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Summary
The mechanisms by which ubiquitin ligases are regulated remain poorly understood. Here we
describe a series of molecular events that coordinately regulate CHIP, a neuroprotective E3
implicated in protein quality control. Through their opposing activities, the initiator E2, Ube2w,
and the specialized deubiquitinating enzyme (DUB), ataxin-3, participate in initiating, regulating
and terminating the CHIP ubiquitination cycle. Monoubiquitination of CHIP by Ube2w stabilizes
the interaction between CHIP and ataxin-3, which through its DUB activity limits the length of
chains attached to CHIP substrates. Upon completion of substrate ubiquitination ataxin-3
deubiquitinates CHIP, effectively terminating the reaction. Our results suggest that functional
pairing of E3s with ataxin-3 or similar DUBs represents an important point of regulation in
ubiquitin-dependent protein quality control. In addition, the results shed light on disease
pathogenesis in SCA3, a neurodegenerative disorder caused by polyglutamine expansion in
ataxin-3.

Introduction
The efficient clearance of misfolded proteins is essential to ensure cellular homeostasis and
counter the accumulation of toxic protein species in numerous human diseases. The
chaperone and ubiquitin-proteasome systems (UPS) together maintain the balance between
protein folding and protein degradation. A key component bridging these systems is the
ubiquitin ligase (E3), C-terminus of Hsc70 interacting protein (CHIP), which interacts with
chaperones to promote the degradation of misfolded proteins (Connell et al., 2001). CHIP
binds chaperones through its tetratricopeptide repeat (TPR) domain and recruits ubiquitin-
conjugating enzymes (E2s) through its U-box domain. Through these dual activities CHIP
mediates the ubiquitination and degradation of chaperone client proteins, including many
proteins implicated in neurodegenerative diseases (Dickey et al., 2007).

Much remains unknown about how the activity of CHIP and other E3s is regulated in cells.
As with other E3s, CHIP activity is likely postranslationally regulated (Gao et al., 2004;
Petroski and Deshaies, 2005). CHIP has been observed to be ubiquitinated in cells and in
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vitro (Imai et al., 2002; Jiang et al., 2001; Lees et al., 2003). Ubiquitination of E3s can
modulate activity through proteolytic and non-proteolytic mechanisms (de Bie and
Ciechanover, 2011), and ubiquitination of CHIP has been proposed to facilitate targeting of
CHIP substrates to the proteasome for degradation (McDonough and Patterson, 2003).
Consistent with this view, ubiquitination of CHIP does not promote its turnover (Jiang et al.,
2001) and increases under conditions where CHIP levels and activity are increased (Sisoula
et al., 2011). The mechanism by which ubiquitination of CHIP regulates its activity,
however, remains unknown.

One potential regulatory role for ubiquitination of CHIP is the recruitment of CHIP
cofactors (de Bie and Ciechanover, 2011; Fallon et al., 2006). E3 cofactors likely participate
in restricting the type and length of ubiquitin chains produced. One such cofactor for CHIP
is the Ubiquitin Interacting Motif (UIM)-containing proteasomal subunit S5a, which
stimulates turnover of CHIP substrates by preventing the formation of forked linkage
ubiquitin chains (Kim et al., 2009). CHIP also interacts with a second UIM-containing
protein, ataxin-3 (Jana et al., 2005), but the function of this interaction is unknown. UIM
proteins interact with other E3s including parkin and BRCA1 (Durcan et al., 2010; Fallon et
al., 2006; Yan et al., 2007), and at least in the case of parkin this interaction is important for
proper handling of E3 substrates (Fallon et al., 2006), suggesting that UIM proteins serve as
key regulatory components in some E3 complexes.

The molecular events regulating ubiquitin chain formation and eventual termination also
remain largely unknown. While ubiquitin chains added by E3’s to substrates must reach a
critical length to ensure efficient targeting to the proteasome (Thrower et al., 2000),
unchecked ubiquitin conjugation generating excessively long chains would be energetically
costly and could deplete cellular ubiquitin stores (Hanna et al., 2006). The activity of the
AAA ATPase, CDC48, provides one established mechanism by which excessive ubiquitin
chain elongation is prevented (Richly et al., 2005), but it is reasonable to suspect that other
mechanisms exist as well.

