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E2A transcription factors, E12 and E47, are important regulators of lymphocyte development. Notch sig-
naling pathways have been shown to regulate E2A function by accelerating the degradation of E2A proteins
through a mitogen-activated protein kinase-dependent and ubiquitin-mediated pathway. To further under-
stand the mechanism underlying E2A ubiquitination and degradation, we conducted a yeast two-hybrid screen
and identified the carboxyl terminus of Hsc70-interacting protein (CHIP) as an E47 binding protein. Here, we
show that CHIP associates with E2A proteins in vivo and that overexpression of CHIP induces E47 degradation
in a phosphorylation-dependent manner. Conversely, knocking down CHIP with small interfering RNA alle-
viates Notch-induced E47 degradation. CHIP binds E47 through the E protein homology domains 2 and 3
(EHD2 and EHD3). This interaction between CHIP and E47 is independent of the U-box domain with E3
ubiquitin ligase activity but requires the chaperone binding tetratricopeptide repeats domain. The ability of
CHIP to induce E47 ubiquitination and degradation correlates with its ability to bind E47. We propose that
CHIP, together with its partner Hsc70, forms a preubiquitination complex (PUC) with E47 and Skp2, thus
facilitating the interaction between E47 and Skp2. CHIP also associates with Cull, which introduces PUC to
the SCF E3 ligase complex, responsible for E47 ubiquitination. Therefore, CHIP plays a crucial role in the

ubiquitination and degradation of E2A proteins.

The E2A gene encodes two transcription factors, E12 and
EA47, which differ only in their basic helix-loop-helix domain
due to alternative splicing (29, 43). Together with products of
the HEB and E2-2 genes, E12 and E47 form a family of closely
related transcription factors called E proteins (25). Disruption
of E protein genes or inhibition of E protein function arrests
B- and T-cell development at early stages, demonstrating a
crucial role for these proteins in lymphocyte development (3, 4,
6, 14,21, 27, 42, 46, 47). Therefore, controlling the function of
these E proteins becomes an effective means for regulating
lymphopoiesis. Indeed, the Notch signaling pathway, known to
be important for lymphoid lineage commitments (2, 37), has
been shown to augment the function of E2A proteins (30, 32).
Activation of Notch receptors accelerates the degradation of
E2A proteins through a ubiquitin-mediated and proteasome-
dependent pathway (30). In addition, phosphorylation of E2A
proteins by mitogen-activated protein (MAP) kinases is essen-
tial for their ubiquitination and subsequent degradation. Mu-
tations in MAP kinase phosphorylation sites found in the con-
served EHD3 region shared by all E proteins render E47
resistant to Notch-induced degradation. The ability of Notch
signals to trigger E2A degradation is influenced by levels of
active Erk1/2 present in a given cell, thus providing additional
means for regulating E2A function. However, activation of
Erk1/2 alone is not sufficient to cause E2A degradation.
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The molecular mechanism underlying Notch-induced E2A
ubiquitination is not known. To obtain a better understanding
of the mechanism, a more comprehensive knowledge about the
machinery responsible for E2A ubiquitination is necessary.
Our laboratory has previously shown that the SCFS*P? E3 ubig-
uitin ligase complex, including Cull, Skp1, Skp2 and Rocl, is
involved in E2A ubiquitination (17, 30). Interaction between
Skp2 and E2A proteins depends on E2A phosphorylation. To
search for possible additional components involved in E2A
degradation, we used a fragment of E2A known to be crucial
for its degradation as bait to conduct a Saccharomyces cerevi-
siae two-hybrid screen. We identified CHIP as an interacting
partner of E47 not only in yeast but also in mammalian cells.

CHIP is a cochaperone protein identified through its inter-
action with Hsc70 (5). In addition to its well-characterized
tetratricopeptide repeats (TPR) that mediate interaction with
chaperones (15, 40), it also has a U-box, representing a sub-
class of ubiquitin ligases (13, 23). Diverse functions have been
ascribed to CHIP. CHIP itself has been shown to possess E3
ubiquitin ligase activity by using luciferase, ErbB2, Hsc70, and
CHIP as substrates (7, 18, 28, 45). However, CHIP has also
been shown to facilitate the ubiquitination of Pael receptor
and cystic fibrosis transmembrane-conductance regulator by
other E3 ligases (16, 26). In addition, CHIP is postulated to be
a cochaperone that facilitates the degradation of misfolded
proteins (1, 8, 10, 44). Moreover, CHIP also performs func-
tions unrelated to protein ubiquitination and degradation, such
as inducing the trimerization of HSF transcription factor and
partitioning soluble endothelial nitric oxide synthase into an
insoluble and inactive cellular compartment (9, 19). Here we
provide evidence suggesting that CHIP acts as a carrier of the
ubiquitination substrate, E47, thus promoting its association
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with the F box protein Skp2, through the formation of a pre-
ubiquitination complex (PUC). CHIP also binds to Cull, ulti-
mately facilitating the assembly of the entire SCFS*P2-E3 ligase
complex and the ubiquitination of E47. This function of CHIP
is essential for Notch-induced E2A degradation.

MATERIALS AND METHODS

Yeast two-hybrid screen. To construct the bait, a PCR product encoding the E
protein homology domains 2 and 3 (amino acids 319 to 382 of both E12 and E47)
was subcloned into the pEG202 plasmid and fused with the LexA DNA binding
domain (11). A unidirectionally synthesized LyD9 (pro-B-cell line) cDNA library
was inserted into the pJG45 galactose-inducible expression vector and fused to
the B42 activation domain (11). The bait plasmid exhibited no basal trans-
activating activity in the absence of any interacting protein encoded by cDNAs in
the pJG4-5 vector. The bait and cDNA library plasmids were transfected into the
yeast strain EGY48 along with a LacZ reporter driven by multiple LexA binding
sites. A total of 5 X 10° clones were screened, and positive clones were confirmed
by secondary screening. Plasmids containing cDNA inserts were recovered and
sequenced by the DNA sequencing facility at Oklahoma Medical Research
Foundation.

