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Abstract

Epsin is an endocytic adaptor protein involved in the regulation of clathrin-dependent endocytosis. We and others have demon-
strated that Epsin is ubiquitylated in cells and requires its ubiquitin interacting motifs (UIMs) for this modification. To further elu-
cidate the mechanism of Epsin ubiquitylation, we initiated studies to identify the E3 ligase(s) that modifies Epsin. In this study, we
discovered that the U-box ubiquitin ligase carboxyl-terminus of Hsc70 interacting protein (CHIP) ubiquitylated Epsin. Using an in
vitro ubiquitylation assay, we demonstrate that CHIP specifically ubiquitylated Epsin in a UIM-dependent manner. Furthermore,
overexpression of CHIP in cells increased Epsin ubiquitylation also in a UIM-dependent manner. Together, these data provide evi-
dence that CHIP functions to ubiquitylate the endocytic protein Epsin.
Published by Elsevier Inc.
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Clathrin-dependent endocytosis involves a variety of
modular domain-containing proteins that function at
various steps in the clathrin-mediated internalization
pathway [1,2]. These proteins include Eps15 and Epsin
(Eps15 interactor) that are recruited in conjunction
with AP-2, dynamin, clathrin, and various other pro-
teins to regions of the cell membrane that undergo
internalization. Epsin acts as a molecular bridge be-
tween the membrane and endocytic adaptors by virtue
of its NH2-terminal, phosphoinositol-binding ENTH
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domain, and COOH-terminal NPF motifs that interact
with Eps15 and intersectin [3,4]. These protein com-
plexes signal the recruitment of the remaining compo-
nents of the internalization pathway, such as AP-2,
clathrin, synaptojanin, and dynamin, that function in
the maturation of a clathrin-coated pit into an intracel-
lular clathrin-coated vesicle (CCV) [5].

Over the past several years, new insights have been
obtained into the mechanisms by which clathrin-depen-
dent endocytosis is regulated in cells. Evidence has accu-
mulated for the importance of ubiquitin in endocytosis,
with much attention focused on the ubiquitylation and/
or ubiquitin-binding activities of endocytic adaptor pro-
teins (reviewed in [6]). In the case of the endocytic adap-
tor Epsin, genetic studies have revealed the contribution
of the ubiquitylation pathway for photoreceptor devel-
opment in Drosophila. Namely, loss-of-function muta-
tions in the Drosophila deubiquitylating enzyme Fat
facets (Faf) produce abnormal eye phenotypes that are
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attributed to aberrant endocytosis due to the inability of
Faf to deubiquitylate the Drosophila Epsin, liquid facets
(Lqf) [7,8]. Thus, the function of Epsin in endocytosis
appears to be intimately linked to the ubiquitylation
pathway. In addition, Epsin is predominantly monoubi-
quitylated in cells [9–11], a modification observed with
other proteins involved in endocytosis and/or signaling
[9,11–14]. Taken together, these data suggest that com-
ponents of the endocytic machinery require covalent
modification with ubiquitin, and that this modification
predominantly involves the attachment of a single ubiq-
uitin moiety. In the case of Epsin, recent evidence sug-
gests that monoubiquitylation of Epsin regulates its
interaction with membranes [15]. However, the mecha-
nism(s) by which monoubiquitylated forms of Epsin
are produced remain unclear.

In order to address these issues, we and others have
evaluated the structural determinants of Epsin and
Eps15 that signal their ubiquitylation. A novel motif
termed the ubiquitin-interacting motif (UIM) was identi-
fied in Epsin and Eps15, and found to be critical for the
ubiquitylation of these proteins [10,11]. Epsin, as well as
several additional UIM-containing proteins, was ubiqui-
tylated in a UIM-dependent manner, producing a pre-
dominant monoubiquitylated species that was not
subjected to proteosomal degradation [10,11]. In addi-
tion, UIMs from various endocytic proteins confer differ-
ences in the ability of these proteins to be ubiquitylated
and to non-covalently bind ubiquitin [9]. Collectively,
these findings indicate that the UIM represents a signal
that dictates the ability of a protein to be ubiquitylated.
Identifying the E3 ubiquitin ligase(s) that catalyzes ubiq-
uitylation of UIM-containing proteins such as Epsin will
undoubtedly facilitate a more detailed understanding of
the biological importance and function of ubiquitylated
endocytic adaptor proteins in endocytosis.

