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Clathrin-coated vesicles (CCV) mediate protein sorting and vesicular trafficking from the
plasma membrane and the trans-Golgi network. Before delivery of the vesicle contents to
the target organelles, the coat components, clathrin and adaptor protein complexes (APs),
must be released. Previous work has established that hsc70/the uncoating ATPase
mediates clathrin release in vitro without the release of APs. AP release has not been
reconstituted in vitro, and nothing is known about the requirements for this reaction. We
report a novel quantitative assay for the ATP- and cytosol- dependent release of APs
from CCV. As expected, hsc70 is not sufficient for AP release; however, immunodepletion
and reconstitution experiments establish that it is necessary. Interestingly, complete
clathrin release is not a prerequisite for AP release, suggesting that hsc70 plays a dual role
in recycling the constituents of the clathrin coat. This assay provides a functional basis for
identification of the additional cytosolic factor(s) required for AP release.

INTRODUCTION

Most, if not all, intracellular transport vesicles are
encased in a proteinaceous coat, one class of which is
clathrin-coated vesicles (CCV).1 CCV mediate the
transport of lysosomal hydrolases from the trans-
Golgi network, as well as the efficient internalization
of extracellular solutes such as nutrients, hormones,
growth factors, and immunoglobulins at the plasma
membrane. Their coat contains two components:
clathrin (heavy and light chains) and adaptor protein
complexes (AP). There are two distinct classes of CCV-
associated APs. The AP1 complex is found on trans-
Golgi network–derived CCV, and AP2 is found on
plasma membrane-derived CCV (Robinson, 1987;
Ahle et al., 1988). More recently, a new AP complex
AP3 has been identified that is partially associated
with clathrin-coated structures in vivo (Simpson et al.,
1997; Dell’ Angelica et al., 1998). Both clathrin-associ-
ated AP complexes are heterotetramers consisting of
two different subunits of ;100 kDa (g and b1 in AP1,
a and b2 in AP2), one medium chain subunit (m1 or

m2) of ;50 kDa, and a small chain subunit (s1 or s2)
of ;17 kDa (reviewed by Robinson, 1994; Kirchhausen
et al., 1997; Schmid, 1997).

A fully assembled clathrin coat, viewed by electron
microscopy, appears as a polygonal lattice of clathrin
on the outer surface of the vesicle, with APs located at
each vertex (Vigers et al., 1986a, 1986b; Heuser and
Keen, 1988). The APs form the innermost shell of the
coat and associate with the plasma membrane via
saturable, high-affinity, and protease-sensitive recep-
tors (Mahaffey et al., 1990). In low-ionic strength,
low-pH buffers, clathrin can spontaneously self-as-
semble into a closed polygonal lattice (Kartenbeck,
1978; Woodward and Roth, 1978; Crowther and
Pearse, 1981). APs coassemble with clathrin and pro-
mote coat assembly under physiological conditions
that do not otherwise support clathrin self-assembly
(Keen et al., 1979; Pearse and Robinson, 1984; Ahle and
Ungewickell, 1989). Given the ability of APs to stim-
ulate the assembly of clathrin in vitro, as well as their
ability to interact with the membrane, it is likely that
they mediate the assembly of clathrin onto mem-
branes in vivo (Robinson, 1994; Schmid, 1997). APs
also serve an important function in recruiting recep-
tors to newly forming coated pits. This recruiting ac-
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tivity has been postulated based on the ability of APs
to interact directly with tyrosine containing sorting
motifs of constitutively internalized receptors (Pearse,
1988; Sosa et al., 1993; Ohno et al., 1995; Kirchhausen et
al., 1997).

After the formation and budding of a CCV, the coat
constituents are released to allow for heterotypic
membrane fusion with the endosomal compartment.
Additionally, the cytosolic pool of coat components is
regenerated allowing for repeated rounds of endocy-
tosis. The mechanism for release of clathrin by the
ATP-dependent action of hsc70 (uncoating ATPase)
has been extensively characterized in vitro (Rothman
and Schmid, 1986; Greene and Eisenberg, 1990; Bux-
baum and Woodman, 1995). It was recently shown
that the CCV-associated DnaJ domain-containing pro-
tein, auxilin, is required for hsc70-dependent clathrin
release from brain CCV (Ungewickell et al., 1995). This
suggests that hsc70 plays a role in vivo for uncoating
clathrin from CCV. Consistent with this, clathrin re-
lease is inhibited in vivo after microinjection of an
inhibitory anti-hsc70 monoclonal antibody (Höning et
al., 1994), as reflected by the accumulation of endocytic
ligands in punctate structures that colocalize with
clathrin.

Whereas hsc70 releases clathrin from CCV, several
laboratories have confirmed the initial observation
(Schlossman et al., 1984) that APs remain associated
with the clathrin-depleted vesicles (Heuser and Keen,
1988; Greene and Eisenberg, 1990; Buxbaum and
Woodman, 1995). Because the AP shell is likely to
remain a barrier to fusion and given that nearly half of
all cellular clathrin and APs are found in the cytosol
(Goud et al., 1985), it seems reasonable to assume that
APs must also be released from the vesicle in an
uncoating reaction. However, AP release has not been
reconstituted in vitro; therefore, nothing is known
about the mechanism of this reaction. Here we report
a novel quantitative assay for the ATP- and cytosol-
dependent release of APs from isolated bovine brain
CCV. As expected, we show that hsc70 is not sufficient
for AP release. However, we demonstate that, to-
gether with other unidentified cytosolic factor(s) and
ATP, hsc70 is necessary for AP release. Surprisingly,
clathrin release does not appear to be a prerequisite
for efficient AP release. Together, our findings suggest
that hsc70 plays a dual role in recycling both constit-
uents of the clathrin coat.