A potentially powerful, alternative mechanism to regulate ubiquitin chain production is the
coordinated action of specific DUBs with E3s. Certain DUBs are known to regulate the
levels of specific E3 substrates and E3s (Ventii and Wilkinson, 2008). To date, however, no
functional CHIP/DUB pair has been described. CHIP interacts with the DUB ataxin-3 (Jana
et al., 2005), and both CHIP and ataxin-3 are required for proper handling of CFTRΔF508
(Burnett and Pittman, 2005; Sha et al., 2009). Thus, ataxin-3 is a strong candidate to
function with CHIP in promoting substrate turnover.

Ataxin-3 is an unusual DUB whose properties favor functional interactions with E3’s.
Ataxin-3 contains an amino-terminal protease domain followed by three UIMs that bind
longer ubiquitin chains. Ataxin-3 also trims longer chains, displaying little activity against
chains of four or fewer ubiquitins (Burnett et al., 2003; Winborn et al., 2008). Like CHIP,
ataxin-3 suppresses polyglutamine toxicity and does so in a manner linked to its ubiquitin-
associated activities (Warrick et al., 2005; Williams and Paulson, 2008). Ataxin-3 also
promotes the flux of substrates through degradation pathways (Kuhlbrodt et al., 2011;
Zhong and Pittman, 2006), precisely the opposite action of other characterized DUBs that
instead function to deubiquitinate substrates and rescue them from proteasomal delivery
(Ventii and Wilkinson, 2008). Collectively these properties raise the possibility that ataxin-3
collaborates with CHIP, and perhaps other E3s (Durcan et al., 2010), to promote rather than
inhibit clearance of ubiquitinated substrates.

In addition to its ubiquitin related functions, ataxin-3 also contains a polyglutamine domain
that when expanded causes the neurodegenerative disease, Spinocerebellar Ataxia type 3
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(SCA3). In the nine known polyglutamine disorders, polyglutamine expansion promotes
aggregation and alters protein interactions normally engaged in by the disease proteins
(Duvick et al.; Lam et al., 2006; Nedelsky et al., 2010). Therefore, identifying the protein
complexes in which polyglutamine proteins normally function is critical to understanding
disease pathogenesis. Polyglutamine expansion in ataxin-3 was recently shown to cause a
decrease in parkin levels in a mouse model of SCA3, although the mechanism causing this
decrease is unknown (Durcan et al., 2010). Defining the normal function of ataxin-3 may
help us understand why neurodegeneration occurs in this polyglutamine disease.

Here we describe several molecular events that regulate CHIP activity, ranging from chain
initiation to termination of the reaction. We show that the initiator E2, Ube2w,
monoubiquitinates CHIP, which in turn facilitates the recruitment of ataxin-3. In cells,
Ube2w promotes monoubiquitination of CHIP and enhances CHIP-mediated clearance of an
established CHIP substrate. In CHIP ubiquitination assays, ataxin-3 functions to restrict the
length of ubiquitin chains attached to CHIP substrates, terminating ubiquitin incorporation
once chains reach a critical length. In response to substrate polyubiquitination, ataxin-3
deubiquitinates CHIP. Finally, we link this novel function of ataxin-3 to molecular events
that may contribute to SCA3 disease pathogenesis: polyglutamine expansion increases the
affinity of ataxin-3 for CHIP, which correlates with decreased levels of this neuroprotective
E3 in a mouse model of SCA3. Together, Ube2w and ataxin-3 provide a mechanism by
which an important quality control E3 is sequentially regulated at multiple steps of the
ubiquitination reaction.

Results
CHIP ubiquitination correlates with cell stress

A fraction of the cellular pool of CHIP electrophoreses as a higher molecular weight species
consistent with mono-ubiquitinated CHIP (Ub-CHIP) (Imai et al., 2002; Jiang et al., 2001;
Lees et al., 2003). Similarly, we observe a higher molecular weight species consistent with
Ub-CHIP in mouse brain and heart, two organs in which CHIP is especially abundant (data
not shown). To determine whether this species represents Ub-CHIP, we expressed FLAG-
tagged CHIP and HA-tagged ubiquitin in HEK293 cells, then immunoprecipitated CHIP
under stringent conditions and probed for ubiquitinated CHIP. A HA-ubiquitin-positive band
consistent with Ub-CHIP was detected, indicating that CHIP can be monoubiquitinated in
cells (Fig 1a). To determine if ubiquitination of CHIP is important physiologically, we tested
whether Ub-CHIP increased upon cell stress conditions in which CHIP function is known to
be protective (Dai et al., 2003). Upon proteasome inhibition and heat shock, Ub-CHIP levels
were observed to increase (Fig 1b and 1c) whereas polyubiquitinated CHIP was not detected
(Fig S1a and b).

