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The Ubiquitin Ligase E6-AP Is Induced and Recruited to
Aggresomes in Response to Proteasome Inhibition and
May Be Involved in the Ubiquitination of Hsp70-bound

Misfolded Proteins™
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Cells are equipped with an efficient quality control system to
selectively eliminate abnormally folded and damaged proteins.
Initially the cell tries to refold the unfolded proteins with the
help of molecular chaperones, and failure to refold leads to their
degradation by the ubiquitin proteasome system. But how this
proteolytic machinery recognizes the abnormally folded pro-
teins is poorly understood. Here, we report that E6-AP, a HECT
domain family ubiquitin ligase implicated in Angelman syn-
drome, interacts with the substrate binding domain of Hsp70/
Hsc70 chaperones and promotes the degradation of chaperone
bound substrates. The expression of E6-AP was dramatically
induced under a variety of stresses, and overexpression of E6-AP
was found to protect against endoplasmic reticulum stress-in-
duced cell death. The inhibition of proteasome function not
only increases the expression of E6-AP but also causes its redis-
tribution around microtubule-organizing center, a subcellular
structure for the degradation of the cytoplasmic misfolded pro-
teins. E6-AP is also recruited to aggresomes containing the cys-
tic fibrosis transmembrane conductance regulator or expanded
polyglutamine proteins. Finally, we demonstrate that E6-AP
ubiquitinates misfolded luciferase that is bound by Hsp70. Our
results suggest that E6-AP functions as a cellular quality control
ubiquitin ligase and, therefore, can be implicated not only in the
pathogenesis of Angelman syndrome but also in the biology of
neurodegenerative disorders involving protein aggregation.

In the living cell both existing and newly synthesized proteins
are at constant risk of misfolding and aggregation. However,
cells have a surveillance system that maintains a delicate bal-
ance between protecting misfolded proteins with the help of
molecular chaperones and promoting rapid and efficient clear-
ance of the misfolded and damaged proteins by ubiquitin pro-
teasome system (UPS)® (1—4). Any alteration of this homeo-
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static balance affects normal cellular function and cell viability.
Environmental factors such as increased temperature or expo-
sure of various chemical agents can lead to rapid build up of
unfolded and damaged proteins inside the cells. Abnormally
folded proteins also can be produced in cells resulting from
various genetic mutations (5-9). The failure of clearance of
misfolded and damaged proteins by UPS can result in the for-
mation of potentially toxic aggregates. Once the aggregation
process begins, it further disrupts the function of UPS by over-
loading its capacity (10).

Degradation of a protein by UPS involves two distinct and
successive steps; they are (a) covalent attachment of multiple
molecules of ubiquitin to the target protein and (b) degradation
of the targeted protein by 26 S proteasome (11). Ubiquitination
is a multistep process consisting of activating (E1), conjugating
(E2), and ligating (E3) enzymes. The E3 ubiquitin ligase plays a
critical role in the substrate selectivity and exists with large
diversity (12). However, the molecular mechanisms through
which UPS selectively recognizes misfolded proteins are
poorly understood. Earlier studies have demonstrated that
some chaperones, like Hsp70 or Hsp40, play an important
role in the degradation of misfolded proteins in addition to
their refolding property (13, 14). But the precise role of chap-
erones in the clearance of misfolded protein is unclear.
Recent identification of E3 ligases that interacts with molec-
ular chaperones raise a strong possibility that the chaper-
ones could ubiquitinate misfolded proteins by directly
recruiting E3 ligases (15, 16).

The C terminus of Hsp70-interacting protein (CHIP) is one
such E3 ligase. Binding of CHIP to Hsp70 can inhibit the folding
of Hsp70-bound substrates and concomitantly facilitates their
multiubiquitination (17-19). Initially, CHIP has been demon-
strated to regulate the triage decisions of immature cystic fibro-
sis transmembrane conductance regulator (CFTR) and glu-
cocorticoid receptor in cooperation with Hsp70/Hsp90 (19,
20). Now several lines of evidence suggest that CHIP works as a
general cellular quality control E3 ubiquitin ligase (15, 21).
CHIP also plays an important role in stress protection and is
increasingly implicated in the biology of neurodegenerative dis-
orders involving protein misfolding (22-25).

