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We have used GST pulldowns from A431 cell cytosol to identify three new binding partners for
the �-adaptin appendage: Snx9, ARF GAP1, and a novel ENTH domain-containing protein,
epsinR. EpsinR is a highly conserved protein that colocalizes with AP-1 and is enriched in purified
clathrin-coated vesicles. However, it does not require AP-1 to get onto membranes and remains
membrane-associated in AP-1–deficient cells. Moreover, although epsinR binds AP-1 via its
COOH-terminal domain, its NH2-terminal ENTH domain can be independently recruited onto
membranes, both in vivo and in vitro. Brefeldin A causes epsinR to redistribute into the cytosol,
and recruitment of the ENTH domain requires GTP�S, indicating that membrane association is
ARF dependent. In protein-lipid overlay assays, the epsinR ENTH domain binds to PtdIns(4)P,
suggesting a possible mechanism for ARF-dependent recruitment onto TGN membranes. When
epsinR is depleted from cells by RNAi, cathepsin D is still correctly processed intracellularly to the
mature form. This indicates that although epsinR is likely to be an important component of the
AP-1 network, it is not necessary for the sorting of lysosomal enzymes.

INTRODUCTION

Epsin N-terminal homology (ENTH) domains have been
found in a number of proteins implicated in membrane
traffic. Epsin itself was originally discovered as a binding
partner for Eps15, an EH domain-containing protein first
identified as a substrate for the EGF receptor tyrosine kinase
(Chen et al., 1998). Epsin and Eps15 bind not only to each
other, they also both bind to the COOH-terminal appendage
domain of the �-adaptin subunit of the AP-2 adaptor com-
plex, which facilitates clathrin-mediated endocytosis. More
recently two epsin homologues have been identified in
mammals and named epsins 2 and 3 (Rosenthal et al., 1999;
Spradling et al., 2001). All three epsins have a similar domain
organization, consisting of an NH2-terminal ENTH domain,
a ubiquitin interaction motif (UIM), and a COOH-terminal
domain with little or no conventional secondary structure,
but containing a series of motifs including DPW motifs for
binding to the � appendage, NPF motifs for binding to

Eps15, and clathrin-binding motifs. Yeast contains two ho-
mologues of epsin, Ent1p and Ent2p, as well as two other
ENTH domain-containing proteins, Ent3p and Ent4p
(Wendland et al., 1999). Like the mammalian epsins, Ent1p
and Ent2p have not only ENTH domains, but also UIMs,
NPFs, and clathrin-binding motifs. Studies in both mamma-
lian cells and yeast indicate that the epsins and Ent1p/Ent2p
are essential for clathrin-mediated endocytosis, although
their precise role is less clear. Proposed functions include
bringing different components of the coat together (Kalthoff
et al., 2002), recruiting ubiquitinated cargo into coated pits
(Riezman, 2002) and helping to change the curvature of the
membrane during vesicle formation (Ford et al., 2002).

The ENTH domain of epsin 1 has been shown to bind to
PtdIns(4,5)P2 (PIP2; Itoh et al., 2001). The AP-2 adaptor com-
plex and several of the other AP-2–associated proteins, in-
cluding AP-180/CALM and dynamin, can also bind PIP2,
although structural studies show that each one does so in a
different manner (Itoh et al., 2001; Collins et al., 2002; Ford et
al., 2002). Because PIP2 is primarily generated on the plasma
membrane, it has been proposed that these interactions help
to target these proteins to the appropriate location. This
hypothesis is supported by mutagenesis studies, which
show that proteins with mutations in their PIP2 binding sites
fail to localize properly (Gaidarov and Keen, 1999; Ford et
al., 2002).
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Epsin, AP180/CALM, and dynamin are just some of the
many proteins involved in endocytosis that bind either di-
rectly or indirectly to the � appendage (Slepnev and De
Camilli, 2000). Most of the direct binding partners have one
or more DPF/DPW motifs, although in vitro studies indicate
that any protein containing the consensus sequence D�F can
potentially bind to the � appendage (Owen et al., 2000). The
�2 appendage is structurally very similar to the � append-
age, and the two appendages have been shown to share
some of the same binding partners, at least in vitro (Owen et
al., 2000). Recently the structures of two other appendage
domains have been solved: the AP-1 � appendage and the
GGA1 appendage (Kent et al., 2002; Lui et al., 2003; Nogi et
al., 2002). The GGAs are monomeric adaptors that facilitate
cargo selection at the TGN (Robinson and Bonifacino, 2001).
AP-1 was also initially assumed to act at the TGN, although
recent studies suggest that it may be more important in
retrieving cargo from a post-TGN compartment (Meyer et
al., 2000, 2001; Valdivia et al., 2002). The � and GGA append-
ages are structurally nearly identical to each other, and they
are also very similar to the NH2-terminal subdomains of the
� and �2 appendages (Lui et al., 2003). However, the acces-
sory protein binding sites on the � and �2 appendages, as
mapped by mutagenesis, are not in their NH2-terminal sub-
domains but in their COOH-terminal subdomains (Owen et
al., 1999, 2000). So far very few partners have been found for
the � and GGA appendages, and the consensus sequence(s)
for binding has not yet been identified. The only protein that
clearly binds to the � appendage in vivo as well as in vitro
is �-synergin, an EH domain-containing protein of unknown
function (Page et al., 1999). Several other proteins have been
shown to bind to the � appendage in vitro, including rabap-
tin-5 and Eps15, although the physiological relevance of
these interactions is less clear. The GGAs also bind �-syner-
gin in vitro although apparently not in vivo, as well as a bona
fide partner, p56, another protein of unknown function (Lui
et al., 2002).

The approach that we have used in the past to search for
binding partners for the � and GGA appendages has been to
carry out GST pulldowns using pig brain cytosol, followed
by MALDI-TOF or nanoelectrospray mass spectrometry
(Hirst et al., 2000; Lui et al., 2003). In this way we have been
able to identify all of the major bands in the pulldowns, but
only �-synergin and p56 have been shown definitively to
bind to the � and GGA appendages under more physiolog-
ical conditions. However, brain may not be the best source
of � appendage binding partners, because it is highly en-
riched in proteins involved in synaptic vesicle recycling and
relatively depleted in proteins involved in other trafficking
pathways. Therefore, we have now carried out GST pull-
downs using human tissue culture cell cytosol and rat liver
clathrin-coated vesicle extracts to try to identify additional �
appendage binding partners. Among other proteins, we find
a novel ENTH domain–containing protein. Here we present
an initial characterization of this protein, which we propose
should be called epsinR. We show that it colocalizes with
AP-1 by immunofluorescence, and we investigate how it
interacts with the � appendage. We also examine how
epsinR is recruited onto membranes, both by expressing and
localizing truncated versions of the protein and by manip-
ulating other proteins and lipids in the cell. Finally, we
investigate the function of epsinR using RNA interference.