In the present study, we observed that a 70-kDa pro-
tein co-precipitated with the UIMs of Epsin. Mass-spec-
trometry analysis confirmed the identity of this protein
as heat shock protein 70 (Hsc/Hsp70). Since Hsc70
interacts with the U-box E3 ligase carboxyl-terminus
of Hsc70/Hsp70 interacting protein (CHIP), we propose
a model for Epsin ubiquitylation in which Hsc70 recruits
CHIP to Epsin, thereby promoting its ubiquitylation.
Indeed, we present both in vitro and in vivo evidence
that CHIP promotes Epsin ubiquitylation.
Materials and methods

Cell lines and reagents.Human embryonic kidney (HEK) 293T cells
were cultured as described previously [10]. The following antibodies
and reagents were used: mouse monoclonal anti-hemagglutinin (HA),
anti-Myc antibodies, and mouse anti-ubiquitin antibodies (Covance-
Babco, Berkeley, CA); and anti-glutathione-S-transferase (GST)
antibodies conjugated with horseradish peroxidase (HRP) (Santa Cruz
Biotechnology, Santa Cruz, CA), rabbit anti-CHIP antibodies were
generously provided by Dr. Cam Patterson (University of North
Carolina, Chapel Hill, NC). Purified ubiquitin, N-ethylenediamine
(NEM), and protease inhibitors were purchased from Sigma Chemical
(St. Louis, MO). DNA gel extraction kits were purchased from Qiagen
(Valencia, CA). GSH–agarose was purchased from Amersham Bio-
sciences (Piscataway, NJ). GST antibodies were used as previously
described [9].

Constructs. The Myc tagged ubiquitin expression construct, pCW7,
was kindly provided by Dr. Ron Kopito and previously described [16].
The expression plasmid encoding HA-tagged Xenopus Epsin was
generated as described [17]. Plasmids for bacterial and mammalian
expression of CHIP were generously provided by Dr. Cam Patterson
(University of North Carolina, Chapel Hill, NC). The expression
construct encoding Myc-tagged Drosophila Epsin (pCMV5-2.1.1) was
kindly provided by Dr. Jane McGlade. GST-fusion constructs
encoding amino acids 1–305 of Epsin (GST-D305), and 1–167 (GST-
ENTH) and GST alone in pGEX-2TK were used for bacterial
expression. GST-Epsin fusion constructs for expression in mammalian
cells were previously described [10]. UIM constructs used in experi-
ments are described elsewhere [9]. To generate HA-tagged Hsc70
truncation mutants, the following procedure was employed. pGEX-
Hsc70(1–540), pGEX-Hsc70(373–540), pGEX-Hsc70(540–650), and
pGEX-Hsc70(1–373–650) (provided by Ernst Ungewickell, Washing-
ton University, St. Louis, MO) were digested with BamHI and NotI.
The excised fragments were gel purified and ligated into pCGN-PTB
[18] digested BamHI and NotI. However, owing to a frame shift
resulting in the loss of an in-frame stop codon for pCGN-Hsc70(1–
540) and pCGN-Hsc70(373–540), a 74 amino acid extension is present
at the carboxy-terminus for these proteins. To reduce this 74 amino
acid extension, these plasmids were digested with SalI and NotI, blunt-
ended with Klenow, and then re-ligated with T4 ligase (New England
Biolabs). This yields HA-tagged Hsc70(1–540) and Hsc70(373–540)
proteins with a 9 amino acid addition at the C-terminal end. These
constructs were confirmed by DNA sequence analysis.

Cell culture.HEK 293T cells were plated at a density of 2 · 106 cells
per 100 mm cell culture dish and transiently transfected by the calcium
phosphate precipitation method [18] with the indicated expression
constructs. Forty-eight hours post-transfection, cells were washed with
warm PBS and lysed in cold PLC-LB (50 mM Hepes, pH 7.5, 150 mM
NaCl, 10% glycerol, 1% Triton X-100, 1 mM EGTA, 1.5 mM MgCl2,
and 100 mM NaF) supplemented with 1 mM sodium orthovanadate,
10 lg/ml leupeptin, 10 lg/ml aprotinin, 1 mM PMSF, 1 mM
benzamidine, and 5 mM NEM. After 20 min at 4 �C, insoluble debris
was removed by centrifugation, and lysates were stored at �80 �C until
analysis. Lysate protein concentrations were determined using the
Pierce protein assay kit (Pierce, Rockford, IL).