Cell lines and transfection. NIH 3T3 and 293T cell lines were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine se-
rum. The BaF3 cell line was grown in modified RPMI 1640 supplemented with
10% fetal bovine serum, 50 M B-mercaptoethanol, and 20% WEHI-3-condi-
tioned medium as a source of interleukin-3. Jagged-1-expressing and control
NIH 3T3 cell lines were generous gifts from T. Kadesch, University of Pennsyl-
vania. Transient transfection with desired constructs was performed using the
calcium phosphate precipitation method.

Plasmids and retroviral constructs. Full-length CHIP cDNA with a 3’ hem-
agglutinin (HA) tag was cloned by PCR amplification using total mouse cDNA
as templates and the following primers: 5" primer, ATTGGTACCATGAAGG
GCAAGGAGGAAAAGGAG; 3’ primer, TTCAGGCGTAGTCTGGGACGT
CCTAAGGGTAATAGTCCTCTACCCAGCCGTTCTCAG. The PCR product
was first cloned into the pGEM-T easy vector (Promega, Madison, Wis.). The
insert was then excised out with Asp718 and EcoR1 and cloned into the same
sites of pcDNA3 (Invitrogen, Carlsbad, Calif.). HPC4-tagged CHIP-pcDNA3
was generated by inserting oligonucleotides containing sequences encoding the
HPC4 tag (38) into the Asp718 site at the 5" end of CHIP in pcDNA3. The CHIP
K31A point mutant was generated by replacing the wild-type Sacl-Bpul1021
fragment within the coding sequence with a mutant fragment generated by PCR
amplification with the following oligonucleotides: 5" primer, AGAGCTCGCGG
AGCAGGGAAAC (mutated codon is underlined); 3’ primer, TGAATTCAAT
CATCTTCATGACCCTCGTGG. The CHIP H261A/P270A point mutant con-
struct (13) was obtained from S. Hatakeyama, University of Kyushu, Fukuoka,
Japan, and modified by swapping the 5’ portion of the wild-type CHIP with the
HPC4 tag. To produce TPR and U-box domain-containing constructs, we per-
formed PCR using CHIP-pcDNA3 as a template with the following oligonucle-
otides: for TPR, TGGATCCATGAAGGGCAAGGAGGAAAAGG and TGA
ATTCAATCATCTTCATGACCCTCGTGG; for U-box, TGGATCCAAGAA
GCGCTGGAACAGTATCGAGG and TGAATTCACTAGTGATTTCAGGC
GTAG. The PCR products were cloned into the BamHI and EcoRI sites of the
pcDNA3 vector carrying the HPC4 tag at the Asp718 site. To generate the RNA
interference construct targeting CHIP, double-stranded oligonucleotides con-
taining a hairpin structure were cloned into the Xhol and HindIII sites of the
pBS/UG6 vector (41). The top-strand sequence of the oligonucleotides for small
interfering RNA (siRNA) against CHIP (CHIPi) was TCGAGGAAGCGA
GATATCCCTGACGAGTACTGGTCAGGGATATCTCGCTTCCTTTT, and
that for siRNA against green fluorescent protein (GFPi) was as described else-
where (30). Retroviral constructs for CHIPi and GFPi were generated by insert-
ing the BamHI-EcoRI fragments containing the entire U6 transcription units
from the above pBS/U6 constructs into the Bglll and EcoRI sites of the MiGR1
vector (36). Retrovirus production was carried out as described previously (34).

E47 point and deletion mutants were made by two-step PCR-assisted mu-
tagenesis using the parental plasmid E47-pcDNA3 as a template (33). T7-tagged
Skp2 construct was a gift from H. Zhang, Yale University School of Medicine.
The Skp2 construct used for in vitro translation was generated by PCR amplifi-
cation of the coding sequence of Skp2 using the T7-tagged Skp2 construct as a
template. The PCR product was cloned into the Asp718 and EcoRI sites of
pcDNA3. The constructs, Cull-pcDNA3 and HA-Skp1-pHR, were kindly pro-
vided by W. Harper, Harvard Medical School.
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Immunoblotting and immunoprecipitation. Cells were collected and lysed in
NP-40 lysis buffer containing 15 mM Tris-HCI (pH 7.6), 150 mM NaCl, 0.1 mM
EDTA, 10% glycerol, 0.5% NP-40, 1 mM phenylmethylsulfonyl fluoride, 2 pg of
aprotinin/ml, 4 pg of leupeptin/ml, 2 pg of pepstain/ml, and 5 puM MG132.
Supernatants were obtained after centrifugation at 20,000 X g in a microcentri-
fuge for 15 min at 4°C. Protein concentrations were determined by BCA protein
assay kit (Pierce, Rockford, Ill.). For immunoblotting, cells were collected 36 h
after transfection. For in vivo ubiquitination assays, cells were treated with 25
M MG132 for § h prior to harvest. The immunoreactive proteins were detected
using enhanced chemiluminescence reagents (Amersham, Piscataway, N.J.) and
a Lumilmager (FUJIFILM Medical Systems USA Inc., Stamford, Conn.). Load-
ing controls were carried out by probing for B-actin. Antibodies against E47,
Hsc70, HA tag, and B-actin were from Santa Cruz Biotechnology (Santa Cruz,
Calif.), while those against Skp1l and Cull were from NeoMarkers (Fremont,
Calif.). Anti-Skp2 was purchased from Zymed (San Francisco, Calif.). The an-
tiserum against CHIP was generated by immunizing rabbits with full-length
recombinant CHIP (carried out by Pocono Rabbit Farm & Laboratory Inc.,
Canadensis, Pa.). For immunoprecipitation assays, cell lysates were precleared
with 60 pl of protein A or protein A/G-Sepharose (50% slurry equilibrated in
phosphate-buffered saline) for 2 h at 4°C and then incubated with 5 pg of specific
antibodies for 4 to 5 h at 4°C. Protein A or protein A/G-Sepharose was added
and incubated for an additional 1 h at 4°C to capture primary immune com-
plexes. The beads were washed three times in NP-40 lysis buffer and heated at
100°C in sodium dodecyl sulfate (SDS) sample buffer before loading on 10 or
12% polyacrylamide gels. For immunoprecipitation with the anti-HPC4 antibody
(a generous gift from C. Esmon, Oklahoma Medical Research Foundation),
which binds to the HPC4 tag in a calcium-dependent manner (38), 1 mM CaCl2
was included in all buffers used. The immunoprecipitates were eluted with 10
mM EDTA by shaking for 30 min at room temperature. The SDS loading buffer
was then added to the supernatants, and the samples were boiled before elec-
trophoresis.