MATERIALS AND METHODS

Plasmid Construction and GST Pulldowns
Standard molecular biology techniques were used throughout this
study (Sambrook and Russell, 2001). For pulldown experiments,
GST-appendage domain fusion proteins were made and pulldowns
were carried out essentially as previously described (Hirst et al.,
2000), using A431 cytosol prepared in PBS containing 0.1% NP-40
and a protease inhibitor cocktail (Complete Mini), at a protein
concentration of 1.5 mg/ml. An epsinR construct was also made,
using PCR to amplify a fragment containing amino acids 324–428,
which was then ligated into pGEX-4T-1 (Pharmacia, Piscataway,
NJ). Bound proteins were eluted with sample buffer and subjected
to SDS-PAGE. Gels were either stained with Coomassie blue for
matrix-assisted laser desorption ionization time of flight (MALDI-
TOF) mass spectrometry or transferred onto nitrocellulose for West-
ern blotting.

MALDI-TOF Mass Spectrometry
Coomassie blue–stained gel bands were excised, washed, in-gel
digested with trypsin, and subjected to MALDI-TOF (Jensen et al.,
1997). All samples were analyzed with a Voyager-DE STR mass
spectometer (Perseptive Biosystems, League City, TX). Database
searches using peptide masses were performed with the Mascot
program (http://www.matrixscience.com). Eleven tryptic peptides
were matched to human ARF GAP1 (sequence coverage, 33%) from
the 40-kDa band. In the case of the 75-kDa band, 17 peptides
matched Snx9 (sequence coverage, 35%), and tryptic peptides
matched KIAA0171 (epsinR; sequence coverage, 13%). From the
clathrin-coated vesicle sample, 11 peptides from the 75-kDa band
matched mouse epsinR (gi:13278582) (sequence coverage, 22%), and
9 peptides from the 50-kDa band matched mouse epsinR (sequence
coverage, 20%). From the pulldown using the epsinR construct, 13
peptides from the 170-kDa band matched human clathrin heavy
chain (sequence coverage, 7%), 21 peptides from the 110-kDa band
matched �1 (sequence coverage, 17%), and 15 peptides from the
95-kDa band matched � (sequence coverage, 17%).

Antibodies and Blotting
Antibodies against Snx9, rat ARF GAP1, and Eps15 were kind gifts
from Carl Blobel (Howard et al., 1999), Dan Cassel (Cukierman et al.,
1995), and Paolo Di Fiore (Chen et al., 1998), respectively. Antibodies
against the Xpress epitope (Invitrogen, Carlsbad, CA), GM130 (BD
Transduction Labs, Lexington, KY), �-adaptin (mAb 100/3; Sigma
Chemical, St. Louis, MO), and GFP (Qbiogene, Carlsbad, CA) were
purchased from the manufacturers. Rabbit polyclonal antibodies
against �-synergin, �-adaptin, and brain-specific �-adaptin were
raised in-house and have already been described (Seaman et al.,
1993; Page et al., 1999). To raise antibodies against epsinR, the
KIAA0171 cDNA clone was obtained from the Kazusa Institute, and
amino acids 165–625 were amplified by PCR and ligated into pGEX-
4T-1 (Pharmacia Biotechnology, Piscataway, NJ). We also raised an
antibody against Snx9 by amplifying the full-length coding se-
quence from a plasmid kindly provided by Carl Blobel and ligating
it into pTrcHisA (Invitrogen). Constructs were expressed in MC1061
cells and purified according to the manufacturers’ instructions. The
immunization protocol and affinity purification of the resulting
antisera were performed as previously described (Hirst et al., 2000).

Western blots were probed with various antibodies, followed by
125I-protein A as previously described (Hirst et al., 2000). Samples
included GST pulldowns, whole cell extracts, clathrin-coated vesi-
cles purified from rat liver (Page et al., 1999), and samples from in
vitro recruitment experiments (see below). Ligand blotting was also
carried out, using various GST fusion proteins (described above)
followed by anti-GST and 125I-protein A (Hirst et al., 2000). Samples
analyzed by ligand blotting included purified clathrin-coated vesi-
cles, the His/Xpress-tagged full-length Snx9 described above, and
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epsinR NH2-terminal (amino acids 1–165) and COOH-terminal
(amino acids 165–625) domains and the GAP1 COOH-terminal
domain (124–406), all prepared in pTrcHisA. For protein-lipid over-
lay assays, phosphoinositide arrays were purchased from Echelon
(Echelon Biosciences, Salt lake City, Utah) and probed according to
the manufacturer’s instructions, using a GST-epsinR ENTH domain
construct (amino acids 1–165) amplified by PCR, and ligated into
pGEX-4T-1.

Transfection, Recruitment, and Immunolocalization
GFP-epsinR constructs were prepared by amplifying either the full-
length protein or the NH2-terminal and COOH-terminal domains
by PCR and ligating the products into pEGFP-C1 (Clontech, Palo
Alto, CA). The GFP-� appendage construct has already been de-
scribed (Lui et al., 2002). Constructs were transfected into COS cells
using Fugene 6 (Roche, Nutley, NJ), and expression was monitored
after 12–17 h. For immunofluorescence, both transfected and non-
transfected COS cells were fixed either with 3% paraformaldehyde,
followed by permeabilization with 0.1% saponin, or with methanol/
acetone (Seaman et al., 1993). For some experiments, the cells were
treated with 100 �g/ml BFA for 2 min or with 20 �g/ml nocodazole
for 2 h before fixation. Recruitment experiments were carried out on
permeabilized NRK cells using pig brain cytosol (Seaman et al.,
1993; West et al., 1997), supplemented with 250 �g/ml recombinant
His/Xpress-tagged epsinR ENTH domain prepared as described
above, either with or without 100 �M GTP�S and/or 1 mM neomy-
cin. Primary antibodies are described above; secondary antibodies
were purchased from Molecular Probes (Eugene, OR). Cells were
viewed using a Zeiss Axiophot fluorescence microscope (Thorn-
wood, NY) equipped with a CCD camera (Princeton Instruments,
Monmouth, NJ) and photographs were recorded using IP Labs
software (Fairfax, VA). Live cell imaging of cells expressing full-
length GFP-epsinR was carried out using a Zeiss Axiovert 135T4
microscope with a Perkin-Elmer Cetus (Norwalk, CT) spinning disk
confocal attachment. Frames were acquired every 3.25 s for a total of
139 s.

For immunogold localization of GFP, COS cells transiently trans-
fected with either full-length GFP-epsinR or GFP-epsinR ENTH
domain were fixed for 1 h with 8% paraformaldehyde in 0.1 M
sodium cacodylate, pH 7.2, at room temperature, pelleted, and
embedded in gelatin. The cells were then prepared for ultrastruc-
tural immunocytochemistry as previously described (Hirst et al.,
2000), using rabbit anti-GFP followed by protein A coupled to
15-nm gold. Sections were observed in a Philips CM100 transmis-
sion electron microscope (Mahwah, NJ).