regulator; MTOC, microtubule-organizing center; HD, Huntington disease;
GFP, green fluorescence protein; E1, ubiquitin-activating enzyme; E2, ubig-
uitin carrier protein; E3, ubiquitin-protein isopeptide ligase; GAPDH, glyc-
eraldehyde-3-phosphate dehydrogenase.
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Cells have an excellent quality control system to deal with the
abnormally folded protein. Therefore, it is quite possible that
several E3 ligases are involved in the ubiquitination and degra-
dation of the misfolded proteins. E6-AP is a HECT (homolo-
gous to E6-AP C terminus) domain family of E3 ubiquitin ligase
(26, 27). In addition to its ubiquitination activity, E6-AP also
functions as a transcriptional coactivator for steroid hormone
receptors (28). E6-AP shows that brain-specific imprinting and
loss of function of maternally inherited E6-AP causes
Angelman mental retardation syndrome (29-32). Here we
demonstrate that E6-AP is involved in the degradation of mis-
folded protein with the help of molecular chaperones Hsp70/
Hsc70 and, hence, can be considered as a quality control E3
ubiquitin ligase.

EXPERIMENTAL PROCEDURES

Materials—MG132, 3-(4,5-dimethylthiazol-2-yl)-2,5 diphe-
nyltetrazolium bromide (MTT), TRIzol reagent, rabbit poly-
clonal anti-ubiquitin, anti-luciferase, anti-E6-AP, mouse
monoclonal anti-B-tubulin and anti-luciferase, and all cell cul-
ture reagents were obtained from Sigma. Lipofectamine® 2000,
Opti-MEM, ponasterone A, mouse monoclonal V5 antibody,
and the reverse transcription-PCR kit were purchased from
Invitrogen. Protein G-agarose beads was purchased from
Roche Applied Science. Rabbit polyclonal anti-E6-AP, anti-
GAPDH, mouse monoclonal anti-Hsp70, anti-parkin, anti-
Myc, and goat polyclonal anti-Hsc70 were purchased from
Santa Cruz Biotechnology. Rabbit polyclonal anti-20 S protea-
some was from Calbiochem. Dual luciferase reporter gene assay
kit was purchased from Promega. Goat anti-mouse IgG-fluo-
rescein isothiocyanate and IgG-rhodamine, alkaline phospha-
tase-conjugated anti-mouse, and anti-rabbit IgG were pur-
chased from Vector Laboratories.

Expression Plasmids and Stable Cell Lines—The construc-
tion of the full-length and HECT domain-deleted form of
E6-AP in pcDNA vector has been described earlier (33). Both
constructs were expressed as a fusion of V5 and His tags. The
source of plasmids CHIP and parkin were described elsewhere
(33, 34). The stable cell lines, Huntington disease (HD) 16Q and
HD 150Q, in ecdysone-inducible systems have been described
previously (35). The green fluorescence protein (GFP)-CFTR
plasmid was a kind gift from Dr. Ron Kopito, Stanford Univer-
sity, and Renilla luciferase expression constructs (PRL-SV40)
were obtained from Promega.

Cell Culture, Transfection, Cell Viability Assay, and Purifica-
tion of Recombinant Proteins—The wild type mouse neuro 2a
and Cos-7 cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% heat-inactivated fetal bovine
serum and antibiotics penicillin/streptomycin. The stable cell
lines (HD 16Q and HD 150Q) were maintained in the same
medium containing 0.4 mg/ml zeocin and 0.4 mg/ml G418.
One day before transfection, cells were plated into 6-well tissue
cultured plates at a subconfluent density. Cells were transiently
transfected with expression vectors using Lipofectamine® 2000
reagent according to the manufacturer’s instruction. The trans-
fection for Cos-7 and neuro 2a cells was about 70-80% and
60-70%, respectively. After 24 or 48 h of transfection, cells
were used for immunofluorescence staining, coimmunopre-
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cipitation, and immunoblotting. For cell viability assay, neuro
2a cells were transfected with different expression plasmids;
48 h later cells were exposed to variety of stress agents for dif-
ferent time periods. Cell viability was measured by MTT assay
as described previously (35). For the purification of full-length
and HECT domain-deleted E6-AP, CHIP, and parkin, the
Cos-7 cells were transiently transfected with the respective
plasmids for 48 h. The collected cells were then subjected to
purification of His,-tagged recombinant proteins using nickel-
nitrilotriacetic acid purification system according to the man-
ufacturer’s instruction.

Coimmunoprecipitation and Immunoblotting Experiment—
Cos-7 cells were transiently transfected with full-length and
HECT domain-deleted E6-AP plasmids for different time peri-
ods. The cells were washed with cold phosphate-buffered
saline, collected, pelleted by centrifugation, and lysed on ice for
30 min with Nonidet P-40 lysis buffer (50 mm Tris, pH 8.0, 150
mM NaCl, 1% Nonidet P-40, Complete protease inhibitor mix-
ture). Cell lysates were briefly sonicated and centrifuged for 10
min at 15,000 X g at 4 °C, and the supernatants (total soluble
extract) were used for immunoprecipitation as described ear-
lier (34). For each immunoprecipitation experiment, ~200 ug
of protein in 0.2-ml Nonidet P-40 lysis buffer was incubated
with 2.5 pg of primary antibody. The total cell lysate or the
immunoprecipitated proteins were separated through SDS-
polyacrylamide gel electrophoresis and processed for immuno-
blotting as described elsewhere (34). All primary antibodies
were used in 1:1000 dilutions for immunoblotting except V5,
which was used in 1:5000 dilutions.