MATERIALS AND METHODS

Materials
Antibodies. The mouse monoclonal antibody (AP.6) against 100-
kDa a adaptin was the generous gift of Dr. F.M. Brodsky (Chin et al.,
1989). Hybridomas are now available through American Type Cul-
ture Collection (Rockville, MD). The rabbit polyclonal antibody 0927
was generated from a GST-fusion protein encoding the hinge region

(amino acids 619–656) of the bovine a adaptin (Ball et al., 1995). This
construct was the gift of Dr. M.S. Robinson. Monoclonal antibody
1B5 was obtained from Stressgen (Victoria, British Columbia, Can-
ada), and 3C5 was the gift of Dr. B.M. Jockusch (Höning et al., 1994).
AP1-specific antibody 100.3 (Ahle et al., 1988) was obtained from
Sigma Chemical (St. Louis, MO). Species-purified donkey anti-rab-
bit antibody conjugated to HRP was purchased from Pierce Chem-
ical (Rockford, IL).
Buffers. Buffer AK: 10 mM (NH4)2SO4, 20 mM HEPES, pH 7.0, 2 mM
magnesium acetate, 25 mM KCl, 1 mM PMSF. Buffer AT: 10 mM
(NH4)2SO4, 20 mM HEPES pH 8.2, 2 mM magnesium acetate, 100
mM potassium tartrate, 1 mM PMSF, 2% ovalbumin. 2-(N-morpho-
lino)ethanesulfonic acid (MES) buffer: 100 mM MES, pH 6.5, 0.5 mM
MgCl2, 1 mM EGTA, 1 mM PMSF, 0.8 mM DTT, 0.02% NaN3.
Breaking buffer: 40 mM HEPES, pH 7.0, 4.5 mM magnesium acetate,
1 mM PMSF, 0.8 mM DTT. Blocking buffer: 1% Triton X-100, 0.1%
SDS, 2% BSA, 50 mM NaCl, 1 mM Tris, pH 7.4. Unless otherwise
stated, all chemicals were reagent grade.

Methods
CCV Isolation. Bovine brains were harvested immediately after
slaughter and either frozen on dry ice for later use or kept at 4°C for
CCV isolation as soon as possible after slaughter. Frozen brains
were defrosted rapidly using room temperature MES buffer. CCV
were isolated as previously described (Pearse, 1982) with minor
modifications. Brain tissue (200 g) was rinsed in MES buffer and
homogenized with an equal volume of buffer in a Waring Blender.
The homogenate was centrifuged at 15,000 3 g for 30 min at 4°C.
This low-speed supernatant was collected and centrifuged at
100,000 3 g for 1 h at 4°C in a Ti45 rotor (Beckman, Fullerton, CA).
The crude microsomal pellet was resuspended in 20 ml MES buffer,
layered onto two 10% 2H2O/0% Ficoll–90% 2H20/5% Ficoll gradi-
ents made in MES buffer, and centrifuged at 28,000 3 g for 30 min
in a Beckman SW28 rotor. The total supernatants were pooled and
diluted at least fourfold in MES buffer, and the crude CCVs were
pelleted at 100,000 3 g for 1 h. The pellets were resuspended in 20
ml MES buffer, layered onto two 10% 2H2O/0% Ficoll–90% 2H2O/
20% Ficoll gradients made in MES buffer and centrifuged to equi-
librium at 53,000 3 g for 16 h at 4°C. CCV appeared as a slightly
bluish band in the lower third of the gradient. These CCVs were
harvested, diluted at least fourfold in MES buffer, and concentrated
by centrifugation at 100,000 3 g for 1 h at 4°C. CCV were collected
and resuspended in MES buffer. CCVs were stored at 4°C for no
longer than 2–3 wk. Vesicles deteriorated upon prolonged storage
(see RESULTS).
Hsc70 isolation. Hsc70 was purified as previously described
(Greene and Eisenberg, 1990; Schlossman et al., 1984). The first
high-speed supernatant generated in the CCV preparation was di-
alyzed into 25 mM HEPES, pH 7.0, 25 mM KCl, 1 mM DTT, and
loaded onto a DE52 column (Pharmacia, Uppsala, Sweden). The
column was washed with 50 mM KCl and hsc70 was eluted with 150
mM KCl. Hsc70-containing fractions were pooled and loaded onto
an ATP-agarose column (Sigma). This column was washed with 1 M
KCl, and hsc70 was eluted with 1 mM ATP. Hsc70 was concentrated
by 70% ammonium sulfate precipitation and dialyzed into 10 mM
HEPES, pH 7.0, 75 mM KCl, and 1 mM magnesium acetate and
stored in frozen aliquots. The preparations were .95% pure as
assessed by Coomassie-stained SDS-PAGE.
Bovine Brain Cytosol Preparation. Frozen bovine brain (200 g) was
rapidly defrosted in breaking buffer, and Dounce homogenized
with equal volumes of breaking buffer. The homogenate was cen-
trifuged at 15,000 3 g for 15 min, and the supernatant was collected
and centrifuged at 100,000 3 g for 1 h. The supernatant of this
high-speed centrifugation was collected and stored in frozen ali-
quots.
Hsc70 depletion of Bovine Brain Cytosol. Mouse anti-hsc70 mono-
clonal antibody 1B5 (0.8 mg) was bound to 50 ml of Gamma Bind
(Pharmacia), washed, and cross-linked with dimethylpimelimidate
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(Pierce) as described by Harlow and Lane (1988). These beads were
incubated with 100 ml of bovine brain cytosol for 4 h at 4°C, and the
unbound material was collected as the hsc70-depleted bovine brain
cytosol.
Coat Release Assay. CCV (3.75 mg) were incubated with or without
0.5 mg of hsc70, the indicated amount of cytosol, and an ATP-
regenerating system (containing 800 mM ATP, creatine phosphoki-
nase, and 5 mM creatine phosphate). The final reaction volume was
brought to 50 ml with buffer AK and incubated at 25°C for 5 min
unless otherwise noted. The reaction mixture was centrifuged in a
Beckman TLA100 rotor at 100,000 3 g for 10 min at 4°C. Immedi-
ately after centrifugation, the top 40 ml of the supernatant containing
released coat components was removed without disturbing the
pellet. Standard curves were generated by stripping CCVs with 0.5
M Tris, pH 7.0, at 25°C for 5 min before centrifugation as described
above.
Western Blot. The AP reaction supernatant (25 ml) was subjected to
standard SDS-PAGE and Western blotting protocols. AP2 was de-
tected using the rabbit polyclonal antibody 0927 (diluted 1:10,000)
and HRP-conjugated donkey anti-rabbit antibody (diluted 1:10,000).
The blot was developed using the ECL detection kit (Amersham,
Arlington Heights, IL).
ELISA-based Detection of Released APs. ELISA plates (Nunc, Na-
perville, IL) were coated overnight at 4°C with 50 ml of 5 mg/ml
purified AP.6 antibody in 50 mM Na2CO3, pH 9.6. The plates were
thoroughly washed with PBS and blocked with blocking buffer at
4°C overnight. Buffer AT (45 ml) and 5 ml of the supernatants
generated in the coat release assay were plated into each well and
allowed to bind overnight at 4°C. Captured APs were detected by
sequential incubation with antibody 0927 diluted 1:500 in blocking
buffer and HRP-conjugated species-purified donkey anti-rabbit an-
tibody diluted 1:2500. Each antibody binding step was incubated at
least 1 h at 37°C and was followed by three PBS washes. ELISA
plates were developed with o-phenylenediamine and H2O2 (Carter
et al., 1993).
Quantitation of Clathrin Release from CCV. The reaction superna-
tant generated above (25 ml) was subjected to SDS-PAGE (Harlow
and Lane, 1988), stained with Coomassie blue. The amount of clath-
rin heavy chain present was quantitated by laser scanning densi-
tometry (Molecular Dynamics, Sunnyvale, CA) and comparison
with a standard curve.
Electron Microscopy. Samples for electron microscopy were bound
to glow-discharged Formvar carbon-coated grids for 5 min, washed
briefly with four changes of water, and stained for 10 min with 2%
uranylacetate. Electron microscopic images were obtained with a
Jeol (Tokyo, Japan) JEM 1200D II.
Phosphorylation and Immunoprecipitation of APs. AP release as-
says were performed with 0.5 mg hsc70, 65 mg cytosol, and 25 mM
ATP, in the presence of an ATP-regenerating system, and 10 mCi of
g32P-labeled ATP (Amersham) for 5 min at 25°C. To demonstrate
whether phosphorylation occurred before, during, or after AP re-
lease from CCV, APs released from CCV in the cytosol-dependent
reaction described above were compared with APs released from
CCV with 0.5 M Tris. After centrifugation, the latter APs were
incubated with 65 mg cytosol and 25 mM ATP, in the presence of an
ATP-regenerating system, and 10 mCi of g32P-labeled ATP (Amer-
sham) for 5 min at 25°C. The reactions were stopped at 4°C and
centrifuged as described above to separate released coat compo-
nents. AP2 was immunoprecipitated in the presence of 1 mM so-
dium orthovanadate with the monoclonal antibody AP.6. Analysis
was performed on dried gels after SDS-PAGE using a PhosphorIm-
ager (Molecular Dynamics).
Sucrose Gradients. AP release assays described above were scaled
up 10-fold, and the supernatants were centrifuged for 16 h into
13-ml 5–20% sucrose gradients, made in buffer AT. For comparison,
Tris-released APs were sedimented in parallel gradients. A total of
20 fractions were collected and subjected to standard Western blot
protocols for APs.