In vitro translation and binding assays. *°S-labeled Skp1, Skp2, Cull, and
CHIP were produced by programming the TNT-coupled reticulocyte lysate in
vitro translation system (Promega) with 1 pg of each expression plasmid DNA,
according to the manufacturer’s instructions. A 50-pl aliquot of in vitro-trans-
lated reaction mixtures diluted with 300 pl of NP-40 lysis buffer was used for
immunoprecipitation with the antibody against the HPC4 tag on CHIP. The
resulting immunoprecipitates were electrophoresed on SDS-10% polyacryl-
amide gels and analyzed by autoradiography using a PhosphorImager.

RESULTS

Interaction of CHIP with E47. We have previously shown
that E47 is ubiquitinated and subsequently degraded by pro-
teasomes (30). To search for additional proteins involved in
the degradation of E47, we conducted a yeast two-hybrid
screen using bait containing a 64-amino-acid polypeptide se-
quence including EHD2 and EHD3, which are present in both
E12 and E47. We obtained several independent cDNA clones
encoding either full-length CHIP or truncated proteins lacking
28 or 32 amino acids at the N terminus. To confirm the inter-
action in mammalian cells, constructs expressing E47 and
CHIP were transfected into 293T cells, individually or to-
gether. Whole-cell lysates of transfected cells were immuno-
precipitated with polyclonal antibodies against E47 (Fig. 1A).
Immunoblotting revealed that both E47 and CHIP were
present in the immunoprecipitates, suggesting that E47 and
CHIP interact with each other in mammalian cells. We have
previously shown that mutation of the MAP kinase phosphor-
ylation sites in E47 (Mm mutation) abolishes E47 ubiquitina-
tion and degradation (30). We tested if CHIP was able to bind
to the Mm mutant in the same coimmunoprecipitation assays.
The Mm mutant bound to CHIP as avidly as wild-type E47
(Fig. 1A), suggesting that the association of CHIP with E47 is
independent of phosphorylation at these sites.

To demonstrate interaction between endogenous E2A pro-
teins and CHIP in vivo, a hematopoietic progenitor cell line,
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FIG. 1. Interaction between E47 and CHIP in mammalian cells.
(A) Coimmunoprecipitation assays. Wild-type E47 or the Mm mutant
construct was cotransfected with HA-tagged CHIP into 293 T cells.
Whole-cell lysates were used for immunoprecipitation with anti-E47
antibodies. The resulting immunoprecipitates and 5% of the lysates
(input) were analyzed by immunoblotting the same membrane with
anti-HA and anti-E47 antibodies sequentially. (B) Association of en-
dogenous CHIP and E47 in whole-cell lysates of BaF3 cells. Immuno-
precipitations were performed with whole-cell lysates of BaF3 cells
with an antiserum from a rabbit immunized with recombinant CHIP or
a preimmune serum (Con.). The precipitates were analyzed by immu-
noblotting with antibodies against E47 (which also recognize E12) and
CHIP. (C) Distribution of E2A and CHIP in nuclear and cytoplasmic
fractions of BaF3 cells. Nuclear and cytoplasmic extracts were pre-
pared using BaF3 cells and analyzed by immunoblotting for the indi-
cated proteins (input). These extracts were used in coimmunoprecipi-
tation assays as described for panel B.

Nuclear
CHIP

BaF3, was used in a coimmunoprecipitation assay. Immuno-
precipitation against endogenous CHIP was carried out using
antibodies raised in rabbits by immunizing with full-length
recombinant CHIP. The immunoprecipitates obtained with the
anti-CHIP serum but not preimmune serum contained E2A
proteins as detected by immunoblotting with anti-E47 antibod-
ies which recognize both E12 and E47 (Fig. 1B). This result
confirmed that E2A proteins indeed bind to CHIP under phys-
iological conditions.

Furthermore, because CHIP was previously reported to be
localized to the cytoplasm and E2A proteins are in the nucleus
(5, 26), an issue arises as to whether the two proteins have any
opportunity to interact with each other. To clarify this issue, we
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prepared cytoplasmic and nuclear fractions from BaF3 cells
and examined the relative levels of these proteins (Fig. 1C).
While the majority of E2A proteins were present in the nucleus
and CHIP was in the cytoplasm, a small fraction of CHIP was
found in the nucleus. This was not due to contamination of the
nuclear fraction with the cytoplasmic fraction, because actin
was detected only in the cytoplasmic fraction when the same
membrane was reprobed for actin. However, the small amount
of E2A proteins in the cytoplasmic fraction might be due to
contamination from broken nuclei or proteins transiting the
cytoplasm as they are newly synthesized or degraded. To ex-
amine the interaction between E2A and CHIP in cytoplasmic
and nuclear fractions, we carried out coimmunoprecipitation
experiments (Fig. 1C). In the cytoplasmic fraction, very low
levels of E2A proteins were detected in the anti-CHIP precip-
itates despite a large amount of CHIP brought down by the
antiserum against CHIP. This is because E2A proteins are
rarely present in the cytoplasm. In contrast, the anti-CHIP
immunoprecipitates from the nuclear fraction brought down a
substantial amount of E2A proteins. A preimmune serum was
also used in parallel as a negative control. These results suggest
that a small portion of CHIP is present in the nucleus and
capable of interacting with E2A proteins in vivo.