Immunoprecipitation and immunoblotting. For immunoprecipitation
analysis, equal amounts of lysate protein (1 mg) were pre-cleared with
protein-A or -G–agarose (Sigma) for 1 h at 4 �C. Pre-cleared lysates
were then incubated with the appropriate antibody for 1 h at 4 �C.
Protein-A or -G–agarose was added to immune complexes and incu-
bated an additional 1 h at 4 �C, and then washed five times with PLC-
LB supplemented with protease inhibitors and NEM. Under certain
conditions, immunoprecipitations and washes were performed in
PLC-LB (with inhibitors) supplemented with 1% sodium deoxycholate
and 0.1% SDS (final concentrations). Immunoprecipitated proteins
were heated at 70 �C for 10 min in LDS sample buffer (Invitrogen,
Carlsbad, CA) supplemented with 5% b-mercaptoethanol (v/v). Pro-
tein samples were resolved by SDS–PAGE and transferred onto
Immobilon-P PVDF membranes (Millipore, Bedford, MA). After
blocking membranes in TBST (20 mM Tris, pH 7.5, 0.9% NaCl, and
0.1% Tween 20) containing 3% non-fat milk powder, immunoblotting
was performed with the appropriate primary antibody in TBST con-
taining 3% non-fat milk powder. Membranes were washed and incu-
bated with the appropriate secondary antibody conjugated with HRP
in TBST. Following extensive washing, an enhanced chemilumines-
cence system (SuperSignal, Pierce) was used for protein detection.
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In vitro ubiquitylation assay. Ubiquitylation assays were carried
out as described [19], with some modifications. Bacterially expressed
His-tagged CHIP (4 lM) was incubated with 2 lM bacterially
expressed GST-EpsinD305, GST-ENTH, or GST alone in the pres-
ence of 0.1 lM purified rabbit E1 (Calbiochem, La Jolla, CA), 8 lM
purified E2 enzyme UbcH5a (Boston Biochem, Cambridge, MA) or
GST-tagged UbcH5a (Biomol, Plymouth Meeting, PA), 4 lM each
of Hsc/Hsp70 and Hsp40 (Stressgen, Vancouver, BC), 2.5 mg/ml
ubiquitin (Sigma), and 5 mM ATP in ubiquitylation assay buffer
(20 mM Mops, pH 7.2, 100 mM KCl, 5 mM MgCl2, and 10 mM
dithiothreitol) in 10 ll reaction volumes for 4 h at 30 �C. Ubiquity-
lated protein was purified by GSH-pulldown, and washed several
times in PLC-LB containing protease inhibitors and NEM, followed
by the addition of SDS–PAGE sample buffer containing 6 M urea.
For reactions using HA-EpsinD305, aliquots were immediately
combined with SDS–PAGE sample buffer containing 6 M urea at
the end of the reaction period. Samples were heated at 70 �C and
then fractionated by SDS–PAGE. Immunoblotting was performed
with either HRP-conjugated anti-GST or anti-HA antibodies where
appropriate. To confirm that shifted bands correspond to ubiquity-
lated Epsin protein, linear regression analysis was performed to
calculate molecular weight as a function of the migration distance of
the shifted bands.
Fig. 1. Epsin association with Hsc70. (A) Cells were transfected with
Myc-tagged Drosophila Epsin and harvested 48 h later. Non-transfec-
ted cells were used as a negative control. Samples were immunopre-
cipitated with anti-Myc antibodies and then probed with anti-Hsp70
(top panel) or anti-Myc (bottom panel). For immunoblotting with
anti-Hsp70 antibodies, a non-transfected cell lysate was included as a
positive control for Hsc70 detection. (B) Similar to (A) except cells
were transfected with HA-tagged Xenopus Epsin or a deletion mutant
lacking the three UIMs (HA-EpsinDUIM) and harvested 48 hr later.
Samples were immunoprecipitated with anti-HA antibodies and then
probed with anti-Hsp70 (top panel) or anti-HA (bottom panel). The
slower migrating HA-reactive band in the full-length Epsin sample
corresponds to monoubiquitylated Epsin. (C) Cells were transfected
with YFP-tagged Epsin UIM, Eps15 UIM or HSJ UIM and harvested
48 h later. Samples were immunoprecipitated with anti-GFP antibod-
ies and then probed with anti-Hsp70 (top panel) or anti-GFP (bottom
panel).
Results

