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Previously we showed that CHIP, a co-chaperone of Hsp70 and E3 ubiquitin ligase, can promote the degradation of
mutant SOD1 linked to familial amyotrophic lateral sclerosis (fALS) via a mechanism not involving SOD1
ubiquitylation. Here we present evidence that CHIP functions in the interaction of mutant SOD1 with 26S proteasomes.
Bag-1, a coupling factor between molecular chaperones and the proteasomes, formed a complex with SOD1 in an hsp70-
dependent manner but had no direct effect on the degradation of mutant SOD1. Instead, Bag-1 stimulated interaction
between CHIP and the proteasome-associated protein VCP (p97), which do not associate normally. Over-expressed
CHIP interferedwith the association between mutant SOD1 and VCP. Conversely, the binding of CHIP to mutant SOD1
was inhibited by VCP, implying that the chaperone complex and proteolytic machinery are competing for the common
substrates. Finally we observed that mutant SOD1 strongly associated with the 19S complex of proteasomes and CHIP
over-expression specifically reduced the interaction between S6/S6? ATPase subunits and mutant SOD1. These results
suggest that CHIP, together with ubiquitin-binding proteins such as Bag-1 and VCP, promotes the degradation of
mutant SOD1 by facilitating its translocation from ATPase subunits of 19S complex to the 20S core particle.
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Introduction

Misfolding of mutant proteins is a likely cause of a

number of neurodegenerative diseases e.g., Alzheimer’s

disease (AD), Parkinson’s disease (PD), Huntington’s

disease (HD) and amyotrophic lateral sclerosis (ALS).

A hallmark of such disparate neurologic disorders is

the deposit of protein aggregates in the brains of

affected patients (Stefani and Dobson 2003). However,

how the protein aggregation functions in disease

pathogenesis is controversial. Although it was generally

assumed that large protein aggregates are responsible

for neuronal cell death, recent studies have challenged

this notion and proposed that the formation of

inclusion body or the deposit of aggregates is the

cellular mechanism to sequester aberrant and often

toxic proteins. Oligomeric structures of misfolded

proteins, not the more compacted large aggregates,

are now suggested as the real culprits in neurodegen-

eration (Soto and Estrada 2008). Cells prevent the

accumulation of misfolded proteins inside the cells by

employing a vast array of chaperones as well as the

ubiquitin-proteasome system (UPS), which promote

either refolding or rapid elimination of these poten-

tially harmful proteins (Goldberg 2003). Less is known

about how these processes are regulated and which

factors recognizing misfolded proteins are involved.

CHIP (carboxyl terminus of Hsc70 interacting

protein) is a highly conserved protein with dual func-

tions. CHIP functions as a co-chaperone of Hsp70,

interacting with the chaperones through its TPR

(tetratricopeptide repeat) domain, and also possesses

an E3 ligase activity which is mediated by the U-box

domain (McDonough and Patterson 2003). Thus CHIP

can provide a link between the chaperones and UPS and

probably regulates the balance between protein refold-

ing and degradation in the cells. Reportedly CHIP

mediates the degradation of numbers of disease proteins

linked to neurodegeneration � e.g., a-synuclein (Shin

et al. 2005) and polyglutamine (polyQ) proteins (Jana

et al. 2005; Al-Ramahi et al. 2006; Choi et al. 2007).

Notably CHIP promotes the degradation of mutant

SOD1 without increasing its ubiquitylation (Choi et al.

2004; Urushitani et al. 2004).

Findings that CHIP interacts with the S5a subunit

of proteasomes and co-localizes with the proteasomes

in cells have led to a suggestion that CHIP also

participates in substrate delivery to the proteasomes

(McDonough and Patterson 2003). Bag-1, another co-

chaperone of Hsp70, has also been implicated in the

sorting of substrates to proteasomes (Demand et al.