RNA Interference
siRNA duplexes designed against conserved sequences of the target
cDNAs were purchased from Dharmacon (Lafayette, CO). A �2
sequence, which had previously been found to be ineffective for
knockdown experiments, was used as a control. The sequences
were as follows: AACACAGCAACCUCUACUUGG (control);
AAGUGCCAGAGAACACAUUUA (epsinR); and AAGGCAU-
CAAGUAUCGGAAGA (�1A). HeLa and COS cells were trans-
fected using Oligofectamine (Invitrogen) as specified by the manu-
facturer. The transfection mixture was left on the cells for 4 h, after
which 1 ml DMEM/20%FCS was added to each well. For �lA, two
transfections 3 d apart were performed for efficient knockdown, and
experiments were carried out 3 d after the second knockdown. For
epsinR, experiments were carried out 3 d after a single transfection.
Cathepsin D sorting was assayed essentially as described by David-
son (1995), using 5 �l 35S Promix (Amersham, Piscataway, NJ) per
ml medium. The cells were pulse labeled for 15 min and chased for
2.5 h in the presence of 5 mM mannose 6-phosphate before immu-
noprecipitation using rabbit anti-human cathepsin D (DAKO,
Carpinteria, CA). Quantifications were carried out using a Packard
Cyclone phosphorimager (Downers Grove, IL).

RESULTS

Identification of New Binding Partners for the �
Appendage
Figure 1a shows a Coomassie blue–stained gel of a GST
pulldown from A431 cell cytosol using a � appendage do-
main construct and GST alone as a control. Several bands
come down with the fusion protein but not with the control,
including some that have different mobilities from those that
are pulled down from pig brain cytosol (see Hirst et al., 2000;
Lui et al., 2002). By MALDI-TOF mass spectrometry, we
found matches for bands 1, 2, and 3. Band 1 matched
KIAA1414 or p200, a novel protein of unknown function that
we have also found in pulldowns from pig brain cytosol (Lui
et al., 2003). Band 2 was found to match two proteins:
KIAA0171, a novel ENTH domain-containing protein; and
Snx9 (or SH3PX1). Band 3 was matched with FLJ10767, the
human ortholog of rat ARF GAP1.

Although both Snx9 and GAP1 have been implicated in
membrane traffic, they have not previously been shown to
bind to the � appendage. However, because the physiolog-
ical relevance of these interactions is not yet clear (see be-
low), in the present study we focus mainly on the ENTH
domain-containing protein, KIAA0171. This protein has also
been entered into the database as epsin 4, although at the
time this manuscript was submitted no papers had been
published on it (but see DISCUSSION). Unlike epsins 1–3,
however, KIAA0171 contains no NPF sequences, indicating
that it does not interact with Eps15, and no UIMs. It also

Figure 1. Identification of new binding partners for the � append-
age domain. (a) GST alone or a GST-� appendage construct was
incubated either with or without cytosol from A431 cells. Samples
were subjected to SDS PAGE, the gel was stained with Coomassie
blue, and the indicated bands were analyzed by MALDI-TOF mass
spectometry. The matches were as follows: band 1, KIAA1414 or
p200; band 2, two proteins, KIAA0171 or epsinR and Snx9; and band
3, FLJ10767 or human ARF GAP1. (b) Pulldowns were performed on
A431 cell cytosol using either GST alone, GST fused to the � ap-
pendage, GST fused to the � appendage, or GST fused to the GGA1
appendage. Blots were probed with the indicated antibodies.
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differs from epsins 1–3 in that it contains only a single DPW
motif, which is within the ENTH domain and therefore
unlikely to bind to the � appendage. Indeed, KIAA0171 is
related to epsins 1–3 only in that it has an NH2-terminal
ENTH domain and a COOH-terminal domain with low
secondary structure predictions. Therefore, we feel that the
name epsin 4 is misleading and propose that the protein
should instead be called epsinR, for epsin-related protein.
EpsinR is a highly conserved protein, with probable ortho-
logues in Drosophila (AAF43421), Caenorhabditis elegans
(C34E11) and Arabidopsis (AAL67001) as well as a possible
ortholog in Saccharomyces cerevisiae, Ent3p.

To confirm the identities of the proteins identified in the pull-
down and to determine whether they are also able to bind to the
� or GGA appendage domains, we used GST fusions of all three
appendages, together with a GST control, to pull down proteins

from A431 cell cytosol, and then probed Western blots of the
pulldowns with antibodies against Snx9 and GAP1 and with a
new antibody that we have raised against recombinant epsinR.
Eps15 and �-synergin antibodies were included as positive con-
trols. Figure 1b shows that all five of these proteins come down
with the GST-� appendage domain construct. �-Synergin is also
pulled down by the GGA1 appendage but not by the � append-
age, as previously reported (Hirst et al., 2000). In contrast, Eps 15
interacts most strongly with the � appendage and not at all with
the GGA1 appendage. The other three proteins identified in this
study all interact to varying degrees with both the � and the �
appendage. EpsinR shows a strong preference for the � append-
age; similar amounts of Snx9 are pulled down with both the � and
� appendages, and GAP1 shows a preference for the � appendage
(surprisingly, because AP-2 is thought to function independently
of ARF).

Figure 2. Binding partners for
the � appendage domain in rat
liver clathrin-coated vesicles. (a)
Electron micrograph of a conven-
tional thin section of clathrin-
coated vesicles purified from rat
liver. Scale bar, 200 nm. (b) SDS
PAGE showing the purified clath-
rin-coated vesicles next to an
equal protein loading of crude
membranes from an earlier stage
in the preparation. Clathrin heavy
and light chains (CHC and CLC)
and subunits of the AP-1 and
AP-2 adaptor complexes are indi-
cated. (c) Crude membranes and
purified clathrin-coated vesicles
were analyzed by Western blot-
ting, using antibodies against
�-adaptin, epsinR, Snx9, and ARF
GAP1. �-Adaptin, epsinR, and
Snx9 are all enriched in the puri-
fied coated vesicles. (d) Blots of
crude membranes and purified
clathrin-coated vesicles were
probed with the GST-� append-
age domain construct followed by
anti-GST. Two labeled bands, p75
and p50, are strongly enriched in
the purified coated vesicles. (e)
GST pulldowns of coated vesicle
extracts. By MALDI-TOF mass
spectrometry, both p75 and p50
were found to match epsinR.

J. Hirst et al.

Molecular Biology of the Cell628



Enrichment in Clathrin-coated Vesicles
We next investigated whether epsinR, Snx9, and GAP1 are
enriched in purified clathrin-coated vesicles and whether we
could use coated vesicle preparations to find additional �
appendage binding partners. Figure 2a shows an electron
micrograph of clathrin-coated vesicles purified from rat
liver, and Figure 2b shows a gel of the purified coated
vesicles next to an equal protein loading of crude mem-
branes from an earlier stage in the preparation. Figure 2c
shows blots of crude membranes and purified clathrin-
coated vesicles probed with antibodies against epsinR, Snx9,

and GAP1. Anti–�-adaptin was included as a positive con-
trol. It is clear that both epsinR and Snx9 are strongly en-
riched in the purified coated vesicles, whereas GAP1 is
neither enriched nor depleted.