CHIP is important for E47 degradation. Next, we examined
the effect of CHIP on E47 degradation. E47 was cotransfected
with increasing amounts of the CHIP expression construct into
NIH 3T3 cells. The amount of E47 present in transfected cells
was measured by immunoblotting with anti-E47 antibodies.
With an increasing amount of CHIP expressed, the amount of
wild-type E47 decreased, but that of the E47 Mm mutant
remained unchanged (Fig. 2A). This result suggested that
CHIP facilitated the degradation of E47 in a phosphorylation-
dependent manner. It should be noted that induction of E47
degradation by CHIP is not apparent in 293T cells. This is
probably because E47 is expressed at much higher levels in
these cells, thus overwhelming endogenous degradation ma-
chineries. We also found that, compared to NIH 3T3 cells,
293T cells have much lower MAP kinase activities, which are
required for E47 phosphorylation prior to its degradation.
Therefore, the 293T cell line is ideal for examining protein
interaction but not for E47 degradation.

We have previously shown that Notch signaling induces E47
degradation by stimulating E47 ubiquitination in a phosphor-
ylation-dependent manner (30). To test if CHIP is involved in
E47 degradation induced by activated Notchl receptor, con-
structs expressing siRNA against CHIP or GFP (as a control)
were cotransfected with E47 in the absence or presence of the
construct expressing the intracellular domain of Notchl (N1-
IC) (Fig. 2B). In the presence of GFPi, the amount of E47 was
lower in NI1-IC-transfected cells than in vector-transfected
cells (lanes 2 and 4). This suggested that N1-IC accelerated the
degradation of E47, and GFPi could not rescue the degrada-
tion. In contrast, introduction of CHIPi inhibited E47 degra-
dation caused by N1-IC (lanes 4 and 5). In addition, the basal
level of E47 in the absence of N1-IC overexpression was also
increased slightly by CHIPi (lanes 2 and 3). Thus, CHIP plays
an important role not only in N1-IC-induced E47 degradation
but also in the steady-state turnover of E47. Furthermore, to
determine the role of CHIP in E2A degradation under phys-
iological conditions, we introduced the same siRNAs into
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FIG. 2. CHIP enhances E47 degradation. (A) CHIP induces degradation of wild-type but not Mm mutant E47. One microgram of E47 or Mm
construct was cotransfected with the indicated amounts of HPC4-tagged CHIP into NIH 3T3 cells. The whole-cell lysates were used for
immunoblotting for the indicated proteins. The anti-HPC4 antibody was used to detect CHIP. The first lane of each panel contains the lysate from
cells transfected with vector control. The amounts of B-actin served as loading controls. (B) Inhibition of Notch-induced E47 degradation by
CHIPi. (Left) Constructs expressing CHIPi or GFPi were cotransfected into NIH 3T3 cells with E47 plus or minus NI-IC. Thirty-six hours after
transfection, whole-cell lysates were immunoblotted for the indicated proteins. (Right) To control for the efficacy of CHIPi, CHIP was cotrans-
fected into NIH 3T3 cells with constructs expressing CHIPi or GFPi. The amount of CHIP present in transfected cells was determined by
immunoblotting with the anti-HPC4 antibody. The amount of 8-actin served as a loading control. (C) Inhibition of endogenous E2A degradation
by CHIPi. BaF3 cells were infected with retroviruses expressing CHIPi or GFPi. Infected cells were sorted by flow cytometry and propagated before
coculturing with NIH 3T3 cells expressing a Notch ligand, Jagged1, or vector control cells for 4 h. BaF3 cells were then harvested, and whole-cell
lysates were used in immunoblotting with anti-E47 and anti-actin antibodies. The amounts of detected proteins were quantified with a Lumilmager,
and the amount of E2A was normalized with that of B-actin as shown on the right.

BaF3 cells by infecting the cells with retroviral expression vec-
tors for GFPi and CHIPi. To activate Notch signaling, BaF3
cells were cocultured with NIH 3T3 cells producing a Notch
ligand, Jaggedl. Coculturing GFPi-expressing BaF3 cells with
NIH 3T3-Jaggedl cells led to an over-twofold reduction in
E2A protein level compared to coculturing the same cells with
control NIH 3T3 cells (Fig. 2C). In contrast, CHIPi-expressing
BaF3 cells had similar levels of E2A proteins after cocultiva-
tion with either NIH 3T3 control or Jaggedl-expressing cells
(Fig. 2C), suggesting that CHIP is important for Notch-in-
duced E2A degradation in B cells.

Mutational analysis of the CHIP-binding domain in E47. To
map the CHIP-interacting domain in E47, we first focused on
the region originally used for screening the yeast two-hybrid
library and identifying CHIP as an interacting protein. This
region contains two domains highly conserved in all E proteins,
called EHD2 and EHD3 (Fig. 3A). EHD3 carries the MAP
kinase sites shown to be important for Skp2 binding and E47
ubiquitination. CHIP was cotransfected into 293T cells with
various E47 mutants, and whole-cell lysates were prepared 36 h
after transfection. Coimmunoprecipitation experiments were
carried out with the monoclonal antibody against the HPC4 tag
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FIG. 3. Mapping the CHIP interacting domain in E47. (A) Diagram of E47 structure. The two activation domains and the DNA binding-
dimerization domain are marked in dark boxes and labeled as AD1, AD2, and bHLH, respectively. Two of the E protein homology domains
(EHD2 and -3) are shown in hatched boxes, and their deletion is symbolized by white boxes with an X. Wild-type sequences of EHD2 and -3 were
presented with amino acid substitutions in each mutant listed below. (B) Interaction between CHIP and E47. E47 and its mutant constructs were
cotransfected with or without CHIP into 293T cells, and whole-cell lysates were used in immunoprecipitations with the anti-HPC4 antibody. The
precipitates were analyzed by immunoblotting with anti-E47 and anti-HPC4 antibodies. The expression levels of E47 and its mutants in transfected
cells were determined by probing with anti-E47 antibodies (input). (C) CHIP-induced degradation of E47 mutants. One microgram of CHIP was

cotransfected into NIH 3T3 cells with 0.5 pg of E47 construct. Whole-cell lysates were analyzed as described for Fig. 2A.