2001; Alberti et al. 2002). CHIP and Bag-1 can directly

interact and possibly function as partners in substrate
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delivery to proteasomes (Demand et al. 2001). VCP

(valosin-containing protein; p97) is a member of the

AAA class of proteins and is identified as a protea-

some-associated protein (Doss-Pepe et al. 2003). VCP is

co-localized with the protein aggregates in neuronal

cells expressing polyQ proteins or mutant SOD1

(Kakizuka 2008). Interestingly, VCP is suggested to

play a dual role in aggregate formation and clearance,
perhaps depending on the nature of interacting

proteins (Kobayashi et al. 2007).

To determine whether CHIP functions together

with such ubiquitin-binding proteins (e.g., Bag-1 and

VCP) for the degradation of mutant SOD1, we

investigated their physical interaction as well as their

effects on SOD1 degradation in vivo. Interestingly

CHIP interfered with the interaction between mutant
SOD1 and VCP and, conversely, VCP decreased the

association between CHIP and SOD1, suggesting that

they competitively interact with the common sub-

strates. Over-expressed Bag-1, which formed a complex

with mutant SOD1, stimulated the interaction between

VCP and CHIP. Finally, CHIP specifically reduced the

association between mutant SOD1 and S6/S6? ATPase

subunits of 26S proteasomes, which may account for
this co-chaperone’s ability to promote degradation of

the aggregation-prone proteins such as mutant SOD1.

Materials and methods

Plasmid construction

Generation of FLAG-tagged SOD1 � WT, A4V and

G93A � and Xpress-tagged CHIP mammalian expres-

sion constructs � WT (amino acids 1�303), DTPR

(amino acids 128�303) and DU-box mutants (amino

acids 1�215) � were described in a previous report
(Choi et al. 2004). To generate HA-tagged Bag-1 and

HHR23A constructs, cDNA clones for Bag-1 and

HHR23A obtained from 21st Century Frontier Human

Gene Banks (http://genbank.kribb.re.kr/) were inserted

into pcDNA3.1 vector containing the N-terminal HA

tag. The coding sequence for VCP was cloned from

human liver cDNA library by the PCR method and

then introduced into the mammalian expression vector
containing the N-terminal GST tag. All expression

constructs were verified by sequencing from both

directions.

Antibodies

The following antibodies were used in this study.

Mouse anti-FLAG antibody and anti-FLAG M2

affinity gel were purchased from Sigma. Rabbit anti-

HA antibody (Santa Cruz Biotechnology), mouse anti-
Xpress antibody (Invitrogen), mouse anti-GST (Sigma)

and sheep anti-human Cu/Zn-superoxide dismutase

(SOD1) (Calbiochem) were also used. Antibodies

against 19S proteasomal subunits were from Boston

Biochem and Calbiochem.

Cell culture

BOSC 23 cells, a derivative of HEK293T cells, were

cultured in DMEM (Gibco) supplemented with 2 mM

L-glutamine, 0.24% HEPES (Sigma), 0.375% sodium

bicarbonate, 100 U/ml penicillin (Invitrogen), 100 mg/ml

streptomycin (Invitrogen) and 10% fetal bovine serum

(Hyclone) and maintained in 5% CO2 at 378C.

Transfection of the cultured human cells

For transient transfection, BOSC cells (1.4�106 per
60 mm plate) were plated, grown overnight, and

transfected with the indicated expression constructs

using Lipofectamine reagent (Invitrogen). The trans-

fection mixture was prepared in the following steps.

Unless otherwise specified, 1 mg of plasmid DNA was

added into 200 ml of DMEM (without antibiotics or

FBS) and mixed well. Lipofectamine reagent (8 ml) was

added to the DNA/DMEM mixture and then incu-
bated at room temperature for 15 min. The mixed

solution was added to the cells and then incubated at

378C. After 4 hours of transfection, the cells were

washed twice with serum-free DMEM, added with

fresh 10% FBS-DMEM and then further incubated for

up to 48 h at 378C.