To identify which E2s can ubiquitinate CHIP, we tested all E2s containing a SPA motif,
which is required for E2/CHIP interactions (Xu et al., 2008) (Fig 1d and Fig S1c and b). At a
1:1 molar ratio Ube2w rapidly and quantitatively ubiquitinated CHIP while no other E2 had
comparable activity (Fig 1d, and Fig S1d and e). All tested E2s were functional proteins as
they formed thioesters with similar efficiency (Fig S1f and g). Importantly, knockdown of
Ube2w led to a decrease in Ub-CHIP (Fig 1e and FigS1h) while coexpression of Ube2w
with CHIP increased Ub-CHIP levels in transfected cells (Fig 1f). Together, these results
establish that a fraction of the CHIP pool is monoubiquitinated in vivo and that Ube2w can
ubiquitinate CHIP in vitro and in vivo.
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Ube2w reduces steady state levels of a CHIP substrate in cells
We next determined whether CHIP mono-ubiquitination has functional consequences for
CHIP activity in cells. If Ube2w-mediated ubiquitination of CHIP facilitates clearance of
substrates, then manipulating Ube2w levels should alter steady state levels of CHIP
substrate. We tested this in transfected cells employing an established CHIP
substrate, GFPINOS. As previously reported (Sha et al., 2009) CHIP overexpression
decreased GFPINOS levels in transfected cells (Fig 2a, b, and e), and coexpression of Ube2w
with CHIP decreased GFPINOS levels even further (Fig 2a). In contrast, knockdown of
Ube2w stabilized GFPINOS levels even when CHIP was overexpressed (Fig 2b); this result
was confirmed with a second shRNAi construct (data not shown). This effect of Ube2w
required CHIP as overexpression of Ube2w alone did not decrease GFPINOS levels (Fig 2a).
Thus, coexpression of Ube2w with CHIP facilitates clearance of a CHIP substrate.

In addition to ubiquitinating CHIP, Ube2w also can attach the initial ubiquitin to a substrate
prior to chain extension (Christensen et al., 2007). To begin differentiating between these
two roles of Ube2w, we sought to identify the lysine residue(s) in CHIP ubiquitinated by
Ube2w in order to engineer mutant CHIP lacking this lysine or lysines. An N-terminal
lysine, K2, proved to be the sole lysine on CHIP ubiquitinated by Ube2w, although upon
removal of K2 other lysines on CHIP can be ubiquitinated in vitro (Fig 2c and d, Fig S2a
and b, data not shown). In cells, mutant CHIP lacking K2 showed an impaired ability to
reduce GFPINOS levels (Fig 2e). Additional mutation of two neighboring lysines, K4 and
K7, that may compensate for K2 further impaired CHIP’s ability to reduce levels
of GFPINOS (Fig S2c), suggesting that Ube2w imparts its function at least partly through
modifying CHIP. The defect of CHIPK2,4,7R in reducing GFPINOS levels was not due to
impaired E3 function because CHIPK2,4,7R retained full activity in ubiquitination assays (Fig
S2d). These results support a model in which Ube2w accelerates the degradation of CHIP
substrates by monoubiquitinating CHIP.

Ubiquitination of CHIP stabilizes its interaction with the DUB ataxin-3
CHIP is known to interact with two UIM proteins: the proteasomal subunit S5a, and ataxin-3
through its UIM-containing C-terminus (Connell et al., 2001; Jana et al., 2005). To
determine whether CHIP interacts with full length ataxin-3 we performed co-IPs with CHIP
and ataxin-3 in lysates from transfected cells. Indeed, CHIP coprecipitated with ataxin-3
(Fig 3a).

We next sought to determine whether mono-ubiquitination of CHIP promoted interactions
with UIM proteins. In pull-down assays, ubiquitination of CHIP enhanced its interaction
with both S5a and ataxin-3 (Fig 3b). To confirm that ubiquitination of CHIP stabilizes its
association with ataxin-3, we performed additional quantitative binding assays using the
Octet RED biosensor platform. Though ataxin-3 does interact with unmodified CHIP, it
binds with ~18 fold increase in affinity to Ub-CHIP (Fig 3c and d). CHIP’s interaction with
ataxin-3 is of interest since the two proteins share substrates in cells (e.g. CFTRΔ508) and
both are neuroprotective in vivo in a manner dependent on their ubiquitin-associated
activities (Meacham et al., 2001; Warrick et al., 2005).