Epsin interacts with Hsc70 through its UIMs

While attempting to map the ubiquitylation sites in
Epsin by mass spectrometry, we identified Hsc70 as an
Epsin-associated protein (data not shown). To examine
this interaction in more detail, we immunoprecipitated
epitope-tagged Epsin from cells and examined the asso-
ciation with endogenous Hsc70 (Fig. 1). Both Myc-
tagged and HA-tagged Epsin isoforms associated with
endogenous Hsc70 in cell lysates (Fig. 1). Furthermore,
this interaction was dependent on the presence of the
UIMs (Fig. 1B). Indeed, chimeric fusion proteins of Ep-
sin�s UIMs with yellow fluorescent protein (YFP) specif-
ically associated with Hsc70 whereas the UIMs from
other proteins associated with Hsc70 only weakly or
not at all (Fig. 1C and data not shown).

To determine which region of Hsc70 interacted
with Epsin, we co-expressed Myc-tagged Epsin and
HA-tagged truncation mutants of Hsc70 in 293T cells
(Fig. 2). Immunoprecipitation of Myc-Epsin resulted
in the co-precipitation of Hsc70 mutants 373–540 and
373–650. However, we did not detect association of
Myc-Epsin with Hsc70 540–650, suggesting that the
interaction was specifically mediated by amino acids
373–540 which encompasses the substrate-binding do-
main of Hsc70. Interestingly, we did not detect associa-
tion of Hsc70 1–540, suggesting that the presence of the
NH2-terminal ATPase domain in the absence of the
COOH-terminal domain inhibits the interaction of this
truncation mutant with Epsin. In the converse experi-
ments, immunoprecipitation of the HA-tagged Hsc70
373–540 and 373–650 mutants co-precipitated Myc-Ep-
sin. Consistent with the prior experiments, the Hsc70
1–540 and 540–650 mutants did not associate with
Myc-Epsin.

CHIP ubiquitylates Epsin in vitro

The carboxy-terminus of Hsc70 interacts with the E3
ubiquitin ligase CHIP through its tetratricopeptide re-
peat (TPR) domains [19]. This interaction is important
for CHIP�s role in protein quality control [20] and for
ubiquitylation of numerous substrates [21–23]. Given
the interaction of Hsc70 with Epsin, we tested whether
CHIP was capable of ubiquitylating Epsin in vitro. As
illustrated in Fig. 3A, CHIP ubiquitylated GST-Epsin
in an ATP-dependent manner. In the absence of CHIP,



Fig. 2. Epsin interacts with the substrate binding domain of Hsc70.
(A) Domain structure of Hsc70. Indicated below are the Hsc70
deletion constructs used to map the site of interaction with Epsin. (B)
HEK 293T cells were co-transfected with Myc-tagged Drosophila

Epsin together with one of the four HA-epitope-tagged Hsc70 deletion
constructs as indicated. Forty-eight hours after transfection, cells were
harvested and samples were immunoprecipitated with anti-Myc
antibodies. Immunoprecipitates were then probed with anti-HA (top
panel) or anti-Myc (bottom panel) to determine the assocation with
Hsc70 truncation mutants. (C) The converse experiment of that shown
in (B). HA-tagged Hsc70 mutants were immunoprecipitated with anti-
HA antibodies and Epsin association was determined by Western blot
analysis with anti-Myc antibodies (top panel). The level of the Hsc70
truncation mutants was determined by Western blot analysis with HA
antibodies (bottom panel). The arrows in (B), (C) mark the positions
of Myc-Epsin.