Immunoprecipitation, GST pull-down assay and
immunoblotting

After 48 h of transfection, cells were washed twice with

PBS and lysed in NP-40 lysis buffer (20 mM Tris-HCl,

pH 7.5; 150 mM NaCl, 1% glycerol and 1% Nonidet
P-40) supplemented with protease inhibitor mixture

(Complete-MINITM; Roche) at 48C. The resulting lysate

was centrifuged at 13,000�g for 20 min and then the

supernatant was subjected to immunoprecipitation or

GST pull-down assay. For immunoprecipitation of

FLAG-tagged proteins, the lysate was mixed with

30 ml of anti-FLAG M2 affinity gel for 5 h at 48C.

For GST pull-down assay, the lysate was incubated
with 25 ml of glutathione-Sepharose 4B bead (Amer-

sham) for 4�6 h at 48C. After protein binding and

washing, the beads were boiled in an equal volume of

1� SDS sampling buffer and the eluted proteins were

applied to 8�10% SDS-PAGE. After electrophoresis,

proteins were transferred to PVDF membrane, probed

with primary and secondary antibodies, and then

visualized by using colorimetric reagents (Promega)
or the ECL detection system (PIERCE).
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Two-dimensional gel electrophoresis (2-DE)

SOD1 (G93A) proteins expressed in BOSC cells were

immunoprecipitated as described above. Proteins co-
immunoprecipitated with mutant SOD1 were eluted

from the anti-FLAG beads by incubating with 30 ml of

equilibration buffer (8 M urea, 2% CHAPS, 180 mM

DTT, 2% IPG buffer) and then applied onto 2-D gels

(the first dimension: 18 cm, IPG pH 3�10NL; the

second dimension: 10�12.5% SDS-PAGE). After elec-

trophoresis, the resolved proteins were transferred to

PVDF membrane and subsequently subjected to im-
munoblot analysis as described above.

Results

CHIP mediates poly-ubiquitylation of Hsp70-associated
with mutant SOD1

We have previously demonstrated that CHIP promoted

the degradation of SOD1 without apparently increasing

SOD1 ubiquitylation (Choi et al. 2004). Similarly,

Urushitani et al. (2004) revealed that CHIP did not

promote the SOD1 ubiquitylation but instead mediated

the poly-ubiquitylation of SOD1-interacting proteins,

including Hsc70/Hsp70 and CHIP itself. However,
which SOD1-interacting proteins were the predominat-

ing species was not systematically investigated, and their

role(s) in the degradation of SOD1 has not been fully

investigated. To better resolve and identify the mutant

SOD1-associated proteins that were ubiquitylated by

CHIP, we employed 2-DE and Western-blot analysis. As

shown in Figure 1 (upper panel), 2-DE/Western-blot

analysis with anti-HA antibody (to detect poly-ubiquitin
conjugates) demonstrated that CHIP over-expression

increased the ubiquitin conjugation (indicated by boxes)

to a certain protein with apparent molecular weight of 75

kDa, which was most likely Hsp70 � the major mutant

SOD1-interacting protein (Choi et al. 2004). The result

was confirmed by 2-DE/Western-blot analysis with anti-

Hsp70 antibody (Figure 1, lower panel). Apart from

Hsp70, however, we did not reproducibly observe other
poly-ubiquitylated proteins in the immunoprecipitates.

Our results confirmed again the previous findings that

Hsp70 is the major SOD1-interacting protein ubiquity-

lated by CHIP.

