in fact
correspond to the endocytic vesicles shown to move in vivo
between the periphery and the center of the cell (Herman and
Albertini, 1984; Matteoni and Kreis, 1987; De Brabander et
al., 1988). The relatively slow rate of this process (5-15 min)
and the large size of the vesicles could explain why the in vivo
movement of distinct vesicles has been easier to visualize in
endocytosis than in other pathways of membrane traffic.

After 15 min internalization, the G molecules have ap-
peared in acid phosphatase—positive prelysosomes, which
are often observed in the perinuclear region, and, after
30-45 min, degradation of the G molecules to a 28-kD pep-
tide occurs. The precise sequence of events leading to deliv-
ery to prelysosomes or lysosomes are not clear. After 30
min, the fusion activities of both the donor and the acceptor
have dropped to =10% of the value at S min. This is unlikely
to reflect a deterioration of the late acceptor fractions during
immunoisolation because they remained latent and since the
same low fusion activity was also observed with donor frac-
tions, which were not immunoisolated, after chasing a pulse
of biotHRP to late stages of the pathway. This reduced
efficiency agrees well with recent in vivo observations of De
Brabander et al. (1988), who have shown that endocytic vesi-
cles move back and forth in a microtubule-dependent manner
between the plasma membrane and the perinuclear region,
where the internalized probe eventually accumulates after
15-30 min. It is tempting to propose that microtubules in-
crease the frequency of encounters between carrier vesicles
and pre-lysosomes in the perinuclear region, thereby in-
creasing the efficiency of an otherwise inefficient delivery
process. In any case, these late endocytic events are clearly
very distinct from the rapid internalization into, and recy-
cling and export from, the early endosome.

The late acid phosphatase-positive endosome (prelyso-
some), where the G molecules are observed before being
delivered to the lysosomes, remains to be characterized.
Griffiths et al. (1988) have recently described a prelysosomal
compartment situated close to, but functionally distinct
from, the trans-Golgi network, in normal rat kidney cells.
These authors have shown that this compartment accumu-
lates the cation-independent mannose-6-phosphate receptor
(MPR), whereas the lysosomes are MPR negative (Sahagian
and Neufeld, 1983; Geuze et al., 1985; Brown et al., 1986).
This compartment labels with both antibodies to lysosomal
enzymes and to Igpl20, an antigen purified from lysosomal
membranes (Lewis et al., 1985). Recent data indicate that
it also reacts cytochemically for acid phosphatase (Griffiths,
G., R. Matteoni, R. Back and B. Hoflack, manuscript in
preparation). This prelysosomal compartment is postulated
to be the last endosomal station before the lysosomes where
newly synthesized lysosomal hydrolases are delivered from
the trans-Golgi network. At present we are unable to identify
this compartment in BHK cells, because our antibody against
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the MPR reacts poorly with BHK cells. However, parallel
studies with the NRK cell indicate that a significant amount
of G molecules has reached this MPR-rich compartment af-
ter 20 min internalization (unpublished data). This observa-
tion and the typical morphology of the MPR-rich compart-
ment lead us to believe that the acid phosphatase-positive
prelysosome in BHK cells corresponds to a structure similar
to the MPR-rich compartment described in NRK cells.

Small amounts of hydrolases have been also detected in the
early endosome (Diment and Stahl, 1985; Roederer et al.,
1987). This may explain our observation that a small fraction
of the G protein is first cleaved to a membrane-spanning 60-
kD polypeptide, even in the absence of intact microtubules.
The second cleavage of the G protein to a 28-kD peptide
clearly occurs after the microtubule-dependent step of the
pathway, as this process is inhibited after depolymerization.
Whether this processing occurs in the prelysosomes or in the
lysosomes remains to be established. Clearly, the observa-
tion that little labeled G protein is degraded beyond the 28-
kD peptide during the time course of these experiments sug-
gests that this process might in fact be initiated in the former
compartment.

We conclude that early endocytosis proceeds in at least two
discrete steps. First, internalized molecules are delivered to
the early endosomal compartment, where they are routed to
be recycled or transported to a later stage. These functions
do not require an intact microtubule network. The elements
of this first station of endocytosis exhibit a high and specific
fusion activity with each other, suggesting that in vivo, they
are not functionally independent but, rather, exchange their
membrane and content. Subsequently, a slower microtubule-
dependent process mediates the transport of large vesicles
from the early endosome to a late, acid phosphatase-positive
endosome (prelysosome). The fusion activity with other en-
docytic vesicles is significantly reduced during this trans-
port. It is now a major challenge to identify the molecular
components that provide the high activity and specificity of
fusion to the early endosome, as well as those that may medi-
ate the binding of vesicles to microtubules.
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