Fig. 3. Epsin is ubiquitylated by CHIP in vitro. A bacterialy expressed
GST-fusion (A) or HA-tagged (B) protein of Epsin encompassing the
ENTH domain and UIMs (amino acids 1–305; hereafter referred to as
GST-D305 or HA-D305) was used as a substrate for the in vitro
ubiquitylation reactions. Each lane represents an assay sample
containing E2 conjugating enzyme (UbcH5; either GST-tagged or
untagged), ATP, and CHIP where indicated. E1 enzyme and ubiquitin
were present in all samples. For reactions using GST-D305 as the
substrate (A), ubiquitylated proteins were purified by GSH-pulldown,
washed several times in PLC-LB containing protease inhibitors and
NEM, and then resuspended in sample buffer containing urea. For
reactions using HA-D305 as substrate (B), sample buffer containing
urea was added directly to samples followed by heating at 70 �C for
15 min. Proteins were then fractionated by SDS–PAGE, transferred to
PVDF membranes, and then probed with either anti-GST (A) or anti-
HA antibodies (B). Mono- and poly-ubiquitylated species of Epsin are
indicated in both panels by the m and p, respectively. Unmodified
Epsin is indicated by an asterisk.
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low levels of Epsin monoubiquitylation were detected.
This result is consistent with prior observations of E2s
capable of ubiquitylating substrates in an E3-indepen-
dent manner [24,25]. However, the addition of CHIP
dramatically increased Epsin ubiquitylation. In the pres-
ence of GST-tagged UbcH5, CHIP predominantly
monoubiquitylated Epsin. However, in the presence of
non-tagged UbcH5, CHIP polyubiquitylated Epsin.
Similar results were obtained using HA-tagged
EpsinD305 as the substrate (Fig. 3B). Although we con-
sistently observed different ubiquitylation patterns for
Epsin when using GST-UbcH5 as compared to untagged
UbcH5, we do not believe that this difference is physio-
logically relevant but is rather due to the fact that the
presence of the GST tag may alter the activity of UbcH5
through promoting dimerization of the protein. Addi-
tionally, these two forms of UbcH5 were obtained from
different commercial sources (see Materials and meth-
ods), and thus may have different specific activities
although these activities were not measured directly. Gi-
ven the importance of Hsc/Hsp70 and Hsp40 in CHIP
function, we examined the role of chaperones in CHIP-
dependent ubiquitylation of Epsin in vitro (Fig. 4).
Although Epsin ubiquitylation was dependent on the
presence of the UIMs consistent with our prior cell-based
experiments [10], chaperones were not required for in vi-
tro ubiquitylation of Epsin by CHIP as revealed by
CHIP-mediated polyubiquitylation in the absence of
Hsp40 and/or Hsc/Hsp70 (Fig. 4).

In multiple in vitro experiments, CHIP consistently
formed polyubiquitylated species of Epsin with a maxi-



Fig. 5. Time-dependent Epsin ubiquitylation by CHIP in vitro.
Ubiquitylation reactions containing the indicated components were
performed as described in Fig. 3. A GST fusion protein of EpsinD305
(GSTD305) (A) or HA-tagged EpsinD305 (HA-D305) (B) were used as
substrates in the reactions, and the reactions were allowed to proceed
for the indicated time periods. Proteins were fractionated by SDS–
PAGE and then transferred to PVDF (Immobilon-P) membranes,
followed by probing for either GST-D305 (A) or HA-D305 (B) using
the appropriate antibody. Unmodified EpsinD305 protein is marked by
asterisks. Mono- and poly-ubiquitylated EpsinD305 proteins are
indicated by the m and p, respectively.

Fig. 4. CHIP-mediated ubiquitylation of Epsin is UIM-dependent but
chaperone-independent. Ubiquitylation reactions containing the indi-
cated components were performed as described in Fig. 3. GST fusion
proteins of EpsinD305 (GSTD305), GST-Epsin ENTH domain
(GST-ENTH), or GST alone were used as substrates in the reactions
as indicated. Proteins were fractionated by SDS–PAGE and then
transferred to PVDF (Immobilon-P) membranes, followed by immu-
noblotting with an anti-GST antibody. Unmodified GST proteins are
marked by asterisks. Mono- and poly-ubiquitylated GST proteins are
indicated by the m and p, respectively.
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mum observed molecular weight of approximately
160 kDa after 4 h incubation. To account for this appar-
ent limitation to the extent Epsin is ubiquitylated, we
performed in vitro time-course experiments to determine
what ubiquitylated species of Epsin are formed by CHIP
at early and later time points. Both GST-tagged and
HA-tagged EpsinD305 (Figs. 5A and B, respectively)
were ubiquitylated in vitro reaching a maximum molec-
ular weight of �160 kDa after 2–4 h. At this time, all of
EpsinD305 was ubiquitylated; however, at 30 min a sig-
nificant fraction of EpsinD305 was unmodified. Interest-
ingly, EpsinD305 is predominantly monoubiquitylated
at 30 min, with some di- and tri-ubiquitylated species
formed as well.