Mutant SOD1 interacts with Bag-1

Although we and other groups have demonstrated that

Hsp70 was predominantly ubiquitylated by CHIP, it

was still unclear how the poly-ubiquitylated Hsp70 acts

to promote the proteasomal degradation of SOD1. Bag-

1 is the nucleotide-exchange factor of Hsp70 and is

believed to function in the unloading of client proteins
from the chaperone. In addition to interaction with

chaperone molecules, Bag-1 also associates with the

proteasome via its ubiquitin-like (UBL) domain in an

ATP-dependent manner and possibly functions as a

coupling factor between the chaperones and the protea-

somes (Alberti et al. 2003). To understand whether

Bag-1 plays a role in the CHIP-mediated degradation of

mutant SOD1, we examined the interaction between

mutant SOD1 and Bag-1 and tested the effect of Bag-1
over-expression on the levels of mutant SOD1 proteins.

As expected, Bag-1 strongly associated with mutant

SOD1 (G93A) in an Hsp70-dependent manner

(Figure 2A). However, Bag-1 alone did not change the

cellular level of G93A SOD1, whereas CHIP effectively

down-regulated mutant G93A SOD1 (Figure 2B).

Contrary to the previous report (Demand et al. 2001),

even co-expression of Bag-1 with CHIP failed to
enhance the CHIP-mediated SOD1 degradation (Fig-

ure 2B). These results suggest that this ubiquitin-

domain protein primarily participates in the recognition

of mutant SOD1 but not in the degradation.

Bag-1 stimulates the interaction between CHIP and
VCP

VCP (valosin-containing protein; also known as p97

and cdc48p) is a member of the AAA ATPase super-

family and is involved in a variety of cellular activities

including degradation of misfolded proteins by UPS.

VCP recruits the substrates not only by directly

recognizing misfolded domains but also by indirectly
interacting with poly-ubiquitylated forms (Halawani

and Latterich 2006). Interestingly, VCP interacts with

proteasomes, perhaps with the aid of other proteins

containing ubiquitin-like domains (e.g., HHR23 pro-

teins, human orthologs of yeast Rad23 proteins),

and participates in the degradation of poly-ubiquity-

lated substrates (Doss-Pepe et al. 2003). These attrib-

uted functions led to speculation that VCP possibly
plays a role in CHIP-mediated SOD1 degradation. To

prove this possibility, we examined the interaction

between VCP and mutant SOD1 protein. Like Bag-1,

VCP also strongly interacted with mutant SOD1 (A4V

and G93A) in the cells (Figure 3A). Interestingly,

an ubiquitin-like domain protein HHR23A (a human

homolog of yeast Rad23), which enables the interaction

between VCP and 26S proteasomes (Besche et al. 2009),
also presented in the SOD1 immunoprecipitates (Figure

3A). In contrast to CHIP, which effectively down-

regulated G93A SOD1 (Figure 2B), VCP did not cause

any change in the level of mutant SOD1 (Figure 3B).

The above results implied that VCP, like Bag-1, is not

directly involved in the degradation of mutant SOD1

but instead in the recognition of misfolded proteins. We

then hypothesized that Bag-1 may provide a physical
link between the chaperone complex recognizing
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misfolded proteins (including CHIP/Hsp70) and the

proteasome-associated complex (including VCP) trans-

ferring the poly-ubiquitylated substrates into the pro-

teasomes. While CHIP could interact with Bag-1 (data

not shown; Demand et al. 2001) and Bag-1 associated

with VCP (Figure 3C), CHIP did not directly bind to

VCP under normal conditions (Figure 3D; Hatakeyama

et al. 2004). Over-expression of Bag-1, by contrast,

stimulated the interaction between CHIP and VCP and

enhanced the formation of an in vivo ternary complex of

CHIP/Bag-1/VCP (Figure 3D).