Immunofluorescence Technique—Cos-7 cells grown in
chamber slides were transiently transfected with the appropri-
ate plasmids. In some experiments HD 16Q and HD 150Q cells
grown in chamber slides were induced with ponasterone A for
48 h. The cells were then washed twice with phosphate-buff-
ered saline, fixed with 4% paraformaldehyde in phosphate-buft-
ered saline for 20 min, permeabilized with 0.5% Triton X-100 in
phosphate-buffered saline for 5 min, washed extensively, and
then blocked with 5% nonfat dried milk in Tris-buffered saline-
Tween for 1 h. Primary antibody (anti-E6-AP and anti-y-tubu-
lin, 1:250 dilution, and anti-Hsp70 and anti-20 S proteasome,
1:500 dilution) incubation was carried out overnight at 4 °C.
After several washings with Tris-buffered saline-Tween,
cells were incubated with rhodamine-conjugated secondary
antibody (1:500 dilutions) for 1 h, washed several times, and
mounted. Samples were observed using a fluorescence
microscope, and digital images were assembled using Adobe
Photoshop.

In Vitro Ubiquitination Assay—The in vitro ubiquitylation
assay of heat-denatured luciferase was performed as
described earlier (21). Briefly, 0.3 uM purified firefly lucifer-
ase was incubated with 4 um Hsp70 (in 50 mm Tris buffer, pH
7.5, containing 4 mMm ATP and 2 mm MgCl,) at 43 °C for 10
min and then quickly chilled under ice. One microliter of this
reaction mixture was incubated in a reaction volume of 50 ul
of 50 mm Tris-HCI, pH 7.5, containing 50 ng of E1, 500 ng of
E2 (UBCH?7), 2 ug of either E6-AP or HECT-deleted E6-AP,
6 ng of bovine ubiquitin, 1 mm dithiothreitol, 2 mm MgCl,,
and 4 mm ATP. The incubation was carried out at 30 °C for
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FIGURE 1. Expression of E6-AP is increased under various stress conditions. A, neuro 2a cells were treated with H,0, (0.25 mm for 4 h), B-mercaptoethanol
(5 mmfor 4 h), tunicamycin (5 wg/mlfor 6 h),and MG132 (5 umfor 6 h). The cell lysates were then prepared and processed forimmunoblot analysis using E6-AP
and GAPDH antibodies. B, dose-dependent effects of MG132 on E6-AP and Hsp70 protein levels. MG132 was exposed for 6 h. C, time-dependent effect of
MG132 (10 um) on E6-AP and Hsp70 protein levels. D, effect of heat stress (HS) on E6-AP levels. Cells were exposed to 45 °C for 30 min and then returned to the
normal incubator for 2 h. £, F, G, and H, quantitation of the E6-AP band intensities as shown in A, B, C, and D, respectively, collected from three independent
experiments using NIH image analysis software. Data were expressed as ratio of E6-AP or Hsp70 to GAPDH. Values are the means = S.D. of three independent
experiments. *, p < 0.05 as compared with respective control. Tuni, tunicamycin; BME, B-mercaptoethanol.

2 h. The reaction was terminated by the addition of SDS
sample buffer, boiled, and separated through 6% or 10% SDS-
PAGE. Blots were probed with either ubiquitin or luciferase
antibody.

Cell Culture Luciferase Assay—Cos-7 cells were transiently
transfected with 1 ug of Renilla luciferase expression plasmid
along with 2 ug of empty pcDNA3.1 and the full-length and
HECT-deleted form of E6-AP plasmids for 24 h. Cells were
either maintained in a normal CO, incubator or heat-stressed
at 43 °C for 30 min and then returned to the normal CO, incu-
bator for 1 h. In some experiments cells were treated with
MG132 (10 um) just before heat stress. Cells were then col-
lected and assayed for luciferase activity according to the man-
ufacturer’s protocol.

Statistical Analysis—Statistical differences between groups
were determined by one-way analysis of variance. The Student
Newman-Keul’s test was conducted to compare individual
means where analysis of variance indicated statistical differ-
ences. The level of significance for all analysis was set at p <
0.05.