Because ubiquitination of ataxin-3 is known to stimulate its DUB activity (Nicastro et al.;
Todi et al., 2010; Todi et al., 2009) we next determined whether ataxin-3 becomes
ubiquitinated upon recruitment to CHIP. In a CHIP ubiquitination reaction, Ube2w
monoubiquitinated ataxin-3 more rapidly and robustly than did a second E2, UbcH5c (Fig
S3a). In some cases E2-mediated ubiquitination of UIM proteins can occur independent of
E3s (Hoeller et al., 2007), thus we tested whether CHIP was necessary for Ube2w-
dependent ubiquitination of ataxin-3. The presence of CHIP markedly enhanced Ube2w-
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mediated ubiquitination of ataxin-3 in a manner requiring full length CHIP (Fig S3b).
Polyglutamine expansion did not alter ataxin-3 ubiquitination, as there was no difference in
the ubiquitination of normal (Q22) versus expanded (Q80) ataxin-3 by Ube2w (Fig S3c).

In addition to stabilizing CHIP’s interaction with UIM proteins, monoubiquitination of
CHIP potentially could stimulate CHIP activity directly, similar to the attachment of Nedd8
to the cullin-1 subunit of SCF (Furukawa et al., 2000; Morimoto et al., 2000; Podust et al.,
2000; Read et al., 2000; Wu et al., 2000). However, we observed no difference in CHIP’s
ability to ubiquitinate a model substrate, HSP90, when CHIP is ubiquitinated (Fig S3d).

Ataxin-3 limits ubiquitin chain length on CHIP substrates
The interaction of ataxin-3 with CHIP suggests that ataxin-3 functions as a DUB when
partnered with CHIP to modulate ubiquitination of CHIP substrates. We thus sought to
determine whether ataxin-3 interacted with the CHIP substrate GFPINOS. In lysates from
transfected cells, immunoprecipitation of ataxin-3 confirmed that ataxin-3 interacts
with GFPINOS in cells (Fig 4a).

We next determined whether coexpressing ataxin-3 affected turnover of CHIP substrates in
vivo. To test this, we coexpressed GFPINOS with wild type ataxin-3 or catalytically
inactive C14Aataxin-3. In contrast to previously described DUB/E3 pairs in which DUB
activity stabilized substrate (Ventii and Wilkinson, 2008), catalytically inactive ataxin-3
stabilized GFPINOS levels whereas active ataxin-3 permitted normal clearance of GFPINOS
(Fig 4b). Furthermore addition of Eeyarestatin 1, an inhibitor of ataxin-3 and VCP/p97
(Wang et al., 2008), stabilized GFPINOS and led to the accumulation of a species consistent
with polyubiquitinated GFPINOS (Fig S4a). These results imply that the DUB activity of
ataxin-3 promotes turnover of CHIP substrates.

In reconstitution assays employing free ubiquitin chains as substrate, ataxin-3 cleaves only
longer ubiquitin chains and has very little activity toward chains shorter than 4–5 ubiquitins
(Burnett et al., 2003; Winborn et al., 2008). Other DUBs tested by us behave differently:
USP5 fully cleaves chains of any length whereas UCHL-1 and UCHL-3 show little activity
towards free polyubiquitin chains (Fig S4b and data not shown). The chain length
dependence to ataxin-3 DUB activity could serve to limit the length of ubiquitin chains
added by CHIP to substrates. To address this possibility, we tested the ability of ataxin-3 to
remove ubiquitin chains on two preubiquitinated CHIP model substrates, HSP90 (Fig 4c)
and denatured luciferase (Fig S4c). Ataxin-3 effectively trimmed chains on preubiquitinated
substrates but did not completely deubiquitinate them (Fig 4c and Fig S4c). When present
during the ubiquitination reaction, ataxin-3 allowed ubiquitination of substrate yet prevented
longer polyubiquitin chains from accumulating (Fig 4d, compare lanes 6 and 7). Because in
this assay polyubiquitinated substrate cannot be distinguished from multiply mono-
ubiquitinated substrate, we also tested the ability of ataxin-3 to cleave mono-ubiquitin from
substrate ubiquitinated by UbcH5cS22R, a mutant form of UbcH5c that can initiate but not
extend ubiquitin chains. Ataxin-3 was unable to remove ubiquitin from mono-ubiquitinated
substrate, consistent with its primary role in cleaving longer ubiquitin chains (Fig 4d,
compare lanes 13 and 14). When lysine-less ubiquitin (K0Ub) was used in reactions to
determine whether multiple lysines on the test substrate (HSP90) are ubiquitinated by CHIP,
we observed bands consistent with modification of multiple lysines on HSP90 (Fig S4d).
Thus, polyubiquitinated HSP90 in our assay conditions likely contains multiple, shorter
polyubiquitin chains rather than a single long chain.