on CHIP, and the precipitates were analyzed by immunoblot- struct was measured by immunoblotting the whole-cell extract
ting with anti-E47 antibodies (Fig. 3B). The amount of CHIP with anti-E47 antibodies. Deletion of EHD2 and -3 individu-
brought down in each reaction was determined by anti-HPC4 ally or together dramatically decreased the interaction of E47
immunoblotting, while the expression level of each E47 con- with CHIP in coimmunoprecipitation assays, suggesting that
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both domains are involved in the interaction (Fig. 3B). The
extremely low level of interaction remaining in these constructs
might result from interaction with the junction sequences on
either side of EHD2 plus -3 or from a nonspecific interaction
of the mutants with the anti-HPC4 antibody. Furthermore,
point mutations in EHD2 and EHD3 were also examined in
the same manner (Fig. 3B). Surprisingly, mutl and mut5, lo-
cated at the N terminus of EHD2 and the C terminus of
EHD3, respectively, lost most of their ability to bind to CHIP.
In contrast, clusters of mutations near the junction of EHD2
and -3 in mut2, mut3, and mut4 (also known as Mm) constructs
had little or no effect on CHIP interaction (Fig. 3B). Taken
together, it appears that EHD2 and -3 together form a CHIP
binding domain and CHIP binds to both ends of the domain,
leaving the internal region available for Skp2 interaction.

Furthermore, we tested the correlation between the abilities
of E47 mutants to interact with CHIP and their susceptibilities
to CHIP-stimulated degradation. We selected several mutants
representing those that bind to CHIP and those that do not
(Fig. 3C). As expected, cotransfection of wild-type E47 with
CHIP significantly reduced the amount of E47 present in the
cells. However, the AEHD23 mutant lacking the entire CHIP
interacting domain was resistant to CHIP-induced degrada-
tion. Similarly, the mutl point mutant was neither bound by
CHIP nor induced to degrade by CHIP. In contrast, the level
of mut2 was sensitive to CHIP, because mut2 was capable of
interaction with CHIP. Therefore, these results further con-
firm the involvement of CHIP in E47 degradation.

Mutational analysis of the E47 binding domain in CHIP
and the functional consequences of the mutations. CHIP con-
tains two well-characterized domains: the TPR domain respon-
sible for chaperone binding, and the U-box domain important
for its E3 ubiquitin ligase activity (8). Coimmunoprecipitation
assays were performed by incubating antibodies against E47
with whole-cell lysates prepared from 293T cells transfected
with E47 and wild-type or mutant CHIP. The precipitates were
analyzed by immunoblotting with the anti-HPC4 antibody to
detect CHIP (Fig. 4A). The TPR domain, located 28 amino
acids downstream from the N terminus, was necessary and
sufficient for E47 binding, but the K31A point mutation within
the TPR domain, known to disrupt interaction with chaper-
ones (45), did not affect E47 binding. This suggests that CHIP
associates with E47 independently of chaperones. However,
the U-box domain did not associate with E47 (Fig. 4A). In-
triguingly, the H261A and P270A mutations within the U-box,
thought to inhibit the ubiquitin ligase activity (13), also im-
paired the interaction between E47 and CHIP. This is in con-
trast to the finding with the TPR construct, that complete
deletion of the U-box domain in the TPR construct had min-
imal effect on E47 interaction. We hypothesize that the integ-
rity of the U-box domain or the ubiquitin ligase activity is
necessary for maintaining a proper conformation to allow the
TPR domain to bind to E47. A charged region lies between the
TPR domain and the U-box which has recently been shown to
mediate dimerization of CHIP (31). Since this domain is
present in both the TRP and U-box constructs, it is unlikely
involved in binding to E47.

Next, we examined the correlation between the ability of
CHIP mutants to bind to E47 and their effects on E47 degra-
dation. E47 was cotransfected with wild-type or mutant CHIP
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constructs, and levels of E47 and CHIP were measured using
immunoblotting (Fig. 4B). The TPR domain construct not only
bound to E47 but also induced E47 degradation. Conversely,
the U-box domain construct and the H261A-P270A mutant
failed to either bind to E47 or cause E47 degradation. Inter-
estingly, the K31A mutation bound to E47 avidly but did not
promote E47 degradation.

Since we had previously shown that E47 degradation is ubiq-
uitin mediated, we examined the effect of CHIP on E47 ubig-
uitination (Fig. 4C). E47 was cotransfected into 293T cells with
an HA-tagged ubiquitin construct along with wild-type or mu-
tant CHIP constructs. Immunoprecipitation was carried out
with antibodies against E47, and the precipitates were analyzed
by immunoblotting with anti-HA and anti-E47 antibodies. Co-
expression of wild-type CHIP with E47 dramatically enhanced
the ubiquitination of E47, suggesting that CHIP is involved in
the process of E47 ubiquitination. Consistent with the effects
of CHIP mutants on E47 degradation, the TPR domain stim-
ulated E47 ubiquitination, while the U-box domain as well as
the K31A and H261A-P270A mutants did not alter the level of
EA47 ubiquitination. Therefore, we conclude that the TPR do-
main of CHIP is responsible for facilitating E47 degradation by
enhancing its ubiquitination. Furthermore, the inability of the
K31A mutant to promote E47 degradation indicates that al-
though the ability of CHIP to bind to chaperones is not nec-
essary for binding to E47, it is required for promoting E47
ubiquitination and degradation.