Gel Filtration of Bovine Brain Cytosol. Bovine brain cytosol (200
ml; 13 mg/ml) was applied to a 24-ml Superdex 200 gel filtration
column (Pharmacia) on a Pharmacia fast-performance liquid
chromatography system and run in assay buffer. Fractions (1 ml)
were collected, and 8 ml of each fraction were assayed for AP- and
clathrin-releasing activity in the presence and absence of hsc70.

RESULTS

An ATP-dependent Cytosolic Factor Is Required for
the Release of APs from CCV
To determine the requirements for AP release from
CCV, purified bovine brain CCV were incubated at
25°C for 5 min in the presence or absence of ATP and
bovine brain cytosol. The release of APs was deter-
mined by Western blot of the supernatant after cen-
trifugation of the reaction mixture at 100,000 3 g for 10
min. AP2 was detected with a rabbit polyclonal anti-
body (0927) which predominantly recognizes the 100-
kDa a subunit of the AP2 complex (Figure 1). The
majority of AP2 present on the CCV was released by
incubation with ATP and cytosol (Figure 1, lane 4,
compared with total in lane 5), whereas very little of
the AP2 complex was released by incubation in the
absence of either cytosol (Figure 1, lanes 1 and 3) or
ATP (Figure 1, lanes 1 and 2).

CCV isolated from bovine brain are primarily
plasma membrane derived; therefore, AP2 is the most
abundant of the AP complexes on these vesicles (Goud
et al., 1985; Robinson, 1987). Although the lower
amount of AP1 in this CCV preparation made its
detection difficult (especially over the cytosolic back-
ground), it appeared by Western blot using the AP1-
specific antibody 100/3 (Ahle et al., 1988) that AP1 was
also released in a cytosol- and ATP-dependent manner
(our unpublished results). AP1 release was not further
investigated.

Figure 1. AP Release from CCV is dependent on cytosol and ATP.
CCV were incubated without (lanes 1 and 3) or with (lane 2 and 4)
65 mg of bovine brain cytosol; and with (lanes 3 and 4) or without
(lanes 1 and 2) 800 mM ATP with a regenerating system. Hexokinase
and glucose were included in samples without ATP. Released APs,
present in the supernatant after centrifugation, were detected on
Western blots with polyclonal antibody 0927.

AP Release from Coated Vesicles
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Quantitative Detection of APs Released from CCV
To further study the release of the AP2 complex (re-
ferred to as APs throughout the remainder of this
paper), we developed a quantitative ELISA-based as-
say for soluble APs. The linear range of this assay was
established using supernatants derived from CCV
treated with 0.5 M Tris, pH 7.0, which releases nearly
all of the clathrin and APs from the vesicle (Keen et al.,
1979). For quantitation of released APs, supernatants
were applied to ELISA plates coated with AP.6, a
mouse monoclonal antibody against the a subunit of
AP2. Tartrate was included in the binding buffer to
prevent AP aggregation (Schroder and Ungewickell,
1991). The captured APs were then detected with an
a-adaptin–specific rabbit polyclonal antibody (0927).
These two antibodies recognize nonoverlapping sites
on the a-adaptin and do not interfere with each other’s
binding. Finally, bound 0927 was detected with a spe-
cies-purified and HRP-conjugated donkey anti-rabbit
antibody. The amount of APs captured on the ELISA
plate was quantitated using the o-phenylenediamine-

based color detection system for HRP (Carter et al.,
1993). This sandwich ELISA gave a linear response for
APs released from 75–400 ng of CCVs (our unpub-
lished data).