RESULTS

Expression of E6-AP Is Induced under a Variety of Stresses
and Protects Stress-induced Cell Death—During our study on
the role of E6-AP in degradation of polyglutamine protein, we
surprisingly noticed that the expression of E6-AP was signifi-
cantly increased in cells expressing expanded polyglutamine
protein compared with normal repeats (36). The expanded
polyglutamine proteins form intracellular aggregates and are
known to generate endoplasmic reticula (ER) and oxidative
stress. Therefore, we thought that the expression of E6-AP
might be regulated by a variety of stresses. To test this hypoth-
esis, we treated mouse neuro 2a cells with oxidative (H,O,), ER
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(B-mercaptoethanol and tunicamycin), and proteasomal
(MG132) stress agents and then checked mRNA and protein
levels of E6-AP. We found that the mRNA (supplemental Fig. 1)
and protein levels (Fig. 1A) of E6-AP were significantly
increased in response to ER and proteasomal stress. The oxida-
tive and heat stress also increased the mRNA and protein levels
of E6-AP but comparatively lower ER and proteasomal stress
(Fig. 1, A and D). E6-AP protein levels increased dose- and
time-dependently in response to proteasome inhibitor, MG132
(Fig. 1, B and C). The induction patterns of E6-AP were very
similar to that of Hsp70 in response to proteasomal inhibition
or ER stress. However, the basal levels of E6-AP in the neuro 2a
cells were comparatively much lower than Hsp70. When we
analyzed the 5'-untranslated region of E6-AP gene, we surpris-
ingly found several consensus heat shock factor 1 (HSF1) bind-
ing sequences (supplemental Fig. 1/). There are 6 consensus
HSF1 binding sequences that have 100% homology with Dro-
sophila and yeast HSF1.

The increased expression of E6-AP in response to a variety of
stresses could be a survival response of the cell from the dele-
terious effects of stress. To confirm this possibility, we tran-
siently transfected full-length and HECT domain-deleted
forms of E6-AP into the neuro 2a cells for 48 h and then exposed
to a variety of stresses for different time periods. The exposure
of cells with oxidative (H,0,) and ER stress (thapsigargin and
tunicamycin) agents caused reduction in cell viability (Fig. 2).
The overexpression of E6-AP significantly protected the ER
stress-induced cell death (Fig. 2). E6-AP also protected oxida-
tive stress-induced cell death to some extent but was not statis-
tically significant. The deletion of HECT domain of E6-AP
partially reduced the protective effect, which could be because
of the loss of ligase function or decreased stability of E6-AP.
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FIGURE 2. E6-AP protects various stress-induced cell death. neuro 2a cells were transiently transfected with
either empty pcDNA vector or full-length and HECT-deleted (Del) forms of E6-AP (0.5 g each/well of 24-well
tissue culture plate). After 48 h, cells were treated with 0.5 mm H,0, for 6 h (A), 5 ug/ml thapsigargin for 6 h
(B), and 10 pg/ml tunicamycin (C) for 10 h. Cell viability was measured by MTT assay. Values are the means *+
S.D. of three independent experiments, each performed in triplicate. *, p < 0.05 as compared with empty
pcDNA-transfected experiment. **, p < 0.05 as compared with the tunicamycin- or thapsigargin-treated exper-
iment. D and E, expression of the full-length and HECT-deleted form of E6-AP after 48 h of transfection. V5
antibody was used to detect the overexpressed protein both inimmunoblotting (D) and immunofluorescence
staining (E). Transfection efficiency was about 60-70%. Lanes 1, 2, and 3 represent empty pcDNA, E6-AP, and
HECT domain-deleted construct-transfected samples, respectively. Thapsi, thapsigargin; Tuni, tunicamycin.

Scale bar in E, 30 um.

Fig. 2, D and E, shows the expression of the full-length and
HECT-deleted form of E6-AP after 2 days of transfection.
E6-AP Interacts with Hsp70/Hsc70—Because the expression
of E6-AP is induced along with Hsp70 in response to a variety of
stresses, we presumed that E6-AP might work in cooperation
with Hsp70 to protect cell death. Therefore, we studied the
interaction of E6-AP with Hsp70. We used Cos-7 cells for this
purpose because these cells express very high level of endoge-
nous Hsp70. Cos-7 cell lysates were coimmunoprecipitated
with E6-AP and GAPDH antibody, and the blots were probed
with E6-AP, Hsp70, and GAPDH antibodies. Fig. 34 showed
that the Hsp70 was indeed specifically pulled down by E6-AP
antibody. Similarly, E6-AP was also specifically coimmuno-
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were detected with V5 and Hsc70
antibodies. Fig. 3D showed that full-
length and HECT-deleted forms of
E6-AP were coimmunoprecipitated
by Hsc70. Our results suggest that
N-terminal domain of E6-AP inter-
acts with the substrate binding
domain of Hsp70/Hsc70.