We next investigated which domains of ataxin-3 are necessary for its chain trimming
activity during ubiquitination reactions (Fig 4e). Ataxin-3’s catalytic activity and UIMs both
proved essential for ataxin-3 to limit polyubiquitin chain length; in contrast, polyglutamine
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expansion had no effect (Fig 4e). Mutations in UIMs 1 and 2, but not UIM 3, impaired
ataxin-3’s ability to limit ubiquitin chain length on CHIP substrates (Fig S4e). This chain
trimming function may be unique to ataxin-3, as other tested DUBs (USP5, UCHL-1 and
UCHL-3) were unable to trim ubiquitin chains from substrates (Fig 4e).

If ataxin-3 functions similarly in vivo to prevent excessive ubiquitination, then mice lacking
ataxin-3 might be expected to have increased levels of polyubiquitinated proteins. Indeed,
brain lysates from Atxn3 knockout mice show increased high molecular weight, ubiquitin-
positive signal that electrophoreses at the top of the separating gel and stacking gel (Fig
S4f). This result, independently reported in a second Atxn3 knockout mouse line (Schmitt et
al., 2007), is consistent with an in vivo role for ataxin-3 in limiting the length of
polyubiquitin chains added to substrates.

The above results indicate that ataxin-3 regulates the extent of substrate ubiquitination by
CHIP. To determine if ataxin-3 behaves similarly in cells, we transfected cells with ataxin-3
or catalytically inactive ataxin-3, then performed immunoprecipitations on ataxin-3 and
immunoblotted for ubiquitin. Catalytically inactive, but not catalytically active, ataxin-3
coprecipitated a strong ubiquitin signal in the stacking gel indicative of longer polyubiquitin
chains (Fig 4f). These results support a model in which ataxin-3 effectively limits ubiquitin
chain extension once chains reach a critical length.

Given ataxin-3’s strong binding preference for longer ubiquitin chains irrespective of
linkage type (Burnett et al., 2003; Winborn et al., 2008), polyubiquitin chains conjugated to
CHIP substrates might effectively compete ataxin-3 away from its binding to Ub-CHIP. To
test this we performed pull-down assays to assess ataxin-3 binding to Ub-CHIP in the
presence of mono-, di-, tri-, or hexa-K63 ubiquitin chains, a preferred substrate for ataxin-3
(Winborn et al., 2008). Of these, only hexa-ubiquitin efficiently prevented the interaction
between ataxin-3 and Ub-CHIP (Fig 4g).

Together, these results indicate that ataxin-3 functions with CHIP to prevent the
incorporation of additional ubiquitin to chains on substrates once they reach a certain length.
Other tested DUBs in our hands do not do this. Moreover, in the presence of ubiquitin
chains longer than three ubiquitins, such as those on polyubiquitinated CHIP substrates,
ataxin-3 or other UIM proteins within the ubiquitinating complex likely would interact
preferentially with polyubiquitin chains on the substrate rather than Ub-CHIP with its single
conjugated ubiquitin.

Ataxin-3 deubiquitinates CHIP upon completion of substrate polyubiquitination
Remarkably, despite its established preference for cleaving longer ubiquitin chains ataxin-3
was able to remove monoubiquitin from Ub-CHIP in reactions in which further ubiquitin
conjugation was inhibited (Fig 5a). In active ubiquitination assays containing ataxin-3, we
observed over time that Ub-CHIP first appeared, then disappeared (Fig 5b). Intriguingly,
deubiquitination of Ub-CHIP by ataxin-3 correlated temporally with the accumulation of
ubiquitinated substrates and occurred whether ataxin-3 had a normal or expanded
polyglutamine domain (Fig 5b).