CHIP and VCP bind to mutant SOD1 competitively

The above results prompted us to propose a model that

CHIP/Hsp70 is the critical factor that recognizes and

determines the rate of degradation of misfolded SOD1

proteins by influencing their subsequent transfer to the

proteasomes with the aid of other proteins, such as

Bag-1 and VCP. Based on this model, we speculated

that the chaperone complex (including CHIP) and the

proteasome-associated components (including VCP)

may compete for interaction with the common sub-

strates, i.e., mutant SOD1 proteins. To explore this

possibility, we first tested the effect of CHIP over-

expression on the interaction between VCP and mutant

SOD1. As shown in Figure 4A, CHIP over-expression

strongly interfered with the interaction between VCP

and mutant SOD1 (G93A). Both the TPR (tetratrico-

peptide repeats) domain for chaperone binding and the

U-box domain for E3 ligase acitivity were needed for

CHIP’s inhibitory effects on VCP-SOD1 association

(Figure 4B). Conversely, VCP over-expression also

exerted a similar effect on the complex formation of

CHIP and mutant SOD1 although a greater amount of

VCP was needed to inhibit the CHIP�SOD1 interac-

tion (Figure 4C). These results supported our notion

that the chaperone complex and the proteasome-

associated factors compete for a common substrate

and that over-expressed CHIP shifts the partitioning of

mutant SOD1 into the chaperone complex and reduces

the interaction between mutant SOD1 and VCP.

CHIP reduces the interaction of mutant SOD1 with S6/
S6? ATPase subunits of 26S proteasomes

Misfolded proteins linked to neurodegenerative disor-

ders often form aggregates � whether the large protein

Figure 1. Identification of SOD1-interacting proteins that are ubiquitylated by CHIP. After co-transfection of BOSC23 cells

with FLAG-tagged SOD1 and HA-tagged ubiquitin, SOD1 proteins were isolated by anti-FLAG affinity gels and the co-

immunoprecipitated proteins were resolved by 2-DE. The proteins were then transferred to PVDF membrane and probed with

anti-HA antibody (upper panel; to detect poly-ubiquitylated proteins) or anti-Hsp70 antibody (lower panel).
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aggregates are the actual species causing toxicity is still

a matter of debate � inside the neuronal cells and cause

proteasomal dysfunction, presumably by sequestering

the proteasomal components and other proteins in-

cluding molecular chaperones. For example, a-

synuclein and synphilin linked to Parkinson’s disease

(PD) have been shown to associate tightly with S6? and

S6 19S proteasomal ATPase subunits, respectively

(Snyder et al. 2003; Marx et al. 2007). Such strong

interaction of proteasomal subunits with misfolded

proteins may cause the inhibition of proteolytic activ-

ities of proteasomes. To study whether mutant SOD1

also binds to 26S proteasomes tightly, we examined the

association between mutant SOD1 and individual

subunits of 19S complex. We were particularly

interested in the interaction between the misfolded

proteins and ATPase subunits located in the base sub-

complex of the 19S regulatory particle, which play

important roles in recognition, unfolding and transfer-

ring of substrates to the catalytic 20S complex (Elsasser

and Finley 2005) (Figure 5D). As shown in Figure 5A,

mutant SOD1 (G93A) strongly associated with all eight

19S subunits we tested (similar results were obtained

with A4V mutant: data not shown). Interestingly,

CHIP over-expression selectively inhibited the interac-

tion of G93A SOD1 with S6 and S6? subunits, while it

did not affect the binding of SOD1 to other 19S

subunits (Figure 5A). S6 and S6? subunits, like VCP,

are members of the AAA ATPase superfamily and are

essential for the binding of poly-ubiquitylated

Figure 2. Mutant SOD1 associates with Bag-1 in an Hsp70-dependent manner. (A) After isolation of FLAG-tagged SOD1, the

presence of Bag-1 and Hsp70 in the immunoprecipitates was determined by immunoblotting with anti-HA antibody and anti-

Hsp70 antibody, respectively. (B) Bag-1 over-expression had no effect on the cellular level of SOD1 (G93A). The effects of over-

expressed Bag-1 and CHIP (separately or together) on the level of SOD1 (G93A) were examined by immunoblot analysis with

anti-FLAG antibody. Tubulin was used as a loading control. Similar results were obtained from three independent experiments.
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substrates to proteasomes (Lam et al. 2002). Our

results showing that CHIP over-expression specifically

inhibits the interaction between mutant SOD1 and

ATPase proteins involved in the recognition of poly-

ubiquitylated proteins (i.e., VCP, S6 and S6? subunits)

suggest that CHIP prevents the aggregation of mis-

folded proteins on ATPase subunits. Such effects of

CHIP on proteasome�substrate interaction required

both TPR and U-box domains, which was similar to

the result shown in Figure 4B.