We also probed Western blots of coated vesicles and crude
membranes with the � appendage domain itself. Figure 2d
shows that appendage-binding proteins of �75 and �50
kDa (p75 and p50) are highly enriched in clathrin-coated
vesicles. To concentrate these proteins and to determine
their identities, we carried out GST pulldowns on Tris-HCl
extracts of the coated vesicles. Figure 2e shows that in ad-

Figure 3. Binding to appendage
domains analyzed by ligand blot-
ting and pulldown with an
epsinR domain. (a) Schematic di-
agrams of epsinR, Snx9, and
GAP1, showing the positions of
the various domains. (b) Snx9, the
epsinR COOH-terminal domain
(epsinR C), the epsinR NH2-ter-
minal ENTH domain (epsinR N),
and the GAP1 COOH-terminal
domain (GAP1 C) were expressed
as NH2-terminally His/Xpress-
tagged constructs and analyzed
by Western blotting. Blots were
probed either with anti-Xpress or
with the indicated GST con-
structs. The ability of the append-
age domains to bind on blots in-
dicates that they all recognize
short linear motifs. (c) A construct
consisting of GST fused to amino
acids 324–428 of epsinR was used
to pull down proteins from A431
cell cytosol, the gel was stained
with Coomassie blue, and se-
lected bands were analyzed by
MALDI-TOF mass spectrometry.
The indicated bands were found
to contain clathrin heavy chain
(CHC) and the AP-1 �1 and �
subunits.
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dition to clathrin and the adaptor complexes, which also
come down (although to a lesser extent) with GST alone, the
� appendage construct brings down bands of �75 and �50
kDa. Overlays confirmed that we had brought down most of
the p75 and p50 from the starting material (unpublished
data). When the two bands were subjected to MALDI-TOF
mass spectrometry, the closest match for both of them was
found to be epsinR. The 50-kDa band is presumably a break-
down product of the 75-kDa band. Thus, epsinR appears to
be the strongest and/or most abundant � appendage bind-
ing partner in clathrin-coated vesicles.

Demonstration of Direct Binding
The overlay experiment shown in Figure 2d suggests that
epsinR binds directly to the � appendage; however, we
cannot completely rule out the possibility that the labeling
might be due to minor components of the 75- and 50-kDa
bands. To show formally that epsinR binds directly to the �
appendage and to determine whether Snx9 and GAP1 bind
directly as well, we expressed all three proteins in Escherichia
coli with NH2-terminal His/Xpress tags and purified them
by Ni-NTA chromatography for overlay studies. The full-
length epsinR construct was found to be extremely protease
sensitive, so the NH2-terminal ENTH domain (amino acids
1–165) and the COOH-terminal domain (amino acids 165–
625) were expressed separately (Figure 3a). GAP1 was also
made as a smaller protein, omitting the NH2-terminal GAP
domain. The four constructs were subjected to SDS PAGE
followed by Western blotting, and the blots were probed
either with anti-Xpress or with various GST constructs fol-
lowed by anti-GST (Figure 3b).

The anti-Xpress labeling shows that all of the constructs
except for the NH2-terminal ENTH domain of epsinR are
protease sensitive and appear as multiple bands. These same
three constructs, but not the ENTH domain construct, all
bind on overlays to the three fusion proteins. However,
there are differences in the relative amounts of labeling. As
predicted from the pulldowns, GST-� labels the epsinR con-
struct especially strongly, whereas GST-� labels this con-
struct more weakly than the others. GST-GGA1 gives weak
labeling of all three constructs. The proteolysis of the con-
structs, although unintentional, provides a rough map of
where the appendage binding site(s) are located. It is inter-

esting to note that the � and � appendage domains label the
same degradation products with similar (although not iden-
tical) relative intensities, suggesting that they may bind to
either similar or adjacent motifs on the constructs.

Because of the strong interaction between the epsinR
COOH-terminal domain and the � appendage, we also con-
structed various GST-epsinR fusion proteins and used them
to try to pull down �-adaptin from A431 cell cytosol. The
construct that produced the strongest signal by Western
blotting consisted of amino acids 324–428. Clathrin heavy
chain, �1, and �1 could also be detected in the pulldowns by
Western blotting but not GGA1 or GGA2 (unpublished
data). When the pulldowns were stained with Coomassie
blue, three prominent high-molecular-weight bands could
be seen: a band of �170 kDa and two very strong bands of
�110 and �95 kDa. These bands were subjected to analysis
by MALDI-TOF mass spectometry and found to contain
clathrin heavy chain, �1, and �, respectively. Thus, AP-1
appears to be the major binding partner for this portion of
epsinR.

Localization of the Proteins
We have previously shown that binding to an appendage
domain in vitro does not necessarily mean that a protein will
also bind in vivo, so it was important to confirm the bio-
chemical data by immunofluorescence, especially because
epsinR, Snx9, and GAP1 all bind not only to the � append-
age, but also to the � appendage and weakly to the GGA1
appendage. We were unable to detect any convincing local-
ization of Snx9 to membranes using either antibodies against
the endogenous protein or tagged constructs (unpublished
data), whereas GAP1 localized to the entire Golgi region, as
previously reported (Cukierman et al., 1995, and unpub-
lished observations). EpsinR showed the most convincing
colocalization with AP-1. Figure 4a shows that our epsinR
antibody specifically labels a band of the appropriate size on
whole cell Western blots, which partitions �50:50 between
cytosol and membranes. By immunofluorescence, epsinR
(Figure 4b) and AP-1 (Figure 4c) were found to have nearly
identical distributions, both in the perinuclear region and
toward the cell periphery.

EpsinR clearly has a distinct distribution from AP-2 (un-
published data), but it was more difficult to compare its
localization with that of the GGAs because both are associ-
ated with perinuclear membranes. To disperse the mem-
branes and improve resolution, we treated cells with the
microtubule-disrupting drug nocodazole. For these experi-
ments we used myc-tagged p56 as a marker for the GGA
compartment, because we have shown that it completely
colocalizes with the GGAs (Lui et al., 2003), and it produces
less background than tagged GGA constructs. Figure 4, d–f,
shows that there is very good colocalization between epsinR
(d) and AP-1 (e) in nocodazole-treated cells. However, the
relative intensity of some of the spots labeled with the two
antibodies varies, producing some spots that are more red
and some that are more green. This is in contrast to nocoda-
zole-treated cells double-labeled for AP-1 and �-synergin,
where the spots are all the same shade of yellow (Lui et al.,
2003). Double-labeling for epsinR (g) and p56 (h) shows less
colocalization, although again many of the spots coincide,
suggesting that frequently the two proteins are associated
with the same membranes.