To determine whether deubiquitination of Ub-CHIP by ataxin-3 requires the presence of
ubiquitinated substrate, we performed CHIP ubiquitination reactions with increasing
concentrations of HSP90 as substrate, in the presence or absence of ataxin-3 and the chain
elongating E2, UbcH5c (Fig 5c), then assessed the ubiquitin state of CHIP at the end of the
reaction. In the absence of ataxin-3, CHIP becomes monoubiquitinated and remains so
throughout the reaction. When ataxin-3 is present, however, Ub-CHIP becomes
deubiquitinated as the level of ubiquitinated substrate increases. In reactions containing
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ataxin-3 and Ube2w but not UbcH5c (thus preventing chain extension), ataxin-3 did not
deubiquitinate Ub-CHIP (Fig 5c). These results suggest that polyubiquitin chain formation
promotes ataxin-3 mediated cleavage of ubiquitin from Ub-CHIP. To exclude the possibility
that this finding instead reflects a chaperoning effect of HSP90, we repeated the assay with a
second substrate, HSP70, without an accompanying J-protein, which is required for efficient
HSP70 chaperoning activity. With Hsp70 as substrate, we observed similar results (Fig S5a).

The above results do not exclude the possibility that ubiquitin chains per se rather than
polyubiquitinated substrates facilitate deubiquitination of CHIP by ataxin-3. Accordingly,
we assessed deubiquitination of Ub-CHIP when components were sequentially added to the
reaction. The presence of UbcH5c, HSP90 or free K63-linked hexa-Ub chains alone did not
stimulate Ub-CHIP deubiquitination by ataxin-3. Only the presence of both UbcH5c and
HSP90, which generates polyubiquitinated HSP90, led to efficient deubiquitination of Ub-
CHIP (Fig 5d). No other tested DUB behaved in a similar manner: USP5 deubiquitinated
Ub-CHIP in an unregulated manner, while UCHL-1 and UCHL-3 did not deubiquitinate Ub-
CHIP under any conditions (Fig 5d). We next tested whether the presence of UbcH5c, which
is needed to polyubiquitinate HSP90, reduced the amount of ataxin-3 needed to
deubiquitinate Ub-CHIP in active ubiquitination assays. As expected, the presence of this
chain-elongating E2 markedly enhanced deubiquitination of CHIP by ataxin-3 (Fig 5Sb).

The fact that efficient deubiquitination of Ub-CHIP by ataxin-3 requires the presence of
polyubiquitinated substrate suggests that the UIMs of ataxin-3 play an essential role in this
process. Indeed, ataxin-3 mutated in all three UIMs was defective in deubiquitinating Ub-
CHIP during the course of a ubiquitination reaction (Fig 5e) as was catalytically inactive
ataxin-3 (Fig 5f). Collectively, these data show that ataxin-3 efficiently removes ubiquitin
from Ub-CHIP in the presence of polyubiquitinated substrate. Because this activity of
ataxin-3 requires both ubiquitinated substrate and the UIMs of ataxin-3, ataxin-3 is likely
bound to polyubiquitinated substrate when it cleaves ubiquitin from Ub-CHIP.

Polyglutamine expansion in ataxin-3 increases affinity for CHIP
A leading model of polyglutamine disease pathogenesis posits that polyglutamine expansion
perturbs the balance of normal protein-protein interactions engaged in by the disease protein
(Gu et al., 2009; Nedelsky et al., 2010; Zoghbi and Orr, 2009). To determine whether
polyglutamine expansion alters ataxin-3’s affinity for CHIP, we performed quantitative
binding assays between CHIP and normal (Q22) or expanded (Q80) ataxin-3.
Polyglutamine-expanded ataxin-3 displayed a ~6 fold increase in binding affinity for CHIP
compared to normal ataxin-3 (Fig 6a). Interestingly, unlike normal ataxin-3, polyglutamine-
expanded ataxin-3 no longer bound Ub-CHIP with higher affinity than unmodified CHIP
(Fig 3c and d, Fig 6a).