Next, we tested whether VCP over-expression has a

similar effect on the interaction between 26S protea-

somes and misfolded proteins. VCP over-expression did

not inhibit the protein interaction, and the association of

G93A SOD1 with S6/S6? subunits of 19S regulatory

particle was not affected (Figure 5C). These results

support our notion that CHIP/Hsp70 are the rate-

determining factors in the proteasomal degradation of

mutant SOD1 and suggest that CHIP, together with

AAA ATPases, e.g., VCP and S6/S6? subunits, is involved

in the translocation of substrates into the 20S core

particle.

Discussion

Through its ability to interact with both the chaperone

machinery and UPS, CHIP plays a pivotal role in

protein triage decisions especially for the misfolded

proteins implicated in neurodegenerative diseases. The

exact roles of CHIP in the degradation of individual

proteins, however, seem to vary depending on the

nature of the substrates. Upon interaction with E2

proteins, such as UbcH5 family members, CHIP

catalyzes ubiquitin conjugation to the misfolded pro-

teins presented by the hsp70/hsp90 chaperone machin-

ery and thereby promotes their proteasomal

degradation. However, this co-chaperone is also in-

volved in the unloading of the substrates from chaper-

one complex (Imai et al. 2002). CHIP over-expression,

while promoting poly-ubiquitylation, also leads to the

accumulation of polyglutamine protein ataxin-1 in the

insoluble fraction in cells (Choi et al. 2007). The role(s)

Figure 3. (Continued)

Figure 3. Interaction between mutant SOD1, VCP,

HHR23A and CHIP. (A) Mutant SOD1 (G93A) bound to

VCP and HHR23A. After affinity isolation of SOD1, the

presence of VCP and HHR23A in the immunoprecipitates

was determined by immunoblotting with anti-VCP antibody

and anti-HA antibody, respectively. (B) VCP over-expression

did not affect the cellular level of SOD1 (G93A). The effects

of over-expressed VCP (0, 1, 2, and 3 mg of DNA) on the level

of SOD1 (G93A) were assessed by immunoblot analysis with

anti-FLAG antibody. Similar results were obtained from

three independent experiments. (C) Bag-1 formed a complex

with VCP in the cells. GST-tagged VCP was isolated from cell

lysate by GST pull-down and the presence of Bag-1 in the

complex was determined by immunoblotting. (D) Over-

expressed Bag-1 induced the interaction between CHIP and

VCP, which did not associate in the absence of Bag-1. After

co-transfection of BOSC cells with Xpress-tagged CHIP,

GST-VCP or HA-tagged Bag-1 (as indicated), GST pull-

down experiments were carried out and the presence of Bag-1

and CHIP was examined by immunoblot analysis.
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of CHIP in the proteasome-mediated degradation of

mutant SOD1 is not yet clearly understood because it

promotes the degradation of mutant SOD1 without

increasing the ubiquitin conjugation; instead CHIP

enhances ubiquitylation of the SOD1-associated pro-

teins such as Hsp70 (Figure 1; Urushitani et al. 2004).