Characterization of the Cytosolic AP Release
Activity
This sensitive and quantitative AP detection system
was used to examine the mechanism of cytosol-medi-
ated release of APs from CCV. Consistent with previ-
ous reports (Schlossman et al., 1984; Heuser and Keen,
1988; Greene and Eisenberg, 1990; Buxbaum and
Woodman, 1995), incubation with 0.5 mg of purified
hsc70 did not support AP release (total reaction vol-
ume, 50 ml) (Figure 2, solid triangles), although clath-
rin was quantitatively released (our unpublished re-
sults, but see Figure 4A). In contrast, APs were
efficiently released from CCV incubated in the pres-
ence of crude bovine brain cytosol (Figure 2, open
circles). AP release showed a direct linear dependence
on cytosol concentration in the range of 10–80 mg/
assay (0.2–1.6 mg/ml) (Figure 2, open circles). The
cytosolic content of AP2 was not detectable on the
ELISA at the concentrations applied (our unpublished
data). Hsc70 is an abundant protein (20 ng hsc70/mg
brain cytosol); hence, maximal clathrin release re-
quired lower concentrations of cytosol (25 mg/assay
or 0.5 mg/ml, our unpublished results). Although
hsc70 was not sufficient to support AP release, its
presence dramatically reduced the cytosol require-
ment for AP release (Figure 2, solid circles). These data
suggest that hsc70 and an additional cytosolic factor(s)
is required for the release of APs from CCV.

The maximum AP release achieved in our assay was
approximately 80% (6 10%) of the total AP content, as
compared with APs released with 0.5 M Tris, pH 7.0
(our unpublished results). It is important to note that
after prolonged storage of the CCV, the maximal AP
release observed could vary significantly between ex-
periments. This may be due to deterioration of the
CCV preparation. CCVs older than 2–3 wk showed
increased nonspecific AP release along with reduced
maximal AP release. In addition, even APs released
from these vesicles with 0.5 M Tris gave aberrant
results on the ELISA, suggesting that structural
changes had occurred. Therefore, to ensure high re-
producibility, care was taken to use fresh preparations
of CCVs. AP release is represented as a percentage of
maximal AP release in a standard reaction condition (5
min incubation with ATP, hsc70, and 65 mg bovine
brain cytosol) throughout the remainder of this paper
to enable comparison between preparations.

Rapid Cytosol-dependent Release of APs from CCV
To further characterize the cytosol- and hsc70-depen-
dent release of APs, we examined the kinetics of re-

Figure 2. Cytosol titration into AP release assay. (A) CCVs (3.75
mg) were incubated in the presence of an ATP-regenerating system
with increasing amounts of cytosol in the absence (open circle) or
presence (closed circle) of 0.5 mg of hsc70 or with increasing
amounts of hsc70 in the absence of cytosol (closed triangle) for 5
min. at 25°C. AP release from CCV was detected by ELISA after
centrifugation at 4°C, as described in MATERIALS AND METH-
ODS. Hsc70 concentration is indicated by the lower abscissa and is
equivalent to the amount of hsc70 present in the corresponding
amount of cytosol.
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lease under conditions of limiting as well as nonlim-
iting cytosol concentrations, in both the presence and
absence of hsc70. Consistent with the previous results,
little AP release occurred when CCV were incubated
with hsc70 (Figure 3, solid squares), even when incu-
bated for long times. Likewise, very little AP release
occurred with limiting concentrations (6.5 mg) of cy-
tosol (Figure 3, open circles). Addition of hsc70 to this
low cytosol concentration increased the rate of AP
release (Figure 3, solid circles). Increasing the amount
of cytosol in the reaction (to 31 mg) also resulted in a
dramatic increase in both the rate and extent of AP
release. Eighty percent of maximal AP release was
observed within the first 5 min of incubation, and
maximal release was observed after 15 min (Figure 3,
open triangles). Even at this higher concentration of
cytosol, addition of hsc70 significantly increased the
reaction rate, and maximal release was observed
within 2–3 min (Figure 3, solid triangles). Thus, hsc70
appears to be one of the rate-limiting components for
AP release.

Hsc70 Is Required for AP release from CCV
We have demonstrated that hsc70 increases the rate of
AP release from CCV; however, these experiments do
not establish an absolute requirement for hsc70 in this
reaction. To address this question directly, we gener-
ated hsc70- depleted bovine brain cytosol for use in
the AP release assay. Quantitative Western blotting

indicated that greater than 95% of hsc70 was immu-
nodepleted from the bovine brain cytosol by incuba-
tion with the anti-hsc70 monoclonal antibody 1B5 im-
mobilized on Gamma Bind beads (our unpublished
results). To confirm the efficiency of immunodepletion
we first examined clathrin release (Figure 4A, hatched
bars). As expected, hsc70 (Figure 4A, panel 1) or crude
cytosol alone (Figure 4A, panel 2) supported the
efficient release of clathrin from CCV. In contrast,
hsc70-depleted cytosol was unable to support clathrin
release (Figure 4A, panel 3), confirming the near-com-
plete removal of hsc70. Addition of hsc70 to concen-
trations equivalent to approximately half of the
amount removed by depletion completely restored

Figure 3. Kinetics of AP release at 37°C. CCV were incubated at
37°C for 0–15 min in the presence (solid symbols) or absence (open
symbols) of 0.3 mg hsc70 and no additional cytosol (squares), 6.5 mg
cytosol (circles), 31 mg cytosol (triangles) as described in Figure 2.
Error bars are hidden by the symbol in some cases.

Figure 4. AP release requires Hsc70. (A) CCV were incubated with
or without hsc70 as indicated: without additional cytosol (panel 1),
with 65 mg of complete cytosol (panel 2), or with 65 mg of hsc70-
depleted cytosol (panel 3). AP release (solid bars) was detected by
ELISA, and clathrin release (hatched bars) was detected by densi-
tometry of Coomassie- stained SDS-PAGE gels. (B) AP release was
measured by ELISA after incubation of CCV with hsc70-depleted
cytosol in the absence (open squares) and presence (closed circles) of
0.5 mg of hsc70. Error bars are hidden by the symbol in some cases.
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clathrin release activity (Figure 4A, panel 3). These
results provide direct evidence that hsc70 is the only
cytosolic component that is both necessary and suffi-
cient for clathrin release.