Ataxin-3 is known to regulate the flux of substrates through degradation pathways
(Kuhlbrodt et al., 2011; Zhong and Pittman, 2006). Our results here suggest that it does so in
part by modulating CHIP activity. The increased affinity of expanded ataxin-3 for CHIP
could alter the dynamics of this functional interaction and inadvertently target CHIP for
degradation. To address this possibility, we analyzed CHIP levels in brain lysates from wild-
type and SCA3 transgenic mice that express human ataxin-3(Q84). SCA3 mice showed a
significant decrease in CHIP levels (Fig 6b). This reduction was apparent throughout the
brain by immunohistochemical staining for CHIP (Fig6c and data not shown). In contrast,
CHIP levels remain unchanged in ataxin-3 knockout mice (Fig 6d), supporting a model in
which CHIP/ataxin-3 interactions normally do not target CHIP for degradation but rather
modulate CHIP activity within the ubiquitinating complex.
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Discussion
The mechanisms by which the activity of CHIP and other E3s are regulated remain poorly
understood. Our results lead us to propose a model of CHIP regulation that incorporates
modulating functions for the initiator E2 Ube2w, and the specialized DUB ataxin-3: Ube2w,
and perhaps other E2s, stimulate CHIP/ataxin-3 complex formation by adding mono-
ubiquitin to CHIP, and ataxin-3 in turn regulates the extent and duration of substrate
ubiquitination by CHIP (Fig 7). Through their opposing ubiquitinating and deubiquitinating
activities, Ube2w and ataxin-3 participate sequentially in initiating, regulating and
terminating the CHIP ubiquitination cycle, as outlined in figure 7. Our findings and recent
reports (Durcan et al., 2010; Kim et al., 2009) lead us to favor a model in which mono-
ubiquitination of CHIP promotes recruitment of ataxin-3 to the complex before chain
formation on substrates. Alternatively, in some cases ataxin-3 may be recruited to CHIP
after substrate ubiquitination is complete (as illustrated in Fig S6a). Similar mechanisms
may regulate other E3s. Ataxin-3’s function as a DUB to modulate ubiquitin ligase activity
may extend to other E3s with which ataxin-3 interacts, including parkin and E4b (Durcan et
al., 2010; Kuhlbrodt et al., 2011; Matsumoto et al., 2004). Our results also provide new
insight into SCA3 disease pathogenesis: polyglutamine-expanded ataxin-3 binds CHIP with
higher affinity, and this change is associated with decreased levels of this neuroprotective
E3 in a mouse model of SCA3.

Ataxin-3 regulates activity of CHIP complexes
Protein quality control ubiquitin ligases like CHIP are highly regulated by the accessory
proteins with which they interact. A number of cofactors are known to influence CHIP
activity. HSJ1a and Bag-1 promote proteasomal degradation of CHIP substrates (Luders et
al., 2000; Westhoff et al., 2005), Bag-3 targets substrates for chaperone mediated autophagy
(Arndt et al., 2010), and Bag-2 and Bag-5 stabilize CHIP substrates (Dai et al., 2005; Kalia
et al., 2011). Here we show that ataxin-3 participates in targeting CHIP substrates for
degradation and describe a novel molecular mechanism by which a DUB and an E3
collaborate in substrate ubiquitination.

Previously described DUBs in E3/DUB pairs promote complete deubiquitination of
substrate or the E3 itself. In contrast, ataxin-3 plays a far different role with CHIP: it limits
the length of ubiquitin chains on CHIP substrates and deubiquitinates Ub-CHIP once
polyubiquitinated substrates have formed. In CHIP ubiquitinating complexes, ataxin-3 trims
polyubiquitin chains on substrates but cannot remove chains completely or cleave
monoubiquitin from substrates (Fig 4c, d and e). These properties are consistent with
ataxin-3’s activity against free ubiquitin chains (Fig S4a (Winborn et al., 2008)): ataxin-3
does not readily cleave ubiquitin chains shorter than 5 ubiquitins.