Previously CHIP has been proposed to function in

substrate delivery to 26S proteasomes (McDonough

and Patterson 2003). However, it is unlikely that CHIP

is the sole factor in mediating the transfer of ubiqui-

tylated substrates from the chaperone complex to the

proteolytic machinery, instead, additional proteins

must be present for efficient delivery. Interestingly,

CHIP catalyzes ubiquitin conjugation to several other

protein functions in the chaperone machinery � i.e.,

Hsp70/Hsc70 and Bag-1 � without influencing their

half-lives (Jiang et al. 2001; Alberti et al. 2002). Co-

chaperone Bag-1 interacts with proteasomes through

its ubiquitin-like (UBL) domain in an ATP-dependent

manner, which enables this protein to act as a ‘shuttling

Figure 4. CHIP and VCP competitively bind to mutant

SOD1. (A) Over-expressed CHIP interfered with the interac-

tion between mutant SOD1 and VCP without affecting the

cellular level of VCP. (B) Both the TPR domain (chaperone

binding) and the U-box domain (E3 ligase activity) were

necessary for the inhibitory effect of CHIP on the association

of mutant SOD1 and VCP. (C) VCP over-expression (0, 1, 2,

and 3 mg of DNA) also reduced the interaction between

SOD1 and CHIP.

Figure 5. CHIP reduces the association between mutant SOD1

and ATPase subunits of 19S regulatory particle of proteasomes.

(A) Mutant SOD1 (G93A) associated with 19S regulatory

complex of proteasomes and CHIP selectively reduced the

interaction between S6/S6? subunits and SOD1 (G93A). (B)

Both the TPR domain and the U-box domain were needed for

the inhibitory effect of CHIP on the association between mutant

SOD1 and the S6? subunit of the 19S particle. (C) VCP over-

expression did not affect the association of SOD1 and S6/S6?
subunits. (D) Organization of 19S subunits in 26S proteasomes.

S6 and S6? ATPase subunits (filled circles) are located in the base

sub-complex along with S4, S7, S8 and S10b subunits.
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factor’ between the chaperone and the proteasome

complex. Importantly, CHIP-mediated ubiquitylation

of Bag-1 further stimulates its association with the

proteasome (Alberti et al. 2002). By analogy, our

finding that CHIP promotes ubiquitylation of mutant

SOD1-associated Hsp70 could imply that such a

modification facilitates the binding of CHIP/Hsp70/

Bag-1 ternary complex (together with substrates) to the

proteasome. It is noteworthy that Bag-1 stimulates the

interaction between CHIP/Hsp70 chaperone complex
and VCP (p97), which do not normally associate. Over-

expressed Bag-1 may cause a stoichiometric transfer of

the ubiquitylated substrates from the chaperone

complex (CHIP/Hsp70) to the proteolytic complex

(VCP/26S proteasome). Notably, the effects of Bag-1

on the half-lives of the client proteins differ greatly. For

example, Bag-1 alone is sufficient to promote the

degradation of polyglutamine protein ataxin-1 (Choi

et al. 2007), while it inhibits the degradation of Hsp70-

associated Tau protein (Elliott et al. 2007). When

co-expressed with CHIP, Bag-1 further increases the
CHIP-mediated degradation of GR (Demand et al.

2001). These results suggest that additional factors

may function in CHIP/Bag-1-mediated protein triage

decisions and can tilt the protein folding�refolding

machinery toward the degradation machinery.

Although its interaction with mutant SOD1 and/or

other co-chaperones has not been systematically stu-

died, involvement of VCP in the proteasomal degrada-

tion of mutant SOD1 has already been suggested. For

example, VCP directly binds to Dorfin, an E3 ligase
catalyzing ubiquitylation of mutant SOD1, and thereby

affects its activity in cultured cells. Moreover, VCP and

Dorfin co-localize in the neuronal inclusions of ALS

(Ishigaki et al. 2004). VCP may function as an

‘uncoupling factor’ that transfers ubiquitylated sub-

strates from the shuttling factors to the proteasomes,

which does not occur passively without the concerted

actions of other regulatory factors involved in the

recognition and delivery of substrates (Doss-Pepe et al.