CHIP promotes Epsin ubiquitylation in vivo

Given the in vitro ubiquitylation of Epsin by CHIP,
we next tested whether CHIP ubiquitylated Epsin in
vivo. In cells co-expressing GST-Epsin and HA-tagged
ubiquitin, we detected increased levels of slower migrat-
ing forms of Epsin that were each shifted by approxi-
mately 10 kDa, consistent with covalent attachment of
HA-ubiquitin (Fig. 6A). Interestingly, the slower
migrating species that are increased with CHIP overex-
pression correspond to polyubiquitylated GST-Epsin.
Western blot analysis of these immunopurified proteins
with antibodies to tagged ubiquitin revealed that these
shifted bands did indeed correspond to ubiquitylated
Epsin (Fig. 6A, middle panel). Overexpression of CHIP
in 293T cells led to a dose-dependent increase in ubiqui-
tylation of GST-Epsin; however, free GST was not mod-
ified by CHIP as revealed by in vitro experiments (Fig.
4). The modification of GST-Epsin occurred on the Ep-
sin portion of the fusion protein as revealed by thrombin
cleavage of GST-Epsin (Fig. 6B). We also tested Epsin
ubiquitylation by CHIP using YFP-tagged Epsin and
Myc-tagged ubiquitin, obtaining similar results. In cells
overexpressing CHIP, slower migrating forms of Epsin
shifted by more than 10 kDa were observed (Fig. 7),
confirming the results with GST-Epsin and HA-tagged
ubiquitin. Lastly, deletion of the UIMs resulted in a
dramatic reduction in ubiquitylated Epsin, and CHIP
overexpression had no effect on this low level of ubiqui-
tylated Epsin (Fig. 7).
Discussion

The E3 ubiquitin ligase CHIP was first identified as a
TPR-containing protein found to inhibit the ATPase,
substrate binding, and protein refolding activities of
Hsc/Hsp70 [26], indicating that CHIP plays an impor-
tant function in chaperone-dependent protein quality
control [20,21]. CHIP E3 ubiquitin ligase activity re-
quires its carboxy-terminal U-box domain, functions
in collaboration with the UbcH5 family of E2 ubiqui-
tin-conjugating enzymes, and directly ubiquitylates



Fig. 6. CHIP overexpression increased levels of ubiquitylated Epsin. (A) HEK 293T cells were co-transfected with GST-tagged Epsin, HA-tagged
ubiquitin (HA-Ub), and increasing concentrations of Myc-tagged CHIP. Forty-eight hours after transfection, cells were harvested and GST-Epsin
was purified with GSH–agarose beads. Precipitated proteins were then eluted off beads with SDS–PAGE sample buffer, fractionated by SDS–PAGE,
and transferred to PVDF (Immobilon-P) membranes. Immunoblotting was performed using anti-GST (top panel), anti-HA (second panel), and anti-
Myc (third panel) antibodies to detect GST-Epsin, HA-ubiquitin, and Myc-CHIP, respectively. The slower migrating species marked with arrows in
the top panel react with the HA antibodies in the second panel. HA-ubiquitin was expressed at equal levels in all samples (bottom panel) (B)
GST-Epsin was purified from cells following co-expression with various levels of CHIP. A fraction of the total precipitated protein was resuspended
in SDS–PAGE sample buffer and analyzed for the covalent attachment of ubiquitin by Western blot analysis with anti-HA antibodies (top panel).
The remaining GST-Epsin was subjected to thrombin cleavage as previously described [10] to release Epsin from GST. The soluble portion of the
reaction containing Epsin was fractionated on SDS–PAGE, transferred to membranes, and then probed with anti-HA antibodies (bottom panel) to
detect ubiquitylated Epsin.