CHIP binds to SCF**P? through interaction with Cull. To
understand the mechanism by which CHIP enhances E47 ubiq-
uitination, we examined the association between CHIP and the
SCF**P? complex, which we have previously shown to be in-
volved in E47 ubiquitination (30). CHIP or its deletion mu-
tants were transfected with or without E47 into 293T cells.
Immunoprecipitation was carried out using the antibody against
the HPC4 tag on CHIP or a control antibody. The immuno-
precipitates were analyzed by blotting with antibodies against
components of the SCF**P? complex (Fig. 5A). CHIP or the
mutant containing the TPR domain (lanes 2 to 4) coimmuno-
precipitated with components of the endogenous SCFSP?
complexes, including Cull, Skp2, Skpl, and Rocl (12). How-
ever, expression of the mutant containing the U-box domain
did not lead to coprecipitation with SCFS*P2, as shown by the
comparable amounts of each component brought down with
the anti-HPC4 and control antibodies (lanes 1 and 5). These
results suggested that the TPR domain mediates the interac-
tion between CHIP and SCFSP2 which is consistent with its
role in stimulating E47 ubiquitination and degradation (Fig. 4).
The interaction between CHIP and SCF**P? was independent
of E47, since the amounts of SCF**P? components bound to
CHIP were similar in cells transfected with and without E47
(Fig. 5A).

Interestingly, cotransfection of a construct expressing Cull
with CHIP not only increased the amount of Cull coprecipi-
tated with CHIP but also those of endogenous Skp2 and Skpl
(Fig. 5B). In contrast, cotransfection of a construct expressing
Skp2 did not increase the amounts of endogenous Cull and
Skp1 brought down by the anti-HPC4 antibody. These results
suggested that Cull was a limiting factor important for the
assembly of the SCF complex and CHIP directly bound to
Cull. Indeed, a coimmunoprecipitation assay using in vitro-
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FIG. 4. Mapping the domain in CHIP responsible for E47 interaction, degradation, and ubiquitination. (A) Domain involved in E47 interac-
tion. CHIP structure is diagrammed on the right, with the two major functional domains, TPR and the U-box, marked in dark and shaded boxes.
The end points of deletion mutations are labeled according to the position of the amino acids. Positions of the amino acid substitutions in point
mutants are indicated by the numbers in the names of the mutants. E47 was transfected into 293T cells with or without wild-type or mutant CHIP
as indicated above each lane. Immunoprecipitation was carried out with the anti-HPC4 monoclonal antibody to pull down CHIP. The precipitates
and 5% of cell lysates used for immunoprecipitation (input) were analyzed with antibodies against E47 or the HPC4 tag. (B) Domain involved in
EA47 degradation. NIH 3T3 cells were cotransfected with 1 pg each of E47 and wild-type or mutant CHIP constructs as indicated above each lane.
Whole-cell lysates were used for immunoblot analysis with antibodies against E47. The same membrane was stripped and reprobed with anti-HPC4
(for CHIP) and anti-B actin. (C) Domain involved in E47 ubiquitination. E47 and HA-ubiquitin were cotransfected with wild-type or mutant CHIP
into 293T cells. Twenty-four hours after transfection, cells were treated with 25 uM MG132 for 5 h. Whole-cell lysates were immunoprecipitated
with antibodies against E47. Precipitates were analyzed by immunoblotting with the anti-HA antibody for ubiquitinated proteins (upper panel) or
with anti-E47 antibodies for the amount of E47 precipitated (lower panel).
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FIG. 5. CHIP associates with the SCFS*P? complex through Cull. (A) CHIP associates with the SCFS*P? complex. Wild-type or mutant CHIP
was cotransfected with or without E47 into 293T cells. Immunoprecipitation was performed with the anti-HPC4 antibody or control antibodies.
The precipitates were analyzed by immunoblotting for endogenous components of the SCFS*P? complex, transfected HPC4-CHIP, or E47 as
indicated at left. Input controls were analyzed similarly. (B) CHIP was cotransfected with or without Cull or T7-tagged Skp2 into 293T cells.
Whole-cell lysates were analyzed as described for panel A. The endogenous (endo) and exogenous (exo) Skp2 are indicated. (C) Interaction
between CHIP and Cull in vitro. Skpl, Skp2, or Cull was synthesized alone or together with HPC4-tagged CHIP by in vitro translation in the
presence of [**S]methionine. The resulting proteins were immunoprecipitated with the anti-HPC4 antibody. The precipitates were analyzed by

electrophoresis followed by autoradiography on a PhosphorImager.

translated proteins showed that when cosynthesized, the
HPC4-tagged CHIP interacted with Cull in rabbit reticulo-
cyte lysates but not with Skp2 or Skp1 (Fig. 5C). As negative
controls, Cull, Skp2, and Skp1 synthesized individually with-
out CHIP were not brought down by the anti-HPC4 anti-

body (Fig. 5C). These data thus indicate that CHIP binds to
Cull but not Skp2 or Skp1 in reticulocyte lysates, most likely
in the absence of SCF complexes. However, coexpression of
Skp2 with CHIP did increase the amount of Skp2 coprecipi-
tated with CHIP (Fig. 5B). This was probably due to an indi-
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each lane (A); E47 and Skp2 were cotransfected with wild-type and mutant CHIP as indicated (B); or Skp2 and a constitutively active form of
MEKI1 were cotransfected with E47 or the Mm mutant plus or minus CHIP (C). Whole-cell lysates from these transfected cells were used in immu-
noprecipitation assays with anti-Skp2 or control antibodies. The precipitates and input were analyzed by immunoblotting for the indicated proteins.

rect interaction between Skp2 and CHIP in a complex de-
scribed in Fig. 6.

Characterization of a preubiquitination complex (PUC). As
shown in Fig. 5B, cotransfection of Skp2 with CHIP led to an
increased association between Skp2 and CHIP independent of

other components in the SCF complex, even though Skp2 did
not bind to CHIP directly (Fig. 5C). This result suggested that
Skp2 and CHIP might be present in an additional intermediary
complex different from the SCF complex. To explore this pos-
sibility, coimmunoprecipitation experiments were carried out
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with antibodies against Skp2 in 293T cells transfected with
Cull, Skp2, and CHIP individually or in combinations (Fig.
6A). Coprecipitation between Skp2 and Cull was dramatically
increased by overexpression of Cull, further supporting the
notion that the amount of endogenous Cull is limiting in 293T
cells (lanes 1 and 2). Although Skp1 has been shown to interact
with Skp2 directly (39), overexpression of Cull apparently
enhanced the association between Skpl and Skp2, probably by
facilitating the assembly of the SCF complex (lanes 1 and 2).
Cotransfection of CHIP also greatly increased the amount of
Skpl1 coprecipitated with Skp2, consistent with the notion that
CHIP helps in recruiting Skp2 to the SCF complex (lanes 1 and
3). Cull overexpression also increased the amount of cotrans-
fected CHIP brought down by anti-Skp2 antibodies (lanes 3
and 4), which confirmed that CHIP is present in the SCF
complex, as demonstrated in Fig. 5.