Figure 4 (facing page). Localization of epsinR. (a) Western blot of
homogenized A431 cells, either untreated (total) or centrifuged at
high speed (sup and pellet), probed with affinity-purified anti-
epsinR. (b and c) COS cells were double-labeled for epsinR (b) and
the AP-1 � subunit (c). The two patterns show very good colocal-
ization. (d and e) COS cells transiently transfected with myc-tagged
p56 were treated with nocodazole for 2 h and then double-labeled
either for epsinR (d, red in f) and �-adaptin (e, green in f) or for
epsinR (g, red in i) and tagged p56 (h, green in i). To quantify the
extent of overlap, six cells double-labeled for epsinR and �-adaptin
and six cells double-labeled for epsinR and tagged p56 were ana-
lyzed, and individual spots were scored. Out of 1607 spots analyzed
from the cells double-labeled for epsinR and �-adaptin, 9% were
positive for epsinR only, 7% were positive for �-adaptin only, and
84% were positive for both proteins. Out of 1192 spots analyzed
from the cells double-labeled for epsinR and p56, 48% were positive
for epsinR only, 16% were positive for p56 only, and 36% were
positive for both proteins. Scale bar, 20 �m.
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We also expressed NH2-terminally GFP-tagged epsinR
(Figure 5a) and again saw very similar patterns when we
double-labeled for AP-1 (Figure 5b), although the patterns
were not quite so coincident as when we localized the en-
dogenous protein. The GFP tag meant that we could observe
the dynamics of the labeled membranes in living cells. Fig-
ure 5c links to a video (Figure 5c), from which enlarged still
images, taken at 3.25-s intervals, are shown in Figure 5d. The
labeled structures are highly motile, moving with speeds of
up to �1 �m/s, indicating that they are being pulled along
by microtubule motors. Similar types of movements have
been seen in cells expressing the AP-1 �1 subunit coupled to
YFP (Huang et al., 2001). Interestingly, the labeled mem-
branes often appear to be moving away from the Golgi
region, toward the cell periphery. Although at first this
might seem inconsistent with a role for AP-1 and epsinR in
retrieval from a post-TGN compartment, the brightness of
these membranes suggests that they are not individual ves-
icles but larger structures with coated buds associated with
them. These structures may be analogous to the vesicular
tubular transport complex (VTC), which carries secretory
proteins from the ER to the Golgi apparatus and from which
COPI-coated vesicles bud to bring escaped proteins back to
the ER (Stephens and Pepperkok, 2001). Similarly, AP-1 and
epsinR on the moving membranes may be helping to form
clathrin-coated vesicles to bring proteins back to the TGN.

The coated vesicles themselves are probably too small
and/or short-lived to be easily resolved by live cell imaging.

Expression of the Two epsinR Domains
How is epsinR targeted to AP-1–positive membranes? One
possibility is that it is recruited via its COOH-terminal do-
main, by binding to the � appendage. Alternatively, because
there is evidence that ENTH domains can bind to lipids (Itoh
et al., 2001), it may be recruited independently via its NH2-
terminal ENTH domain. To investigate the relative impor-
tance of the two domains in epsinR localization, each was
expressed separately as a GFP-tagged construct. Figure 6a
shows that the COOH-terminal domain of epsinR, when
expressed on its own, is cytosolic and essentially featureless.
In contrast, the GFP-ENTH domain construct (Figure 6, b
and c) produces flat-looking labeling out to the cell periph-
ery, indicating that at least some of the protein is associated
with the plasma membrane as well as a strong signal in the
perinuclear region. Double-labeling for AP-1 (Figure 6d)
shows that the two perinuclear patterns are similar but not
identical.

To confirm the plasma membrane association of the
ENTH domain construct and to investigate the perinuclear
pattern at higher resolution, immunogold EM was carried
out. Figure 7a shows that although there is some labeling of

Figure 5. (a and b) COS cells were transfected with GFP-tagged full-length epsinR (a) and then double-labeled for the AP-1 � subunit (b).
(c) Link to a video (Figure 5c.mov) showing two cells expressing GFP-tagged full-length epsinR. Frames were acquired every 3.25 s, and the
total acquisition time for the entire sequence was 139 s. (d) A series of frames from the video showing an enlarged region of one of the cells.
The arrow indicates a structure that is moving away from the Golgi region. Although the structure appears to tubulate, this is probably
because it was moving while the pictures were taken. Scale bar: a and b, 12 �m; c, 40 �m; d, 10 �m.
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the cytosol, consistent with what we see by light microscopy,
a significant proportion of the label is at the cell surface.
When we looked at the Golgi region (Figure 7b), we saw
labeling on tubulovesicular membranes in the vicinity of the
Golgi stack but not on the stack itself (labeled G). We also
investigated the distribution of the full-length GFP-tagged
epsinR construct by immunogold EM. Figure 7c shows that
the full-length protein is also found on tubulovesicular
membranes in the Golgi region and furthermore that it is
frequently associated with coated budding profiles (arrow-
heads).

Does epsinR Require AP-1 for Its Localization?
Although the epsinR COOH-terminal domain is unable to
be recruited onto membranes on its own, its interaction with
AP-1 may still be essential for the correct localization of the

full-length protein. Thus, we investigated the distribution of
epsinR in a cell line made from a �1A knockout mouse.
These cells have been shown to assemble partial AP-1 com-
plexes, but the complexes are cytosolic rather than mem-
brane-associated. Stably transfecting the cells with wild-type
�1A enables AP-1 complexes to assemble and localize cor-
rectly (Meyer et al., 2000). Figure 8a shows the distribution of
�-synergin in �1A-transfected cells, and Figure 8b shows the
distribution of �-synergin in the mutant cells. It is clear that
�-synergin is membrane-associated in the transfected cells
but cytosolic in the mutant cells (see also Lui et al., 2003).
However, epsinR is membrane-associated not only in the
transfected cells (Figure 8c) but also in the mutant cells
(Figure 8d). Similarly, we can mimic the �1A knockout
phenotype in COS cells using �1A siRNA. Immunoprecipi-
tation with anti–�-adaptin reveals that the cells form partial

Figure 6. Localization of individual epsinR domains. The COOH-terminal � appendage binding domain (a) and the NH2-terminal ENTH
domain (b and c) were each expressed as GFP constructs and transfected into COS cells. The COOH-terminal domain is cytosolic; however,
the ENTH domain is localized to the plasma membrane and to a perinuclear compartment that shows partial overlap with the AP-1 � subunit
(d). Scale bar, 20 �m.
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complexes which lack the �1 and �1 subunits (unpublished
data), and by immunofluorescence we find that most of the
cells have diffuse rather than membrane-associated �-adap-
tin (Figure 8, e and g). The �-synergin in these cells also
becomes diffuse (Figure 8f), whereas the epsinR stays mem-
brane-associated (Figure 8h). Another way of shifting the
distribution of �-synergin into the cytosol is by overexpress-
ing the � appendage as a GFP construct (Figure 8, i and j; Lui
et al., 2003). However, overexpressing the � appendage has
little or no effect on the distribution of epsinR (Figure 8, k
and l).