Having functionally confirmed the removal of hsc70
from immunodepleted cytosol, we examined AP re-
lease (Figure 4A, solid bars). As previously shown, AP
release is not supported by hsc70 alone (Figure 4A,
panel 1) but is supported by crude cytosol (Figure 4A,
panel 2). Importantly, hsc70-depleted cytosol did not
support efficient AP release from CCV (Figure 4A,
panel 3), even when added at high concentrations
(Figure 4B, open squares). These results establish that
hsc70 is required for AP release. Depletion of cytosol
with nonspecific antibodies (i.e., mock-depleted cy-
tosol) did not affect AP release activity (our unpub-
lished results). Addition of hsc70 to hsc70-depleted
cytosol restored AP release to 65% of control levels
(Figure 4A, panel 3). The finding that neither hsc70 nor
hsc70 depleted cytosol on their own supported substan-
tial AP release, whereas together they mediated efficient
AP release establishes a requirement for both hsc70 and
an as-yet-unidentified cytosolic factor(s) in the uncoating
reaction. Small molecules or salt effects were not respon-
sible for this cytosolic activity, as it was not removed
either by gel filtration on Sepharose G25 or by dialysis
(our unpublished results, but see Figure 8).

In contrast to the complete restoration of clathrin
release activity, addition of hsc70 to depleted cytosol
only partially restored AP release. This difference may
reflect the partial loss, along with hsc70, of the other
cytosolic factor(s) required. Consistent with this, sub-
stantially higher concentrations of hsc70-depleted cy-
tosol (;2 mg/ml) than of complete cytosol (;0.3 mg/
ml) were required, together with hsc70, to mediate
maximal release of APs from CCV (compare Figure 2,
solid circles, and Figure 4B, solid circles).

Uncoupling AP Release from Clathrin Release
APs form the innermost shell of the vesicle coat, en-
cased by the overlying lattice (Vigers et al., 1986a,
1986b). Therefore, it was reasonable to assume that the
release of clathrin from the CCV would be a prereq-
uisite for AP release. If this were true, then the ob-
served hsc70 requirement for AP release might reflect
an indirect requirement for clathrin release. Alterna-
tively, hsc70 might also be directly required for AP
release. To distinguish these two possibilities and to
begin to explore the mechanisms of AP release, we
sought conditions to study AP release independently
of clathrin release. One approach to uncouple these
two events was to establish a staged reaction, whereby
clathrin-free CCV could be generated in the first stage
and used to study cytosol-dependent AP release in the
second-stage incubation. To generate clathrin-free ves-
icles, CCV were incubated with 10 mM Tris, pH 8.5, 1

mM EDTA for 10 min at 4°C, centrifuged, and resus-
pended. Under these conditions the majority of the
APs remained associated with the vesicle, while the
majority of clathrin was released (Beck et al., 1992).
However, the association of APs with the clathrin-
stripped vesicles was significantly destabilized by this
treatment. Hence, APs present on the vesicles recov-
ered after centrifugation were rapidly lost without any
additional factors and even when incubated at 4°C
(our unpublished results). Similarly, removal of clath-
rin from CCV with hsc70 followed by centrifugation
and resuspension also resulted in destabilization of
the AP–vesicle association (our unpublished results).
This instability was due to processing of the vesicles
after clathrin release (i.e., centrifugation and resuspen-
sion) rather than to the removal of clathrin per se. The
data in Figures 2 and 3 establish that APs remain
associated with clathrin-free vesicles generated during
lengthy incubations with hsc70 or by the presence of
high concentrations of hsc70, respectively, provided
that these vesicles were not centrifuged and resus-
pended. Thus, we were unable to separate clathrin
and AP release using staged reactions.

In further probing hsc70 function using immuno-
logical reagents, we discovered that the hsc70 func-
tion blocking monoclonal antibody 3C5 (Höning et
al., 1994) could be used to uncouple AP release from
clathrin release. This antibody recognizes the pep-
tide-binding domain of hsc70 and is thought to com-
pete with clathrin for binding to hsc70. 3C5 has been
shown previously to be a potent inhibitor of the
clathrin-uncoating reaction (Höning et al., 1994). At
10-fold molar excess of 3C5 to hsc70, the clathrin-
uncoating reaction was completely inhibited (Figure
5, filled circles). Surprisingly, even when clathrin
release was inhibited by .90%, 80% of APs were
released from CCV (Figure 5, open triangles). A
control mouse IgG1 antibody had no effect on either
clathrin or AP release (our unpublished results). It was
possible that clathrin remained pelletable under assay
conditions in the presence of 3C5, not because it was
associated with vesicles but because a pelletable immune
complex was formed between the released clathrin–
hsc70 complex and the anti-hsc70 antibody. To distin-
guish between these two possibilities, after the uncoating
reaction and centrifugation, the pellets were resus-
pended in 10 mM Tris, pH 9.0, 1 mM EDTA. These
conditions are sufficient to release greater than 90% of
clathrin from the vesicle (our unpublished results), with-
out disrupting a 3C5–hsc70–clathrin-immune aggre-
gate. All of the clathrin present in the pellets was re-
leased under these conditions, confirming that it was
vesicle associated and not in an immune aggregate (our
unpublished results). The ability to uncouple these un-
coating events suggests that complete release of clathrin
is not a prerequisite for AP release.
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Morphological Comparison of CCV from Which APs
and/or Clathrin Have Been Released
To confirm the biochemical results that demonstrate
the uncoupling of AP release from clathrin release, we
used negative stain electron microscopy to examine
the morphology of coated vesicles depleted of either
clathrin, APs, or both. CCV were incubated with and
without cytosol and hsc70, and this reaction mixture
was bound to Formvar carbon-coated grids without
centrifugation of the samples. Images of fully coated
vesicles show the characteristic polygonal lattice (Fig-
ure 6a). Vesicles uncoated with hsc70 (Figure 6b) or
with cytosol and hsc70 (Figure 6c) were morphologi-
cally indistinguishable under these conditions. In nei-
ther case could we detect coat material on the vesicles.
Although we were unable to detect residual APs on
vesicles using these imaging techniques, others have
reported APs on hsc70-uncoated vesicles using quick-
freeze deep etch methodology (Heuser and Keen,
1988; Heuser and Steer, 1989). The increased density
seen around the vesicles in panel C was likely due to
nonspecific interactions of cytosolic proteins with the
electron microscopic grid as well as with the uncoated
vesicle. When uncoating was carried out in the pres-
ence of hsc70 and cytosol as well as fourfold molar