E6-AP Redistributes to Microtu-
bule-organizing Center (MTOC) in
Response to Proteasomal Inhibition—
Because E6-AP interacts with
Hsp70, we further studied the local-
ization of both E6-AP and Hsp70 in
Cos-7 cells before and after various
stresses. In normal cells E6-AP was
localized both in cytoplasmic and
nuclear compartment and partially co-localized with Hsp70
(Fig. 4A). Treatment with proteasome inhibitor caused accu-
mulation of E6-AP into a distinct perinuclear region as well as
specific nuclear structures (Fig. 44). A similar pattern of relo-
calization was also observed in the case of Hsp70. Exposure of
heat stress did not show accumulation of Hsp70 or E6-AP into
the perinuclear region. However, the E6-AP and Hsp70 levels
were increased upon heat stress and were highly concentrated
in the nucleus (data not shown). Treatment of ER stress agent,
tunicamycin, also did not alter the overall localization pattern
of E6-AP (data not shown). To further pinpoint the perinuclear
region, we performed an immunofluorescence co-localization
study of E6-AP with y-tubulin. The y-tubulin is the marker for
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FIGURE 3. Interaction of E6-AP with Hsp70. A, Cos-7 cell lysates were coimmunoprecipitated (/P) with E6-AP
and GAPDH antibody, and blots were detected with E6-AP, Hsp70, and GAPDH antibodies. B, cell lysates were
coimmunoprecipitated with Hsp70 and GAPDH antibody, and blots were probed with Hsp70, E6-AP, and
GAPDH antibodies. C, Cos-7 cells were transiently transfected with full-length, ATPase, and substrate binding
domain of Hsc70. Twenty-four hours later cells were collected and subjected to coimmunoprecipitation using
E6-AP antibody. Blots were probed with V5 and E6-AP antibodies. NTD, N-terminal domain; SBD, substrate
binding domain. D, cells were transfected with full-length and HECT domain-deleted constructs of E6-AP for
24 h. Celllysates were coimmunoprecipitated with Hsc70 antibody, and blots were detected with V5 and Hsc70
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The HD 16Q and HD 150Q cells
lines were induced with ponaster-
one A for 48 h and then subjected to
immunofluorescence staining of
E6-AP. The induction of ponaster-
one A to HD 16Q cells caused
expression of normal repeat-con-
taining tNhtt-16Q-GFP proteins,
which was localized into the cyto-
plasm (Fig. 5B). HD 150Q cells
expressed expanded polyglutamine
protein, which often formed perinu-
clear aggregates. The immunofluo-
rescence staining clearly showed the
co-localization of E6-AP with the
polyglutamine aggregates (Fig. 5B).
Recently we showed that E6-AP
induced ubiquitination of expanded
polyglutamine protein and pro-
motes their degradation by protea-
some (36).

E6-AP Induces Ubiquitination
and Degradation of Misfolded
Luciferases That Are Bound with
Hsp70—The recruitment of E6-AP
to aggresomes in response to pro-
teasome impairment indicates that
E6-AP is possibly involved in the
degradation of misfolded proteins
with the help of Hsp70/Hsc70 chap-

antibodies.

MTOC, where the majority of cytoplasmic misfolded proteins
are degraded. We observed that E6-AP was redistributed
around the +y-tubulin-positive MTOC in response to protea-
some inhibition (Fig. 4B). The treatment of nocodazole pre-
vented the accumulation of E6-AP around MTOC, suggesting
further the involvement of microtubule in this recruitment pro-
cesses (Fig. 4B).

E6-AP Recruits to Aggresomes Formed by CFTR and
Expanded Polyglutamine Proteins—Now it is clear that inhibi-
tion of cellular proteasome function results in accumulation of
E6-AP around MTOC similar to Hsp70. The re-distribution of
E6-AP to MTOC suggests that E6-AP might be involved in the
degradation of cytoplasmic misfolded proteins. To confirm
that, we used a model protein, called CFTR, that is very well
known to form aggresomes in response to proteasome inhibi-
tion (37). The Cos-7 cells were transiently transfected with
GFP-CFTR plasmid, treated with MG132, and then subjected
to the immunofluorescence staining of E6-AP. The treatment
of MG132 resulted in the formation of distinct perinuclear
GFP-CFTR aggresomes that were co-localized with y-tubulin
and Hsp70 (supplemental Fig. 2). E6-AP was also clearly
recruited to these aggresomes (Fig. 54). These GFP-CFTR
aggresomes also co-localized with 20 S proteasome compo-
nents (Fig. 54). Next, we checked the recruitment of E6-AP to
the expanded polyglutamine protein aggregates. The expanded
polyglutamine proteins are also known to form aggresomes.