We also looked at the effect of brefeldin A (BFA) on the
localization of epsinR. BFA has been shown to cause ARF to
dissociate rapidly from membranes, leading to the dissoci-
ation of other proteins whose localization is ARF dependent,
such as AP-1. Because the experiments shown in Figure 8,
a–l, indicate that epsinR does not require AP-1 for its local-
ization, we expected it to be resistant to BFA. Surprisingly,
we found that epsinR is BFA sensitive (Figure 8p; Figure 8o
shows the same cells double-labeled for AP-1). �-Synergin is
also BFA sensitive (Figure 8n; m shows AP-1), as we have
previously shown (Page et al., 1999). However, although the
BFA sensitivity of �-synergin can be explained by its asso-
ciation with AP-1, the effect of BFA on epsinR must be more
direct. Together, these observations indicate that the associ-
ation of epsinR with membranes is dependent on ARF but is
independent of AP-1.

Recruitment of the epsinR ENTH Domain
How is epsinR recruited onto membranes in an ARF-depen-
dent manner, if not by binding to AP-1? One of ARF’s many
activities is to stimulate PIP2 production on Golgi-enriched
membranes (Godi et al., 1999). Therefore, one possibility is
that the ENTH domain of epsinR, like the ENTH domain of
epsin 1, may be recruited onto membranes by binding to
PIP2. However, PIP2 is not the only phosphoinositide to be
generated on such membranes in an ARF-dependent man-
ner: PtdIns(4)P production is also stimulated by ARF (Godi
et al., 1999). To investigate the possible role of phosphoi-
nositides in epsinR recruitment, we probed an array of phos-
phoinositides spotted onto nitrocellulose with a GST-ENTH
domain construct. Figure 9 shows that this construct gives
little or no labeling of PtdIns(4,5)P2. However, PtdIns(4)P
was strongly labeled, and there was also significant labeling
of PtdIns(5)P and of PtdIns(3,4)P2.

As a more physiological alternative to protein-lipid over-
lays, we also addressed the question of ENTH domain re-
cruitment by making use of an in vitro system that we
originally developed to study the recruitment of coat pro-
teins. The system involves incubating permeabilized tissue
culture cells with pig brain cytosol and then assaying for de

novo recruitment using either species- or tissue-specific an-
tibodies that recognize proteins in the cytosol but not en-
dogenous proteins left behind on the membranes. By adding
recombinant Xpress-tagged epsinR ENTH domain to the
cytosol, we can monitor ENTH domain recruitment as well
as adaptor recruitment. Figure 10, a and c, shows that in the
presence of ATP, an ATP-regenerating system, and GTP�S,
tagged ENTH domain is recruited onto a perinuclear mem-
brane compartment in permeabilized NRK cells. Double-
labeling with an antibody that recognizes both endogenous
and newly recruited �-adaptin shows that the two proteins
have similar, although not identical, distributions (Figure
10b). We also double-labeled with an antibody that recog-
nizes a brain-specific splice variant of the AP-2 � subunit.
We have previously shown that in the presence of GTP�S,
AP-2 is mistargeted to a perinuclear endosomal compart-
ment (Seaman et al., 1993; West et al., 1997). Although the
ENTH domain construct (Figure 10c) and mistargeted AP-2
(Figure 10d) both localize to the perinuclear region, the
patterns are less similar than in cells double-labeled for the
ENTH domain construct and AP-1.

When we omitted the GTP�S, epsinR ENTH domain re-
cruitment was effectively blocked (Figure 10, e and g), con-
sistent with the BFA data indicating that epsinR localization
is ARF dependent. The amount of membrane-associated
AP-1 is also reduced (Figure 10f), although not quite so
dramatically as the ENTH domain construct; however, be-
cause (for technical reasons) the antibody we were using
cannot distinguish between endogenous and exogenous
AP-1, it is possible that much of the labeling is due to
preexisting AP-1 that was already on the membrane when
the cells were permeabilized. In contrast, exogenous AP-2 is
still efficiently recruited, but to the plasma membrane in-
stead of to the endosomal compartment (Figure 10h).

We have previously shown that the drug neomycin,
which sequesters PIP2, inhibits the recruitment of AP-2, both
onto the plasma membrane in the absence of GTP�S and
onto the endosomal compartment in the presence of GTP�S,
without affecting the recruitment of AP-1 (West et al., 1997).
Figure 10, i and k, shows that neomycin also causes a very
slight inhibition of epsinR ENTH domain recruitment. We
have so far been unable to quantify the extent of inhibition
because the construct tends to precipitate when centrifuged
at high speed, which is necessary for our biochemical assay.
However, the effect of neomycin on AP-2 (Figure 10l) is
clearly much more profound than its effect on the epsinR
ENTH domain. This suggests that, although PIP2 may con-
tribute to ENTH domain recruitment, it is not a major
player, consistent with the protein-lipid overlay data shown
in Figure 9.

Depletion of epsinR by RNAi
As a first step toward establishing the precise function of
epsinR, we used RNA interference to knock down expres-
sion of the protein in both HeLa cells and COS cells. Figure
11, a–d, shows HeLa and COS cells treated with epsinR
siRNA and then double-labeled with anti-epsinR and anti–
AP-1. At least 90% of the cells were strongly affected, al-
though AP-1 labeling looks essentially normal. Western blot-
ting (Figure 11e) was used to quantify the efficiency of
knockdown. EpsinR expression in the siRNA-treated HeLa

Figure 7 (facing page). EM localization of the epsinR constructs.
Cells expressing either GFP-tagged ENTH domain (a and b) or
GFP-tagged full-length epsinR (c) were processed for immunogold
EM. (a) Much of the ENTH domain construct is associated with the
plasma membrane. (b) The ENTH domain construct is also associ-
ated with tubulovesicular membranes near the Golgi stack (labeled
G). (c) Full-length epsinR has a similar distribution; in addition, it is
often found on membranes covered with a thick coat that is prob-
ably clathrin (arrowheads). Scale bars, 500 nm.
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cells was found to be 13.3% of control, and in the COS cells
it was found to be 17.5% of control.

The best characterized consequence of AP-1 deficiency is
the missorting of lysosomal enzymes like cathepsin D, due
to an inability of the mannose 6-phosphate receptors to cycle
normally between TGN and endosomes (Meyer et al., 2000).
To assay for cathepsin D sorting, cells were treated with
either control siRNA, epsinR siRNA, or �1A siRNA and
then pulse labeled with 35S for 15 min and chased for 2.5 h.
Cell-associated (C) and secreted (S) cathepsin D were immu-
noprecipitated and quantified. Figure 11f shows that in both
HeLa and COS cells, knocking down �1A causes �2.5-fold
more cathepsin D precursor (P) to be secreted. Surprisingly,
however, knocking down epsinR does not significantly af-
fect cathepsin D sorting. Thus, although epsinR is a highly

conserved component of the AP-1 network, it does not ap-
pear to be required for AP-1–mediated sorting of lysosomal
enzymes.