Fig. 7. CHIP increases ubiquitylation of Epsin. Analysis was performed as described in Fig. 5. Cells were co-transfected with YFP-tagged Epsin or
EpsinDUIM, Myc-tagged ubiquitin (Myc-Ub), and Myc-tagged CHIP. Forty-eight hours after transfection, cells were harvested in lysis buffer. (A)
Immunopurified YFP-Epsin or EpsinD UIM was then analyzed for the attachment of Myc-Ub. Western blot analysis was performed using anti-Myc
(top panel) to detect Ub or anti-GFP (bottom panel) for total levels of Epsin. To minimize co-precipitation of associated ubiquitylated proteins,
immunoprecipitations were performed in buffer supplemented with 1% sodium deoxycholate and 0.1% SDS (final concentrations). (B) Total cell
lysates were examined for the level of expression of Myc-CHIP (a-CHIP) and Myc-Ub (a-Myc).
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Hsc/Hsp70 without affecting protein half-life [19,21]. In
addition to its function in protein quality control, CHIP
regulates proteins involved in cell signaling [22,23,27–
31], cellular architecture [32], and chaperone-mediated
physiology [26,33–35]. Our finding that CHIP ubiquity-
lates Epsin indicates that CHIP has functions beyond
protein quality control that may include the regulation
of adaptor proteins involved in endocytosis.
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Several groups have investigated the involvement of
Hsc70 in endocytosis and have uncovered a role for this
chaperone in the uncoating of clathrin triskelia from
clathrin-encased intracellular transport vesicles [36–39].
An important step for this uncoating process is the bind-
ing of auxilin to assembled clathrin, initiating Hsc70-de-
pendent release of the triskelia from the vesicle
membrane [40]. This latter process involves stimulation
of Hsc70 ATPase activity upon binding with auxilin
[41], and the interaction occurs between the J domain
of auxilin and the ATPase and substrate-binding do-
mains of Hsc70 [42]. Further evidence of the role for
Hsc70 in clathrin uncoating comes from studies showing
that cytosolic depletion of Hsc70 inhibits clathrin
uncoating [43], the identification of dominant interfering
Hsc70 mutants [44], and genetic data supporting the role
for Hsc70 in endocytosis and clathrin uncoating [45]. In
view that CHIP ubiquitylates Hsc70 [19], CHIP might
therefore assist in the regulation of endocytosis. Our
observation of Hsc70 interacting with the UIMs of
Epsin suggests a mechanism by which CHIP is recruited
to epsin. The loss of CHIP-dependent Epsin ubiquityla-
tion by deletion of Epsin�s UIMs (Fig. 7) supports this
idea; however, we were unable to isolate a complex com-
prised of all three proteins. As the UIM has weak affin-
ity for ubiquitin [46], we believe that the lack of
detection of this complex is due to low affinity, transient
interactions. Furthermore, Epsin is necessary for mem-
brane curvature and clathrin-coated pit formation [47],
recruits activated receptors to clathrin-coated pits [3],
and facilitates recruitment of other endocytic adaptors
during the maturation stages of clathrin-coated vesicle
formation (reviewed in [5]). Our observation that Epsin
is ubiquitylated by CHIP provides additional support
for a role for CHIP in clathrin-mediated endocytosis.
However, further experimentation is necessary to ex-
plore this possibility.

The interaction between Hsc70 and Epsin in vivo was
found to depend on Epsin�s UIMs, consistent with the
observation that only the UIMs of Epsin specifically
bind Hsc70 (Fig. 1). Given that Epsin�s UIMs bind ubiq-
uitin in vitro and that this activity is necessary for Epsin
ubiquitylation [9], these two observations suggest Epsin
ubiquitylation depends on both Hsc70 and ubiquitin-
binding by the UIMs. The domain of Hsc70 that binds
Epsin was mapped to the substrate-binding region
(Fig. 2), providing further evidence of the specificity of
the interaction between the two proteins. Interestingly,
a protein construct consisting of both the ATPase do-
main and the substrate-binding region but lacking the
CHIP-binding domain did not immunoprecipitate with
Epsin, suggesting that the ATPase domain is inhibitory
to the interaction. It is unknown whether this Hsc70 mu-
tant has altered function or conformation relating to its
ability to acquire a high substrate affinity (ADP-bound)
form from a low affinity (ATP-bound) state, in vivo.
However, in vitro this mutant exhibits decreased affinity
for known Hsc70 substrates [42]. Nonetheless, endoge-
nous (full-length) Hsc70 interacted with Epsin in a
UIM-dependent manner, and the interaction correlates
with full-length Epsin being monoubiquitylated in cells
as evidenced by the single shifted Epsin band (Fig. 1B,
lower panel, lane 1). These data support our hypothesis
that the interaction between Epsin and Hsc70 recruits
CHIP to Epsin, leading to its ubiquitylation. The lack
of a requirement for Hsc70 for Epsin ubiquitylation in
vitro would contradict this idea. However, it is impor-
tant to keep in mind that all components for in vitro
ubiquitylation by CHIP are in molar excess relative to
Epsin, hence precluding the need for Hsc70 to recruit
CHIP to Epsin in order for it to be ubiquitylated by
CHIP. The lack of CHIP-mediated polyubiquitylation
of Epsin�s ENTH domain alone or GST (Fig. 4, lanes
12 and 14, respectively) demonstrates a degree of speci-
ficity for CHIP-mediated Epsin ubiquitylation in vitro,
in that the UIMs are necessary for modification of Epsin
by CHIP.