APRIL 17,2009+VOLUME 284 -NUMBER 16

erones. To directly demonstrate the

role of E6-AP in the ubiquitination
of chaperone bound substrates, we used a fully reconstituted in
vitro ubiquitination assay system where thermally denatured
luciferase was used as substrate. E6-AP was incubated at 30 °C
for 2 h with E1, E2 (UBCH?7), ubiquitin, ATP, and firefly lucif-
erase that has been pretreated with Hsp70 at 43 °C for 10 min.
As shown in Fig. 64, E6-AP caused a time-dependent increase
in the ubiquitination of the heat denatured luciferase that were
captured by Hsp70. The deletion of HECT domain of E6-AP
completely blocked the ubiquitination of thermally denatured
luciferase (Fig. 6, B and F). The ubiquitination of the denatured
luciferase also required ATP and Hsp70 (Fig. 6, C, D, G, and H).
Next we compared the effect of various E3 ligases on the ubiq-
uitination of denatured luciferase. CHIP was found to be more
efficient than E6-AP in the ubiquitination of misfolded lucifer-
ase (Fig. 6, E and I). Parkin had no effect on the ubiquitination of
denatured luciferase. We have also studied the degradation of
misfolded luciferase in E6-AP-overexpressed cells. The Cos-7
cells were transfected with Renilla luciferase expression con-
struct along with either full-length or HECT domain-deleted
plasmids. Twenty-four hours later cells were exposed to heat
stress at 43 °C for 30 min and then returned to the incubator for
1 h. In some experiments cells were treated with 10 um MG132
just before heat stress. Cells were then collected and processed
for luciferase activity assay. As shown in the Fig. 7, overexpres-
sion of E6-AP led to the rapid degradation of heat-denatured
luciferase, which can be prevented upon the addition of
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FIGURE 4. E6-AP redistributes to aggresomes in response to proteasome
inhibition. A, Cos-7 cells were platted onto 2-well chamber slides, and on the
following day cells were treated with proteasome inhibitor MG132 (10 um) for
8 h. The cells were then subjected to double immunofluorescence staining
using Hsp70 and E6-AP antibody. Fluorescein isothiocyanate-conjugated
secondary antibody was used to label Hsp70, and rhodamine-conjugated
secondary antibody was used to stain E6-AP. Nuclei were stained with 4',6-
diamidino-2-phenylindole (DAPI). The arrow indicates redistribution of E6-AP
and Hsp70 around MTOC. B, Cos-7 cells were platted and treated with MG132
in the similar manner as described in A. In some experiments cells were
treated with nocodazole (10 um) along with MG132. Cells were then pro-
cessed for double immunofluorescence staining with E6-AP and +y-tubulin.
Fluorescein isothiocyanate-conjugated secondary antibody was used to
label E6-AP and rhodamine-conjugated secondary antibody was used to
stain y-tubulin. Nuclei were stained with 4’,6-diamidino-2-phenylindole. The
arrow indicates the localization of E6-AP to aggresome. Scale bar, 20 um.

MG132. Deletion of HECT domain of E6-AP not only blocked
the degradation of denatured luciferase but also probably
increased its refolding. The partial protection of cell death by
the HECT-deleted form of E6-AP against various stresses dem-
onstrated in Fig. 2 also could be because of the increased refold-
ing of various cellular proteins. How the HECT domain-deleted
form of E6-AP increases the refolding of denatured luciferase is
not clear at present. The HECT-deleted form of E6-AP could
potentially modulate their chaperone activity of Hsp70/Hsc70
because it is capable of interacting with Hsp70/Hsc70 (demon-
strated in Fig. 2).