DISCUSSION

Until recently, it was assumed that clathrin and adaptor
complexes could facilitate coated vesicle formation and
cargo recruitment essentially single-handedly. This idea was
challenged by the discovery of a large number of accessory
proteins that participate in clathrin-mediated endocytosis.
Most of these proteins have been shown to bind either
directly or indirectly to the appendage domain of the �
subunit of the AP-2 complex, and many of them also make
connections with other molecules including lipids, cargo
proteins, and components of signaling pathways. For in-
stance, epsin 1 interacts not only with the � appendage; it
also binds to PIP2 via its ENTH domain (Itoh et al., 2001); it
can interact with ubiquitinated cargo via its UIM (Riezman,
2002); and its Drosophila homolog, liquid facets, has been
shown to participate in signaling events during eye devel-
opment (Cadavid et al., 2000). The identification of binding
partners for some of the other adaptor appendage domains
indicates that the AP-2 complex is not unique and that
protein–protein interaction networks are set up during ves-
icle formation from intracellular membranes as well as from
the plasma membrane. We have previously shown that the
AP-1 � appendage interacts with �-synergin and that the
GGA appendage interacts with p56 (Page et al., 1999; Lui et
al., 2003). Both of these proteins are likely to interact with
other molecules as well. Other proteins that bind to the �
and GGA appendage domains in vitro and that may also
bind in vivo include rabaptin-5 and p200 (Hirst et al., 2000;
Lui et al., 2002). Here we identify three more proteins that
can interact with the � appendage in vitro: Snx9, GAP1, and
a novel protein, epsinR.

Although there is still some question as to whether Snx9
and GAP1 interact with AP-1 under physiological condi-
tions, epsinR is clearly an AP-1 binding partner in vivo as
well as in vitro. It shows excellent colocalization with AP-1
by immunofluorescence, and it also localizes to coated bud-
ding profiles in the Golgi region by immunogold EM. It is
highly enriched in purified clathrin-coated vesicle prepara-
tions from rat liver, where it seems to be the major � ap-
pendage binding partner. While our manuscript was under
review, McPherson and colleagues published an article
about the same protein, which they found in a proteomics
analysis of clathrin-coated vesicles and named “enthopro-
tin” (Wasiak et al., 2002). Like us, they found that epsinR/
enthoprotin binds to the � appendage in vitro, colocalizes
with AP-1 by immunofluorescence, and is highly enriched in
purified clathrin-coated vesicles. Thus, most of our data are
consistent with theirs. However, they also detected a strong
interaction in vitro between epsinR and GGA2, while we
detected only a weak interaction between epsinR and GGA1.
This probably reflects the different binding preferences of
the various GGA appendage domains. In addition, Wasiak
et al. reported strong colocalization between epsinR and
GGA2, using a tagged epsinR construct. In contrast, we find
that endogenous epsinR shows partial colocalization with
the various GGAs and their binding partner p56 but much
better colocalization with AP-1. Here the discrepancy may

Figure 9. Binding of the epsinR ENTH domain to phosphoinositi-
des spotted onto a nitrocellulose filter. A phosphoinositide array
was probed with a GST-ENTH domain construct. PtdIns(4)P is most
strongly labeled, followed by PtdIns(5)P and PtdIns(3,4)P2. There is
little or no significant labeling of PtdIns(4,5)P2.

Figure 8 (facing page). The distribution of epsinR does not de-
pend upon AP-1. (a–d) Cells from a �1A knockout mouse, either
transfected with wild-type �1A (a and c) or nontransfected (b and
d), were labeled with antibodies against either �-synergin (a and b)
or epsinR (c and d). (e–h) COS cells were treated with siRNA
directed against �1A and then double-labeled for either �-adaptin
(e) and �-synergin (f) or for �-adaptin (g) and epsinR (h). In both
cases, �-synergin becomes cytosolic in the affected cells, whereas
epsinR stays membrane associated. (i–l) COS cells were transiently
transfected with GFP coupled to the � appendage domain (i and k)
and double-labeled for either �-synergin (j) or epsinR (l). Expression
of this construct causes �-synergin to become cytosolic; however, it
has little effect on epsinR (see asterisks). (m–p) Cells were treated
with 100 �g/ml BFA for 2 min and then double-labeled for either
AP-1 (m) and �-synergin (n) or for AP-1 (o) and epsinR (p). All three
proteins redistribute in response to BFA. Scale bar: a–d, 14 �m; e–h,
25 �m; i–l, 18 �m; m–p, 20 �m.
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be due to differences between the tagged and endogenous
proteins.

What is the motif on epsinR that is recognized by the �
appendage? One possible clue comes from the observation
that like Snx9 and GAP1, epsinR interacts in vitro not only
with the � appendage but also with the � appendage. This
suggests that, although structurally dissimilar, the � and �
appendage domains may interact with similar motifs. One
possible candidate for such a motif is DLF, which fits the
D�F consensus sequence for binding to the � appendage
domain and is present in three copies in epsinR. However,
the DLF sequences in epsinR also fit the consensus for clath-
rin binding (Doray and Kornfeld, 2001), and both our study
and that of McPherson and colleagues show that epsinR

constructs containing these motifs can bring down clathrin
as well as AP-1 (Wasiak et al., 2002; Figure 3c). Another
candidate motif for � appendage binding is DDFXDF, a
sequence that we previously noted in �-synergin where it is
present in five copies (Page et al., 1999). EpsinR contains at
least two sequences related to this motif (GGFADF and
GDFGDW), which are also present in the epsinR constructs
that pull down AP-1 from cytosol (see Figure 3c and Wasiak
et al., 2002). Homologues of epsinR in flies, worms, and
plants all contain both DLF and DDFXDF-type sequences,
indicating that both are important for function. However,
other proteins that can bind to the � appendage in vitro,
including Snx9 and GAP1, contain no obvious examples of
either motif. Thus, it is clear that further studies will be

Figure 10. In vitro recruitment of the epsinR ENTH domain. NRK cells were permeabilized by freezing and thawing and then incubated
with pig brain cytosol containing recombinant Xpress-tagged epsinR ENTH domain, either with or without GTP�S and/or neomycin.
Recruitment of the ENTH domain construct only occurs in the presence of GTP�S, indicating that it is ARF dependent. It is slightly blocked
by neomycin, but the effect is less severe than on AP-2. Scale bar, 20 �m.
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needed to establish the precise requirements for � append-
age binding.