excess of 3C5, clathrin remained associated with the
vesicle: parallel incubations revealed that 90% of APs
were released from the vesicle while 85% of the clath-
rin remained (see also Figure 5). However, since the
structural organization of the clathrin lattice appears
to be distorted, we cannot rule out the possibility that
some clathrin rearrangements have occurred to facili-
tate AP release. Nonetheless, a coat structure is detect-
able on these AP-depleted vesicles (Figure 6d). In
addition, we did not detect large aggregates that
might represent pelletable immune complexes, consis-
tent with our biochemical results indicating that the
remaining clathrin could be released with 10 mM Tris,
pH 9.0. Together, these morphological and biochemi-
cal results suggest that complete clathrin release is not
a prerequisite to AP release.

Nucleotide Requirements for the Release of APs and
Clathrin from CCV
Our data suggest that hsc70, in addition to its role in
clathrin release, plays a direct role in AP release. How-
ever, while necessary for AP release, hsc70 is not
sufficient. Therefore, to further characterize the mech-
anism of AP release and to determine whether the
ATP requirement for AP release reflected the involve-
ment of hsc70, the other cytosolic factor(s), or both, we
compared the nucleotide requirements for AP and
clathrin release. Consistent with previous findings
(Braell et al., 1984; Gao et al., 1993; Buxbaum and
Woodman, 1996), we show that hsc70 is a high-affinity
ATPase (Figure 7A, circles). A Lineweaver-Burk dou-
ble-reciprocal plot was used to estimate the Km for
ATP of hsc70 in the clathrin-uncoating reaction. We
estimated this Km to be 0.5 mM (our unpublished
results), which is consistent with previously published
values of 0.6–0.7 mM (Braell et al., 1984; Schmid and
Rothman, 1985). In contrast, higher concentrations of
ATP were required to support maximal AP release
(Figure 6a, triangles). Using double-reciprocal plots
(Figure, 7 inset), we estimated the Km for ATP of the
cytosolic factor required for AP release to be 1.2 mM.
Neither clathrin nor APs were released from CCV in
the absence of ATP. Both AP and clathrin release was
determined from the same samples, allowing us to
directly compare these two Km values. This compari-
son indicates that the cytosolic AP-releasing activity
requires greater than twofold more ATP than is re-
quired by hsc70 to support clathrin release. There was
no significant difference in the ATP dependence for
AP release when assayed in the presence (our unpub-
lished results) or absence of 3C5, confirming the spec-
ificity of the observed ATP requirement for AP re-
lease.

Using the conditions identified in the above exper-
iments for maximal uncoating (50 mM ATP in the
presence of an ATP-regenerating system), we com-

Figure 5. The anti-Hsc70 antibody 3C5 inhibits clathrin but not AP
release. CCV were incubated with 65 mg of cytosol, an ATP-regen-
erating mixture with 800 mM ATP, and 0- to 10-fold molar excess of
3C5 to hsc70. AP release (open triangle) was measured by ELISA,
and clathrin release (closed circle) was measured by densitometry of
Coomassie-stained SDS-PAGE gels. Error bars are hidden by the
symbol in some cases.
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pared the effects of several nonhydrolyzable nucleo-
tide analogs on clathrin and AP release. As reported
previously, there was a slight inhibition of clathrin
release (to ;80% of control release) from CCV with
the addition of 1 mM ATPgS or adenosine 59-(b,g-
imido)triphosphate (AMP-PNP) (Table 1, column 1).
ADPbS inhibited clathrin release by ;30%. This was
less than the previously reported inhibitory effects of
ADP (Braell et al., 1984) and could reflect differences in
affinity for this ADP analog. In contrast, neither of
these adenosine nucleotide analogs significantly in-
hibited AP release (Table 1, column 2); in fact, ADPbS
appeared to be slightly stimulatory. These differential
nucleotide requirements further support the finding
that an additional cytosolic factor(s) is required for AP
release and suggest that this activity is ATP depen-
dent.

Small GTPases of the Sar and Arf family are known to
regulate coat assembly and disassembly (reviewed by
Schmid and Damke, 1995; Rothman and Wieland, 1996;
Schekman and Orci, 1996). We therefore examined the
effects of GTP and the nonhydrolyzable GTP analog
GTPgS on the uncoating reaction. As can be seen in
Table 1, GTP had no effect (98% of controls) and GTPgS
analogs had a slight stimulatory affect on AP release
(107% of controls). In contrast, GTP slightly stimulated
clathrin release, while GTPgS was slightly inhibitory.

Hsc70 cycles between the ATP- and ADP-bound
forms in its clathrin-uncoating activity. In the ATP-
bound form, hsc70 binds clathrin (Heuser and Steer,
1989; Prasad et al., 1994). ATP hydrolysis, ADP release,

and finally, rebinding of ATP are thought to be re-
quired to release the bound clathrin so that a new
clathrin molecule can be recognized by the peptide-
binding site (Heuser and Steer, 1989). Although ATP
hydrolysis is required for repeated rounds of clathrin
uncoating, when hsc70 is present in high excess,
ATPgS is sufficient to support clathrin release (Heuser
and Steer, 1989; Buxbaum and Woodman, 1995). In
contrast, these same studies have shown that AMP-
PNP is not sufficient to support clathrin release, prob-
ably due to steric constraints on the ATP-binding site
by this nonhydrolyzable nucleotide analog.

We have repeated these results and have shown that
in the absence of additional ATP, 2 mM ATPgS sup-
ports ;70% clathrin release, while AMP-PNP sup-
ports only 12% of maximal clathrin release (Table 2,
column 1). In addition, we show that ATPgS, but not
AMP-PNP, supports AP release. Approximately 70%
maximal AP release is supported with ATPgS, but
only 15% of maximal AP release is supported by
AMP-PNP (Table 2, column 2). Together, these studies
suggest that both clathrin and AP release are ATP-
dependent reactions.