DISCUSSION

Although we know that cells have a very efficient quality
control system, the molecular mechanism through which pro-
teolytic machinery UPS recognizes abnormal proteins is not
well understood. Emerging evidence now suggests that some
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FIGURE 5. E6-AP recruits to aggresomes formed by CFTR and expanded
polyglutamine proteins. A, Cos-7 cells were platted onto 2-well chamber
slides and transfected with GFP-CFTR plasmid. 36 h post-transfection cells
were treated with MG132 (10 um) for 8 h. The cells were then subjected to
immunofluorescence staining using E6-AP and 20 S proteasome antibodies.
Rhodamine-conjugated secondary antibody was used to stain E6-AP and 20 S
proteasome. The arrow indicates the localization of E6-AP and 20 S protea-
some to GFP-CFTR aggresome. B, the HD 16Q and HD 150Q cells were plated
into 2-well chamber slide. Cell were induced with 1 um ponasterone Afor48 h
and processed for immunofluorescence staining using E6-AP antibody. Rho-
damine-conjugated secondary antibody was used to stain the E6-AP. Nuclei
were stained with 4',6-diamidino-2-phenylindole (DAPI). The arrow indicates
the recruitment of E6-AP to mutant huntingtin aggregates. Scale bar, 20 um.

molecular chaperones directly communicate with UPS by
recruiting E3 ubiquitin ligases. Considering the efficiency of the
cellular quality control system, it is expected that there might
be several such E3 ligases, which can be classified as quality
control E3 ligases. Here we have demonstrated the identifica-
tion of one such quality control E3 ligase known as E6-AP.
E6-AP is a HECT domain family E3 ligase, and its loss of func-
tion causes Angelman mental retardation syndrome (26 —31).
First we have shown that the expression of E6-AP is dramat-
ically induced under various stress conditions. The induction
pattern of E6-AP looks very similar to Hsp70 in a variety of
stressed cells. Exposure of stress would result in a massive
buildup of misfolded and damaged proteins, and the cells would
try to cope with such a situation. The induction of E6-AP could
be an adaptive response similar to Hsp70. The increased levels
of E6-AP might try to protect cells by enhancing the degrada-
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FIGURE 6. E6-AP ubiquitinates heat-denatured luciferase bound by Hsp70. The firefly luciferase was thermally
denatured at 43 °C for 10 min along with Hsp70 and then quickly chilled under ice. The ubiquitination assay of
luciferase was then carried out in the presence of E6-AP along with E1 and E2 (UBCH?) at 43 °C for different time
periods as described under “Experimental Procedures.” The effect of HECT domain of E6-AP (Band F), ATP (Cand G),
Hsp70 (D and H), and various ubiquitin ligases (E and /) on ubiquitination of denatured luciferase was carried out at
43 °C for 2 h. A-E, blots were detected with ubiquitin antibody. F-, blots were detected with luciferase antibody.
J,immunoblot analysis of the input of E6-AP, CHIP, and parkin that were used in the ubiquitination reaction in either
E or I.E6-AP, CHIP, and parkin were detected by V5, Myc, and parkin antibodies, respectively.

heat shock factor 1 consensus bind-
ing sites, which further support our
findings. Several other E3 ligases,
like parkin and CHIP, also induced
under various stresses and protect
these stress-induced cell deaths
(38, 39).

But how E6-AP could recognize
the misfolded proteins? The inter-
action of E6-AP with Hsp70 might
provide the clue. We have observed
that the N-terminal region of E6-AP
interacts with the C-proximal sub-
strate binding domain of Hsp70/
Hsc70, which suggests that E6-AP
probably targets Hsp70/Hsc70-
bound misfolded substrates for
proteasomal degradation. Several
co-chaperones and E3 ligases have
been shown to interact with the
C-proximal  substrate  binding
domain of Hsp70/Hsc70 and regu-
late their chaperone activity (40).
The bindings of E3 ligase CHIP with
the C terminus of Hsp70/Hsc70 can
stall the folding of Hsp70/Hsc70-
bound proteins and at the same time
induce the ubiquitination of chaper-
one-bound proteins for proteaso-
mal degradation (15, 17, 18, 21).
However, the functional signifi-
cance of the interaction of E6-AP
with Hsp70 is not clear. It is possible
that E6-AP might function in a
manner similar to CHIP. The E3
ligases possibly compete with other
co-chaperones for the same binding
sites in Hsp70/Hsc70, and the criti-
cal concentration of all these mole-
cules in a particular conditions
might dictate whether a Hsp70/
Hsc70-bound misfolded protein
will be refolded or ubiquitinated for
proteasomal degradation.