Significantly, expression of Skp2 drastically increased the
amount of CHIP coprecipitated without increasing the amounts
of Cull and Skpl, suggesting that Skp2 and CHIP form an
additional non-SCF complex, which we named the PUC (Fig.
6A, compare lanes 3 and 4 to lanes 5 and 6). In fact, amounts
of Cull and Skp1 in the anti-Skp2 precipitates in lane 5 were
lower than that in lane 3. This may be explained by the fact that
overexpressed Skp2 was able to increase the amount of PUC,
but the amount of SCF complex was limited by the quantity of
Cull available in the cells. Therefore, PUC or free Skp2 out-
competed the SCF complex for anti-Skp2 antibodies during
immunoprecipitation. When Cull was also overexpressed
(lane 6), the amounts of Cull and Skpl coprecipitated were
increased. Moreover, the amount of endogenous Hsc70 copre-
cipitated was significantly elevated by overexpression of Skp2
but not Cull (compare lanes 4 and 5), thus raising the possi-
bility that PUC also contains Hsc70.

Data shown in Fig. 6A led us to postulate that CHIP and its
interacting partner, Hsc70, provide a scaffold for the formation
of PUC that promotes the interaction between the F-box pro-
tein of the SCF complex, Skp2, and its substrate, E47. There-
fore, CHIP binds to E47 on one hand and Hsc70 on the other.
Similarly, Hsc70 interacts with both CHIP and Skp2. Together,
this tetrameric complex brings E47 and Skp2 together and
allows Skp2 to recognize and bind with high affinity to phos-
phorylated E47. To test this hypothesis, E47 and Skp2 were
cotransfected with or without wild-type CHIP or with CHIP
mutants defective in binding to either Hsc70 or E47. Immu-
noprecipitation was carried out with anti-Skp2 or control an-
tibodies. Amounts of coprecipitated E47, Hsc70, and CHIP
were assayed by immunoblotting (Fig. 6B). In the absence of
CHIP, anti-Skp2 antibodies brought down a small amount of
E47, likely via interaction with endogenous CHIP (lane 2).
However, coexpression with CHIP dramatically increased the
amount of E47 coprecipitated, suggesting that CHIP indeed
facilitated the interaction between E47 and Skp2 (lane 3). In
contrast, the K31A and H261A-P270A mutants of CHIP failed
to facilitate coimmunoprecipitation of E47 and Skp2 (lanes 4
and 5). Since the K31A mutant is defective in binding to Hsc70
(45) and the H261A-P270A mutant does not bind to E47 (Fig.
4A), these results thus suggest that the ability of CHIP to
promote E47 and Skp2 interaction depends on its activities in
interacting with both E47 and Hsc70. Hsc70, however, was
found to bind to Skp2 in the presence or absence of wild type
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FIG. 7. Mechanism of action for CHIP-facilitated E47 ubiquitina-
tion. Interaction between E47 and Skp2 is facilitated by their respec-
tive affinities to CHIP and Hsc70. In the absence of phosphorylation of
E47 by Erk1/2, a low-affinity tetrameric complex (PUC) is formed but
is stabilized by phosphorylation of E47, which leads to a high-affinity
PUC. This complex can then join the SCF complex to initiate ubiq-
uitination of E47.

and mutant CHIP, indicating its direct interaction with Skp2
(Fig. 6B, lanes 2 to 5). Moreover, CHIP could associate with
Skp2 only if it was able to interact with Hsc70 (compare lane 3
to lane 4), which is consistent with the finding that CHIP did
not bind to Skp2 directly (Fig. 5C). The H261A-P270A mutant
was pulled down readily by anti-Skp2 antibodies but failed to
assist in recruiting of E47 due to its poor affinity to E47 (lane
5). Taken together, these results suggest that components of
PUC connect linearly in the order of E47-CHIP-Hsc70-Skp2
(Fig. 7).

Further experiments suggested that phosphorylation of E47
apparently led to its high-affinity binding to Skp2, probably by
stabilization of PUC. As shown in Fig. 6C, Skp2 and a consti-
tutively active form of MEK1 (which activates Erk1/2) were
cotransfected with wild-type E47 and the Mm mutant lacking
the phosphorylation sites, in the presence or absence of CHIP.
Immunoprecipitation was carried out with antibodies against
Skp2, and the precipitates were analyzed by immunoblotting
for E47, CHIP, and Skp2. In the absence of CHIP, a low level
of interaction between E47 and Skp2 was detected, which was
probably facilitated by endogenous CHIP and Hsc70. How-
ever, wild-type E47 associated with Skp2 more efficiently than
Mm, suggesting that phosphorylation of E47 is important. Co-
expression of CHIP dramatically increased the interaction be-
tween Skp2 and wild-type E47 but not the Mm mutant, indi-
cating that phosphorylation of E47 probably allows Skp2 to
recognize and bind E47, thus reorganizing PUC into a high-
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affinity complex. CHIP caused a slight enhancement of the
association between the Mm mutant and Skp2. This was likely
due to a low-affinity interaction between components of PUC,
because binding of CHIP to E47 per se does not require its
phosphorylation (Fig. 1A). These data further emphasize the
important role of CHIP in facilitating the association of E47
with Skp2 and, consequently, the ubiquitination of E47.