Released AP2 Complexes Appear Unmodified
Cytosolic APs have recently been shown to be phos-
phorylated (Wilde and Brodsky, 1996.) Therefore, we
examined the possibility that APs became phosphor-
ylated during their ATP- and cytosol-dependent re-
lease from CCV. Using g-32P-labeled ATP we were

Figure 6. Morphological comparison of
coated and uncoated CCV. CCV were incu-
bated with ATP (a), 0.5 mg hsc70 (b), 0.5 mg
hsc70 and 10 mg cytosol (c), or 10 mg cytosol,
0.5 mg hsc70, and fourfold molar excess of 3C5
(d) under standard conditions. The entire in-
cubation mixtures (i.e., without centrifuga-
tion) were applied to Formvar carbon-coated
grids and negatively stained with 2% uranyl
acetate. Bar, 100 mm .
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unable to detect phosphorylation of AP2 complexes
immunoprecipitated after their release under our as-
say conditions (our unpublished results). Clathrin is
released from coated vesicles as a complex with hsc70;
therefore, we also examined whether APs were re-
leased in a complex with other factors. We found that
APs released from CCV by incubation with cytosol
cosedimented with APs released from the vesicle by
incubation with 0.5 M Tris on sucrose density gradi-
ents and we were unable to detect interacting proteins
(our unpublished results). Further analysis of the
mechanism of AP release awaits purification of the
cytosolic factor(s) responsible.

Cytosolic AP-Releasing Activity Fractionates as a
Single Species by Gel Filtration
The data presented above suggest that AP release is
mediated by a novel cytosolic activity. We used gel
filtration to confirm this directly. Superdex 200 is a
broad range sizing matrix that allows the separation of
proteins in the range of 10–200 kDa. Cytosol was
subjected to gel filtration chromatography, and frac-
tions were assayed in the presence or absence of hsc70.
As expected, activity was not detected in the absence
of hsc70 (our unpublished results); however, when

assayed in the presence of hsc70, we found that the
cytosolic AP-releasing activity eluted as a single peak
from this column (Figure 8A). The apparent size of
this activity was 100 kDa and was determined by
comparison to the mobility of known markers on this
column (indicated at the top of Figure 8A). This activ-
ity is resolved from the major protein peaks (Figure
8B) and from the clathrin-releasing activity (our un-
published results). These data establish that AP re-
lease is mediated by a unique cytosolic activity and
confirm that this novel assay provides the functional
basis for isolation and identification of this factor.

DISCUSSION

Receptor-mediated endocytosis via CCV is a primary
mechanism for the efficient internalization of extracel-
lular solutes. One of the reasons for the high efficiency
is that the cellular components used in this process are
efficiently recycled for multiple rounds of endocytosis.
For example, clathrin is released from coated vesicles
by the action of hsc70, and the resulting soluble clath-
rin is used in the formation of new coated pits. Al-
though the mechanism for clathrin release and recy-
cling is well characterized, very little is known about
the mechanism and requirements for AP release and
recycling. We developed a novel and quantitative as-
say to study the release of APs from CCV. Using this
assay we have demonstrated that AP release requires
hsc70 in addition to an unidentified cytosolic factor(s)
and ATP.

AP release is directly dependent on cytosol. Here we
demonstrate that hsc70 is a rate-limiting cytosolic
component for AP release. Its addition to crude cy-
tosol significantly reduces the cytosol dependence and
enhances the rate of the AP release reaction. Given
that hsc70 is an abundant cytosolic component, it is
paradoxical that its concentration is limiting. These

Figure 7. ATP dependence of AP and clathrin release. CCV were
incubated with 65 mg cytosol, hsc70, an ATP-regenerating system,
and the indicated amount of ATP. Clathrin release (closed circle, as
determined by densitometry of Coomassie-stained gels) and AP
release (open triangle, as determined by ELISA) were measured for
each sample. Inset shows a double-reciprocal plot for ATP depen-
dence of AP release. Error bars are hidden by the symbol in some
cases.

Table 1. Nucleotide effects in the presence of a regenerating system

Treatment Clathrin release AP release

Control [100] [100]
1ATPgS 81.1 6 18.0 97 6 11.1
1AMP-PNP 73.9 6 12.9 90.7 6 6.4
1ADPbS 66.6 6 2.4 121.8 6 6.2
1GTP 114.2 6 2.6 97.6 6 2.0
1GTPgS 83.9 6 4.5 107.0 6 13.4
13C5 6.8 6 11.7 71.7 6 15.8

AP and clathrin release were measured, as described in MATERI-
ALS AND METHODS, after incubation of CCV with 65 mg cytosol,
hsc70, 50 mM ATP, and ATP-regenerating system (control condi-
tions); 1 mM of each nucleotide or nonhydrolyzable nucleotide
analog was included in the reactions as indicated. Both AP and
clathrin release are normalized to control conditions; results are
shown 6SE.
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limitations are likely explained by the numerous func-
tions that hsc70 plays in the cell, e.g., maintenance of
the native folded structure of cytosolic proteins (Hartl
et al., 1994). Importantly, as previously reported
(Schlossman et al., 1984; Heuser and Keen, 1988;
Greene and Eisenberg, 1990; Buxbaum and Woodman,
1995), hsc70, while necessary, is not sufficient to sup-
port the release of APs from CCV. Several lines of
evidence suggest that, in addition to hsc70, other cy-
tosolic factor(s) are required for AP release. First, nei-
ther hsc70 nor hsc70-depleted cytosol can support AP
release, whereas together these distinct fractions sup-
port efficient AP release. Second, maximal AP release
requires twofold more ATP than is required for hsc70-
mediated clathrin release. Thus, the additional factor
may directly bind ATP. Alternatively, this factor may
interact with hsc70 in such a way that it alters the
affinity of hsc70 for ATP. Previous studies (Gross and
Hessefort, 1996) have identified a 66-kDa protein that
does alter the affinity of hsc70 for ATP and is required
to promote the recycling of hsc70. In addition to the
differing ATP requirements, ADPbS inhibits clathrin
release but not AP release. Third, cytosol-dependent
AP release can be uncoupled from hsc70-dependent
clathrin release. Finally, AP-releasing activity can be
resolved from clathrin-releasing activity and total pro-
tein by gel filtration chromatography.