The nearly complete colocalization between epsinR and
AP-1 suggested to us initially that one might recruit the
other. We have previously shown that �-synergin follows
AP-1 onto membranes, so we investigated whether the same
might be true for epsinR. We found that epsinR takes a
much more active role in its own localization than �-syner-
gin. First, although �-synergin becomes cytosolic in �1A-
deficient cells, epsinR looks nearly normal. Second, overex-
pressing the � appendage domain pulls �-synergin into the
cytosol, but epsinR remains membrane associated. Third,
the epsinR ENTH domain, which has no detectable AP-1
binding activity, is able to localize to membranes on its own.
So if AP-1 is not recruiting epsinR, might epsinR be recruit-
ing AP-1? Again, the answer seems to be no. In a previous
study we showed that AP-1 complexes containing truncated
�-adaptin with no appendage domain, or chimeric �-adaptin

with the � appendage domain, have a nearly normal distri-
bution (Robinson, 1993). In the present study, we show that
knocking down epsinR to undetectable levels does not pre-
vent AP-1 from associating with membranes. Together,
these observations indicate that epsinR and AP-1 do not
need each other to get onto membranes in the first place;
however, once they are on the membrane they associate with
each other. This would ensure that they get into the same
coated vesicle, and it might also enable both proteins to
recruit additional components into the same network.

What does the ENTH domain interact with, to get it onto
the membrane? The epsin 1 ENTH domain has been shown
to bind to PIP2; however, some of the amino acids in epsin 1
that contribute to PIP2 binding are not conserved in epsinR
(Ford et al., 2002), and the two proteins localize to different
compartments. More formal evidence against a role for PIP2
in epsinR recruitment is our observation that in protein-lipid
overlay assays, the epsinR ENTH domain binds to a subset

Figure 11. EpsinR depletion by RNAi. (a–d) HeLa cells (a and b) or COS cells (c and d) were incubated with epsinR siRNA for 3 d and then
double-labeled for immunofluorescence with anti-epsinR (a and c) and anti–�-adaptin (b and d). In both cases �90% of the cells had greatly
reduced epsinR labeling. Scale bar, 20 �m. e, Western blots of HeLa and COS cells treated with either a control siRNA or epsinR siRNA were
probed with anti-epsinR. (f) HeLa and COS cells, treated with either control, epsinR, or �1A siRNA, were pulse chased with 35S, and both
cell-associated (C) and secreted (S) cathepsin D were immunoprecipitated. The positions of the precursor (P) and mature (M) forms of the
enzyme are marked. In the HeLa cells the ratio of secreted cathepsin D precursor to total cathepsin D is 0.158 in the control, 0.161 in the epsinR
knockdown, and 0.377 in the �1A knockdown. In the COS cells the ratios are 0.191 in the control, 0.196 in the epsinR knockdown, and 0.504
in the �1A knockdown.
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of phosphoinositides, which does not include PtdIns(4,5)P2.
We also addressed the question of ENTH domain recruit-
ment by making use of a permeabilized cell system. This
system enables the ENTH domain to select its preferred
target membrane in a more physiological context. The con-
struct was faithfully recruited onto perinuclear membranes
in a manner that was strongly dependent on GTP�S, consis-
tent with a requirement for ARF. However, recruitment was
only weakly affected by neomycin, which sequesters PIP2
and blocks AP-2 recruitment. So far the best candidate for a
phosphoinositide that might recruit epsinR in vivo as well as
in vitro is PtdIns(4)P. It produces the strongest signal in our
overlay assay, and it has been localized to the TGN, where
its synthesis is stimulated by ARF (Godi et al., 1999). Using
our permeabilized cell system, we should now be able to test
whether recruitment of the epsinR ENTH domain is blocked
by different phosphoinositide-modifying enzymes or by PH
domain constructs with different phosphoinositide prefer-
ences. This approach may also lead to a better understand-
ing of how the various adaptors are recruited onto the
appropriate membrane. AP-2 and epsin 1 have both been
shown to bind to PIP2, so it is possible that AP-1 and epsinR
might also have similar phosphoinositide-binding specifici-
ties.

What is the function of epsinR? Unlike �-synergin and
p56, which only appear to be expressed in mammals, epsinR
is highly conserved, indicating that it plays a more funda-
mental role. Surprisingly, we can deplete epsinR in both
HeLa and COS cells using RNAi, and under these conditions
cathepsin D sorting still proceeds normally. This is in con-
trast to dominant negative studies carried out on several of
the AP-2 binding partners, including epsin 1. Overexpress-
ing mutagenized versions of such proteins has been shown
to block clathrin-mediated endocytosis, as assayed by trans-
ferrin uptake (e.g., see Chen et al., 1998). However, overex-
pression may lead to indirect effects; for example, the pro-
teins may saturate binding sites on the � appendage and
prevent other proteins from interacting. RNAi is more spe-
cific because it removes just one protein from the cell, so it
will be important to see what happens when this approach
is used on some of the � appendage binding partners.

There are two possible explanations for the phenotype of
cells treated with epsinR siRNA. One is that there may be
other proteins in the cell that can substitute for epsinR.
Although there are no obvious candidates in the database,
there may be proteins with functions similar to epsinR that
do not show any apparent sequence homology. Alterna-
tively, epsinR may not be involved in lysosomal enzyme
sorting, but in some other pathway. For instance, it may be
a novel cargo adaptor for such a pathway. Epsins 1–3 are
potential cargo adaptors, using their UIMs to bring ubiqui-
tinated proteins into AP-2–coated vesicles, and although
epsinR has no UIM, it may have as yet unidentified motifs to
bring another type of cargo into AP-1–coated vesicles. AP-1
has been shown to be involved not only in the sorting of
lysosomal enzymes, but also in a number of other events,
including granule maturation in regulated secretory cells
and targeting of proteins to the basolateral plasma mem-
brane in polarized epithelial cells. We intend to investigate
the consequences of epsinR depletion in these more special-
ized types of cells. The high degree of conservation of
epsinR means that we can also perform targeted gene dis-

ruptions in whole organisms such as Drosophila. Another
approach toward establishing the function of epsinR will be
to search for additional binding partners for its COOH-
terminal domain. A comparison of the mammalian epsinR
sequence with that of other organisms, in particular Drosoph-
ila, reveals that although their COOH-terminal domains are
divergent, there are several stretches of conserved amino
acids, and these are good candidates for protein–protein
interaction motifs. Our current working model is that
epsinR, like epsin 1 (Kalthoff et al., 2002), uses its NH2-
terminal ENTH domain as a membrane anchor and uses its
extended, flexible COOH-terminal domain to “rope in”
other proteins to the site of coated vesicle formation.
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Note added in proof. While this article was in print, the identi-
fication of a protein identical to epsinR was reported and given the
name Clint. (C. Kalthoff, S. Groos, R. Kohl, S. Mahrhold, and E.J.
Ungewickell. [2002]. Clint: a novel clathrin-binding ENTH-domain
protein at the Golgi. Mol. Biol. Cell 13, 4060–4073.)
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