DISCUSSION

E2A proteins, E12 and E47, have previously been shown to
be degraded through a MAP kinase-dependent and ubiquitin-
mediated pathway (30). Ubiquitination of E2A proteins in-
volves the SCF*P2-E3 ligase complex (12, 17). Here, we have
shown that the chaperone binding protein, CHIP, is also cru-
cial for E2A protein degradation. CHIP interacts with E2A
proteins not only in vitro but also in vivo. Overexpression of
CHIP enhances E2A degradation, while reducing the level of
CHIP protein by siRNA alleviates Notch-induced E47 degra-
dation. However, Notch signaling does not appear to induce
E2A degradation by up-regulation of CHIP gene expression, as
cellular levels of CHIP mRNA did not change in the presence
or absence of Notch signaling (data not shown). It remains to
be determined if Notch induces the expression of other factors
involved in E2A ubiquitination and degradation. Nevertheless,
it is evident that CHIP is intimately involved in the ubiquiti-
nation process of E2A proteins, and knowledge about its
mechanism of action will contribute to an understanding of
Notch-induced E2A degradation.

Ubiquitination of proteins destined for degradation is
mostly accomplished through cooperation of three enzymes
with ubiquitin-activating, -conjugating, and -ligating activities,
namely E1, E2, and E3 (35). It is believed that in mammalian
cells a single E1 enzyme exists to serve the activating function
for several E2 enzymes. The large number and diversity of E3
ligase complexes are thought to be responsible for substrate
specificity, for example, by specific interaction between the
F-box-containing component of the SCF complex and the sub-
strate (12, 20). Even so, it would not seem economical to assign
thousands of E3 ligase complexes to the same number of pro-
teins to be ubiquitinated so that each substrate would have its
own E3 ligase. Additional layers of complexity could be pro-
vided by forming PUCs, which may augment substrate speci-
ficity or affinity between substrates and E3 ligases. We propose
the presence of one such complex for the E47 substrate which
consists of E47, CHIP, Hsc70, and Skp2 (Fig. 7).

The purpose of forming PUC for E12/E47 is probably to
facilitate their interaction with the substrate-recognizing sub-
unit of the SCF complex, Skp2. Because of the relatively low
abundance of E12/E47 and Skp2, the opportunity for them to
interact with each other would be significantly increased if they
independently bound to the scaffold provided by CHIP and
Hsc70. CHIP mutants that fail to mediate the formation of
PUC, such as the K31A and H261A-P270A mutants, are inca-
pable of stimulating E47 degradation (Fig. 4). However, PUC
would be rather indiscriminate, because CHIP is able to bind
to E47 with or without its phosphorylation by MAP kinases,
which is known to be required for high-affinity binding of E47
to Skp2 and ubiquitination of E47. Therefore, phosphorylation
of E47 might induce a conformational change in PUC to allow
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a better fit between E47 and Skp2, preparing them to enter the
E3 ligase complex. Furthermore, the affinity of CHIP to Cull
may also enable CHIP to introduce the E47-containing PUC to
the SCF complex and promote the ubiquitination of E47. Cull
appears to play an important role in assembling the SCF com-
plex, since overexpression of Cull not only increased the
amount of Cull coprecipitated with CHIP but also those of
other components of the SCF complex. Taken together, CHIP,
through its multiple interfaces with Hsc70, E47, and Cull,
plays a crucial role in the ubiquitination process of the E47
transcription factor. We propose that CHIP mediates the for-
mation of PUC and SCF**P? based on results from overexpres-
sion and coimmunoprecipitation studies. The confirmation for
the existence of these complexes awaits elaborate biochemical
fractionation.

A similar cast of characters as those described here has also
been shown to be involved in the ubiquitination of the Pael
receptor by Parkin (16). Parkin is a ring-finger-containing sub-
unit of the E3 ubiquitin ligase, whose mutation is responsible
for juvenile Parkinson’s disease (22). In this case, CHIP and
Hsp70/Hsc70 interact with Parkin and its substrate, the mem-
brane-bound Pael-R. Similar to its role in E47 ubiquitination,
CHIP enhances the ubiquitin ligase function of Parkin. How-
ever, there are several important differences. First, Parkin in-
teracts with either CHIP or Hsp70/Hsc70 mutually exclusively,
while Skp2 only binds to Hsc70 but not CHIP. Second, CHIP
associates with E47 but not Pael-R. Finally, the U-box domain
is necessary for Parkin interaction, while the TPR domain
of CHIP is required for binding to E47. Consequently, these
differences lead to different mechanisms of action proposed for
CHIP: CHIP displaces Hsp70/Hsc70 to take misfolded Pael-R
from the endoplasmic reticulum (ER) to ubiquitination and
degradation. A similar mechanism has also been ascribed to
the degradation of the immature cystic fibrosis transmembrane
conductance regulator (26). Therefore, it has been established
that CHIP plays an important role in quality control for pro-
teins synthesized and matured through the ER (8). In contrast,
CHIP, together with Hsc70, facilitates the ubiquitination of the
nuclear protein E47 by forming a PUC before joining the
SCF-E3 ligase complex. Production of E47 does not involve
ER, and E47 does not directly bind to Hsc70 or Hsp90 (data
not shown). It is likely that the E47-containing PUC forms in
the nucleus (Fig. 1C). E47 is the first nuclear protein shown to
associate with CHIP, even though other transcriptional regu-
lators, such as Smads, also bind to CHIP (24). However, these
proteins stay in the cytoplasm and only translocate to the
nucleus upon activation.

Despite the ubiquitin ligase activity associated with its U-box
domain, CHIP did not act as an E3 ligase for E47 because the
U-box domain is dispensable for its function in stimulating E47
ubiquitination and degradation. This is an unusual feature of
CHIP, which appears to act more as an adaptor than as an
enzyme to enhance the efficiency of E2A ubiquitination. In-
triguingly, although deletion of the U-box domain did not alter
its effect on E47, point mutations in the U-box domain which
abolished the ubiquitin ligase activity disrupted the interaction
between CHIP and E47. This raises an interesting question as
to whether the ubiquitin ligase activity of CHIP, through au-
toubiquitination, augments its own conformation and conse-
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quently controls its ability to interact with different proteins.
The answer to this question awaits further investigation.
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