Immunodepletion of hsc70 from cytosol indicates that
it is required for AP release. One function of hsc70 is to
release clathrin. However, our data suggest that hsc70
plays a dual role in the release of both coat constituents
from CCV. Using an antibody (3C5) that recognizes the
clathrin-binding site of hsc70 as a specific inhibitor, we
demonstrated that complete clathrin release was not a
prerequisite to AP release. We cannot rule out that rear-
rangements of the clathrin lattice mediated by hsc70 in
the presence of 3C5 reflect its requirement for AP release.
However, our findings that AP release can occur without
release of clathrin are consistent with in vitro coat as-
sembly assays that have established that APs can be
integrated into the coat after clathrin assembly (Ahle and

Ungewickell, 1989; Keen et al., 1991; Prasad and Keen,
1991). Furthermore, APs can be selectively removed
from coated vesicles by limited proteolysis without dis-
sociating the clathrin coat (Matsui and Kirchhausen,
1990; Schroder and Ungewickell, 1991; Traub et al., 1995).
Thus, our data suggest that, in addition to the well-
documented function of hsc70 in releasing clathrin from
CCV, hsc70 also plays a direct role in the release of APs.

How can the 3C5 antibody selectively inhibit hsc70-
mediated clathrin release while not interfering with
the putative second role in AP release? One possibility
is that AP release may utilize a domain of hsc70 that is
distinct from the clathrin-binding site. Several pro-

Figure 8. Superdex 200 gel filtration of cytosol. Cytosol (200 ml of 13
mg/ml) was applied to a 24 ml Superdex 200 column and equilibrated
and eluted in buffer AK. Fractions (1 ml) were collected. (A) AP release
from CCV incubated with hsc70, ATP, and 8 ml of the indicated fraction
was detected by ELISA. (B) Protein elution profile. The column was
calibrated with b-amylase (200 kDa), BSA (66 kDa), ovalbumin (44
kDa), carbonic anhydrase (29 kDa), and vitamin B12 (1.4 kDa), which
eluted as indicated in panel A.

Table 2. Nucleotide effects in the absence of a regenerating system

Treatment Clathrin release AP release

Control (ATP regenerating) [100] [100]
2 mM ATP 100.8 6 6.7 107.0 6 12.7
2 mM ATPgS 71.1 6 4.6 72.0 6 1.25
2 mM AMP-PNP 12.2 6 0.9 16.5 6 0.24

The release of APs and clathrin from CCV was measured, as de-
scribed in Table 1, after incubation of CCV with 50 mg cytosol, 1 mg
hsc70, and 2 mM of the indicated nucleotide or nonhydrolyzable
nucleotide analog, or 800 mM ATP with a regenerating system
(control condition). AP and clathrin release are normalized to con-
trol conditions.
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teins that interact with hsc70 at a site distinct from the
peptide/clathrin-binding site have been identified;
these include DnaJ homologues, other heat shock pro-
teins, and kinases (Perdew and Whitelaw, 1991; Cyr et
al., 1994; Czar et al., 1994; Pratt and Toft, 1997). Clath-
rin release by hsc70, a mammalian DnaK homologue,
requires the presence of the mammalian DnaJ family
member auxilin (Ahle and Ungewickell, 1990; Un-
gewickell et al., 1995). DnaJ domain-containing pro-
teins have been postulated to regulate the functional
diversity of DnaK homologues by targeting them to
different substrates (Cyr et al., 1994). It is possible that
hsc70 functions to recruit or to interact with these
other factors (possibly a novel DnaJ homologue) to
affect AP release. Consistent with this, hsc70-depleted
cytosol has a significantly reduced AP-releasing activ-
ity. This may be the result of the selective codepletion
of an additional AP-releasing factor together with
hsc70 due to their interaction in the cytosol.

The dual role of hsc70 in the uncoating reaction not
only suggests that AP and clathrin release may be coor-
dinated but that they may also occur by a common
mechanism. The kinetics of clathrin and AP release are
similar and biphasic. There is an initial and rapid release
of both APs and clathrin, which is complete within 3–5
min. This initial “burst” is followed by a much slower
steady-state rate of release (Greene and Eisenberg, 1990).
Addition of hsc70 to cytosol enhances the rate of this
initial burst of AP release. These kinetics, together with
the potential association of the cytosolic AP-releasing
factor(s) and hsc70, suggest that AP release may occur in
concert with clathrin release.

Clathrin is released in a stable complex with hsc70,
with up to three hsc70 molecules bound to the vertex
of the triskelion (Schlossman et al., 1984; Heuser and
Steer, 1989). Thus, it is possible that APs are also
released in a stable complex with the uncoating fac-
tor(s). Our preliminary efforts to detect such com-
plexes or proteins associating with APs have proven
unsuccessful to date. This may reflect inappropriate
reaction conditions for the formation of a stable com-
plex, dissociation of the complex after AP release
through the subsequent action of other cytosolic pro-
teins, or suboptimal gradient conditions. Hence, we
cannot eliminate this mechanism for the release of APs
until we have examined the process using purified
components.

Phosphorylation of APs is another possible mecha-
nism for the release of APs. This is especially attractive
since cytosolic APs have been shown to be preferen-
tially phosphorylated (Wilde and Brodsky, 1996). In
addition, hsc70 has been shown to associate with a
kinase activity (reviewed in Pratt and Toft, 1997). This
interaction would also explain the selective codeple-
tion of the AP-releasing activity with hsc70. Consistent
with the possibility that the AP-releasing factor is a
kinase, ATPgS, which can support kinase activity, also

supports AP release, whereas AMP-PNP does not.
Efforts to detect phosphorylated APs after their cy-
tosol-mediated release from CCV were unsuccessful.
This result, however, does not eliminate the possibility
that AP release is phosphorylation dependent because
these reactions were performed in the presence of
crude cytosol, and therefore the APs were accessible to
cytosolic phosphatases. A more complete understand-
ing of the mechanism and requirements for AP release
awaits the purification of the cytosolic AP-releasing
factor(s) responsible.
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