To characterize the functional
significance of the interaction of
E6-AP with the Hsp70/Hsc70, we
performed a series of experiments.
Surprisingly, we have noticed that
E6-AP redistributes to MTOC in
response to inhibition of cellular
proteasome function. E6-AP also
recruits to aggresomes formed by
CFTR and expanded polyglutamine
proteins. Aggresomes are formed

tion of misfolded proteins. In fact, we have observed that over- around MTOC by active minus end-directed transport of mis-
expression of E6-AP protects various stress-induced cell death.  folded proteins through microtubules. The disruption of
The 5'-untranslated region of E6-AP also consists of several —microtubular network prevents the formation of aggresomes. It

APRIL 17, 2009-VOLUME 284-NUMBER 16 NASEMB\ JOURNAL OF BIOLOGICAL CHEMISTRY 10543



E6-AP Ubiquitinates Misfolded Proteins

Heat stress
Control Heat stress + MG132

| I I ]

150 1

125 1

100 -

wn ~I
o L4
X i

Luciferase activity (%)
&

0 P
pecDNA3.1 + - - + - - + - -
E6-AP - + - - + - - + -

Del HECT - - + - - + - - +

Luciferase + + + + + + + + +

FIGURE 7. E6-AP promotes degradation of misfolded luciferase. Cos-7
cells were transfected with Renilla luciferase expression construct in the
absence or presence of full-length and HECT domain-deleted forms of E6-AP
as described under “Experimental Procedures.” Twenty-four hours later cells
were exposed to heat stress for 30 min at 43 °C and then returned to the
incubator for 1 h. In some experiments cells were treated with 10 um MG132
just before heat stress. Cells were then collected and processed for luciferase
activity assay. Values were normalized as per ug of protein and expressed as
percent control. Values are the means = S.D. of three independent experi-
ments. ¥, p < 0.05 as compared with heat-stressed empty pcDNA-transfected

group.

has been clearly demonstrated that aggresome formation is a
general response of cells to proteasome dysfunction (37,41, 42).
Aggresomes are also highly enriched with molecular chaper-
ones, ubiquitin, and proteasome components (41, 42). The
recruitment of E6-AP to MTOC or aggresomes in response to
proteasome inhibition could be a desperate attempt of the cells
to degrade misfolded and aggregated proteins, and all this
clearly suggests that E6-AP is involved in the ubiquitination of
misfolded protein for proteasomal degradation. The well
known quality control E3 ligase CHIP also has been demon-
strated to redistribute and co-localize with aggresomes and
degrades variety of misfolded proteins (20, 34, 43). Although
the E3 ligase, parkin, has been shown to co-localize with aggre-
somes, it has not been convincingly shown to degrade mis-
folded proteins (44, 45). Because overexpressed parkin is very
prone to misfold, it can re-locate around MTOC and form its
own aggresomes during proteasome inhibition. We have also
observed that inhibition of proteasome function sometimes
causes recruitment of E6-AP into a discrete nuclear structure.
These structures are also highly enriched with Hsp70. We do
not know the identity of these structures. These structures
might be produced as a part of general cellular response to
proteasome inhibition. The recruitment of E6-AP to these
structures tempted us to suggest that E6-AP might be involved
in the degradation of nuclear misfolded protein. These aspects
of E6-AP need further investigation.

Finally we have shown that E6-AP directly ubiquitinates the
heat-denatured luciferase that is captured by Hsp70. In Cos-7
cells, overexpression of E6-AP also degrades luciferases that are
misfolded upon thermal stress. These finding clearly indicate
that the Hsp70-bound misfolded proteins are ubiquitinated by
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E6-AP for proteasomal degradation. The effect of E6-AP on
ubiquitination of misfolded luciferase is comparable with
CHIP, which has been demonstrated earlier (21). Interestingly,
parkin was unable to ubiquitinate the misfolded luciferase in a
similar ubiquitination assay.

Growing evidence suggest that the quality control E3 ligase,
CHIP, plays a vital role in the biology of neurodegenerative
disorders involving protein misfolding. The CHIP has been
shown to reduce the aggregation and cell death mediated by
mutant SOD1, a-synuclein, tau, and polyglutamine proteins
(24, 34, 43, 46—49). The HD transgenic mice that are deficient
in CHIP display an accelerated disease phenotype, whereas a
higher level of expression of CHIP in the spinal and bulbar
muscular atrophy transgenic mice model ameliorate disease
phenotype by enhancing the degradation of polyglutamine-ex-
panded androgen receptor (50, 51). Because E6-AP functions as
a quality control ligase, it could be implicated in the biology of
neurodegenerative disorders involving protein misfolding and
aggregation. In fact, recently we have shown that E6-AP sup-
presses aggregation and toxicity of polyglutamine disease pro-
teins by promoting their ubiquitination and degradation (36).
On the contrary, our findings also indicate that the defect in the
cellular quality control system might be involved, at least in
part, in the pathogenesis of Angelman syndrome. Altogether,
our studies provide evidence that E6-AP promotes ubiquitina-
tion of Hsp70/Hsc70 chaperone-bound proteins for proteaso-
mal degradation and, hence, can be regarded as a quality con-
trol E3 ligase. The expression of E6-AP is also induced in
response to a variety of stressful conditions and protects stress-
induced cell death.
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