We did not observe changes in the levels of YFP- or
GST-tagged Epsin with CHIP overexpression nor did
we observe any effect of proteasome inhibition on levels
of either Epsin or ubiquitylated Epsin consistent with
the finding that CHIP-mediated ubiquitylation of
Hsc70 does not result in its degradation or targeting to
the proteasome [19]. Taken together, these data indicate
that CHIP ubiquitylation of Epsin, like that of Hsc70,
does not target Epsin to the proteasome. These results
are consistent with previous reports by ourselves and
others demonstrating that Epsin ubiquitylation does
not lead to its degradation [10,11]. Discordance exists,
however, between these reports demonstrating Epsin
monoubiquitylation and the data presented here show-
ing increased Epsin polyubiquitylation by CHIP. While
this discrepancy might exclude CHIP as an E3 ligase for
Epsin, genetic data in Drosophila support the notion
that the formation of monoubiquitylated Epsin requires
deubiquitylating enzymes (DUBs), implying that Epsin
is first polyubiquitylated and then processed to the
mono-ubiquitylated form by one or more DUBs (Fig.
8). Indeed, recent work from our group has identified
a DUB which can process polyubiquitylated Epsin to
smaller mono- and di-ubiquitylated species in vitro
(unpublished observation). Furthermore, in vitro time-
course data indicate that CHIP polyubiquitylates Epsin
by extending ubiquitin chains (Fig. 5), akin to an ‘‘E4’’
ubiquitin ligase activity seen with the yeast protein
UFD2 [48]. Hence, CHIP fits the criteria as an E3 ubiq-
uitin ligase functioning in the first step of this model.
Accordingly, CHIP overexpression would favor in-
creased Epsin ubiquitylation, which we observed in this
study (Figs. 6 and 7).

Efforts have been made to address the mechanism(s)
of Epsin deubiquitylation and to identify DUBs in-



Fig. 8. Model for Epsin ubiquitylation by E3 ubiquitin ligases such as
CHIP. Epsin is ubiquitylated by an E3 ubiquitin ligase such as CHIP,
resulting in the addition of a polyubiquitin chain. While this may
target Epsin for degradation by the proteasome, genetic data in
Drosophila suggest that a de-ubiquitylating enzyme (DUB) such as Fat
facets (Faf) may function to shorten the polyubiquitin chain to
produce monoubiquitylated Epsin. This cleavage process may proceed
to completion, recycling Epsin back to its unmodified form.
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volved in this process. Currently, Fam, the mouse
homologue of the Drosophila DUB Fat facets (Faf), is
the most-likely DUB mediating Epsin deubiquitylation.
It was recently shown that silencing Fam by siRNA
abrogated ionomycin-induced decrease in Epsin ubiqui-
tylation, indicating that Fam plays a role in regulating
levels of Epsin ubiquitylation [15]. Moreover, the Faf
gene can be substituted with a transgene encoding
Fam [49], lending further support to the role of this pro-
tein in Epsin deubiquitylation. However, in vitro data
on direct deubiquitylation of Epsin by Fam are lacking,
and the �50% identity between Faf and Fam suggests
different specificities for substrates [49]; indeed, the only
reported substrates for Fam are AF-2 and b-catenin [50–
52]. Nonetheless, structure–function studies of Faf sug-
gest that it may either bind directly to Lqf or bind to
a protein complex containing Lqf [7,53]. In the latter
case, it is conceivable that such a complex might include
the ubiquitin ligase(s) responsible for Lqf ubiquityla-
tion. Following on this idea, a protein complex consist-
ing of both E3 ubiquitin ligase(s) and DUBs would serve
as a convenient mechanism to regulate the extent of sub-
strate ubiquitylation by an E3 ubiquitin ligase. This
would be consistent with observations of Faf antagoniz-
ing both ubiquitylation and proteolysis [54,55], and re-
cent reports of DUBs directly interacting with E3
ubiquitin ligases [56,57].

The abundance of E3 ligases in eukaryotes raises the
possibility that Epsin may be ubiquitylated by addi-
tional E3 ligases. Indeed, others have reported that Ep-
sin is ubiquitylated by the HECT domain E3 ligase
NEDD4 [11]. However, our data indicate that CHIP is
also competent for ubiquitylating Epsin. This activity
is UIM-dependent, corroborating our previous findings
for the importance of the UIMs in Epsin ubiquitylation
[10]. Further investigation of the cellular consequences
of CHIP-mediated ubiquitylation of Epsin, which at
present are unknown, as well as studies investigating
the function of ubiquitylated Epsin, will provide impor-
tant insights into the function of ubiquitylation in
endocytosis.
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