2003). Our findings that CHIP and VCP bind competi-
tively to mutant SOD1 and that both TPR and U-box

domains are necessary for the CHIP’s inhibitory effect

on SOD1-VCP association could be explained by the

assumption that binding of misfolded proteins to

‘uncoupling factor’ (i.e., VCP) may be an intermediate

step in the process of substrate delivery. Interestingly a

recent study demonstrated that VCP, which does not

have UBL domains, can be isolated together with the

26S proteasomes in the presence of a functional UBL

domain derived from HHR23B (human homolog of

Rad23) proteins (Besche et al. 2009). Our finding that
mutant SOD1 also bound to HHR23A protein to-

gether with VCP supports our model that VCP �
together with UBL proteins � mediates the transfer

of poly-ubiquitylated mutant SOD1 to the proteolytic

machinery.

The finding that aggregated a-synuclein � a major

component of Lewy body formed in Parkinson’s

disease (PD) � can inhibit 26S proteasomal activities

by selectively interacting with the S6? subunit of 19S

complex (Snyder et al. 2003) suggests that the forma-

tion of a stable complex between misfolded proteins

and the 19S regulatory particle can be a major cause of

proteasomal dysfunction. Similarly synphilin-1, an
a-synuclein interacting protein, associates and

co-localizes with 19S ATPase subunits in cultured cells

and in brains of PD patients (Marx et al. 2007).

Polyglutamine proteins (e.g., ataxin-7) also associate

with proteasomal components (Matilla et al. 2001).

Our findings that mutant SOD1 can interact with

several 19S subunits are consistent with such observa-

tions. Interestingly, a-synuclein interacts selectively

with the S6? subunit but not with S10b or S14

(Rpn12) subunits (Snyder et al. 2003). On the other
hand, mutant SOD1 (Figure 5A) and polyglutamine

protein ataxin-7 (Matilla et al. 2001) interact with

multiple proteasomal subunits, indicating that these

misfolded proteins probably recruit the entire 26S

complex into the protein aggregates. Such observations

can argue that a main function of CHIP in the

degradation of misfolded proteins is to prevent accu-

mulation of 26S proteasomes in the inclusions. Our

results showing that CHIP specifically reduced the

association of mutant SOD1 and S6/S6? subunits but

not the other 19S subunits (Figure 5A), however, raises
the possibility that the actual role of CHIP is to

facilitate the translocation of substrate from 19S

regulatory particles to 20S catalytic core particles and

to rapidly eliminate the aggregation-prone polypep-

tides. S6 (Rpt3/PSMC4) and S6? (Rpt5/PSMC3) sub-

units are members of the AAA ATPase superfamily

and exhibit chaperone-like activities including recogni-

tion of poly-ubiquitin signal and substrate unfolding

(Lam et al. 2002; Marx et al. 2007). Interestingly, a

recent study has revealed that COOH terminal residues
of 19S ATPase subunits, particularly that of the S6?
(Rpt5) subunit, induce gate-opening of 20S core

particle and stimulate peptide hydrolysis (Smith et al.

2007). Perhaps a prolonged association between these

ATPase subunits and mutant SOD1 proteins impairs

the ATPase-induced activation of the 20S catalytic core

and causes proteasomal dysfunction.

Although it is still plausible that CHIP plays a

direct role in ubiquitin conjugation to mutant SOD1,

our study suggests that CHIP promotes the degrada-

tion of mutant SOD1 by facilitating the translocation
of substrates from 19S regulatory particles (for recog-

nition and unfolding) to 20S core particles (for

degradation). Further investigation including in vitro

8 J.-S. Choi and D.H. Lee



studies using purified proteins, the co-sedimentation

analysis of mutant SOD1 and proteasomal subunits

and knock-down experiments of ubiquitin-binding

proteins involved in this process should provide more

insights into the functions of CHIP, Bag-1 and VCP in

the degradation of mutant SOD1.
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