Why might it be advantageous for ataxin-3 to limit ubiquitin chain length on CHIP
substrates? An attractive possibility is that ataxin-3 restricts chain length to the minimal size
needed for proteasomal targeting, which is four ubiquitins (Thrower et al., 2000)].
Alternatively, ataxin-3 could function to regulate the rate of proteasomal degradation of
CHIP substrates through multiple rounds of ubiquitin conjugation. Consistent with this,
ataxin-3 is known to interact with VCP (Zhong and Pittman, 2006) and VCP promotes
secondary rounds of ubiquitination (Richly et al., 2005). Moreover, ataxin-3 acts
synergistically with VCP in regulating ubiquitin-mediated proteolysis and aging in a manner
dependent upon ataxin-3’s catalytic activity (Kuhlbrodt et al., 2011), suggesting that
regulation of ubiquitin chain formation by ataxin-3 is critical for specific biological
pathways.
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Ataxin-3 is known to selectively cleave longer Ub chains (Burnett et al., 2003; Winborn et
al., 2008). Remarkably, we found that ataxin-3 also efficiently removes monoubiquitin from
CHIP but only when polyubiquitinated substrate is present (Fig 5). In our in vitro assays, the
ubiquitination status of CHIP represents a balance between the ubiquitin conjugating activity
of Ube2w and the deubiquitinating activity of ataxin-3. By binding ataxin-3 through its
UIMs, polyubiquitinated substrate may tether ataxin-3 to the Ub-CHIP complex and thereby
facilitate deubiquitination of the neighboring Ub-CHIP polypeptide. Collectively, our results
with ataxin-3 suggest a novel mechanism by which a specialized DUB can monitor ubiquitin
chain formation, prevent excessive ubiquitination of substrates, and facilitate termination of
the ubiquitination reaction.

Similar to ataxin-3, other UIM proteins may also be targeted to their substrates by ubiquitin
chain formation. For example, HSJ1a has two UIMs and a J-domain that stimulates ATP
hydrolysis by HSP70 (Westhoff et al., 2005). Through its ubiquitin binding properties and J-
domain, HSJ1a stimulates release of ubiquitinated cargo from HSP70 to allow degradation
by the proteasome (Westhoff et al., 2005). It will be important to test whether other UIM-
containing DUBs (USP25, 28, and 37) behave similarly to ataxin-3.

Posttranslational modifications as important modulators of E3 activity
Ube2w conjugates ubiquitin to a single lysine residue of CHIP. This lysine, K2, resides in an
N-terminal extension of CHIP that is conserved in mammals and is dispensable for basal
CHIP activity in vitro. This region is also a site for phosphorylation (Dephoure et al., 2008)
and ubiquitination by a second E2, UbcH5, at a different lysine (Wang et al., 2005). The
latter finding may explain why we observe only a modest reduction in Ub-CHIP upon
Ube2w knockdown (Fig 1e); other E2s may also modify CHIP. Because mutating K2
impairs CHIP activity in vivo (fig 2e), we propose that ubiquitination at or near K2 enhances
CHIP function in mammalian cells. Our results indicate that this is a highly dynamic,
transient posttranslational modification (Fig 1 and Fig 5). Thus, we would anticipate that
only a small percentage of CHIP would be ubiquitinated in vivo, which is indeed the case
(Fig. 1).

Posttranslational modifications of E3s are known to critically regulate activity. Modification
of the cullin subunit of SCF complexes with the ubiquitin-like molecule, Nedd8, is essential
for viability in most model organisms and in human cells (Osaka et al., 2000; Read et al.,
2000), while deneddlyation by the COP9 signalosome inhibits SCF activity. The HECT type
E3, ITCH, undergoes a phosphorylation-dependent conformational change that stimulates its
activity (Gallagher et al., 2006). Here we observed that deubiquitination of CHIP by
ataxin-3 occurs in response to the completion of substrate ubiquitination. It will be
interesting to determine whether completion of substrate ubiquitination is also coupled to the
removal of posttranslational modifications on other E3s (e.g. deneddlyation of SCF and
dephosphorylation of ITCH).

Implications for disease
Polyglutamine diseases comprise nine neurodegenerative disorders that are associated with
disease protein misfolding and aggregation (Williams and Paulson, 2008). A prevailing
theme in the field is that perturbations in native functions of the individual disease proteins
contribute to polyglutamine toxicity (Lim et al., 2008; Nedelsky et al., 2010). Our results
reveal an increase in binding affinity between CHIP and polyglutamine-expanded ataxin-3
without an accompanying defect in ataxin-3 enzymatic activity (Fig 4e, 5b and 6a).
Increased affinity of polyglutamine-expanded ataxin-3 for CHIP correlates with a decrease
in CHIP levels in a mouse model of SCA3 (Fig 6b and c). Recent studies of Parkin/ataxin-3
interactions suggest that this aberrant property of expanded ataxin-3 extends to other quality
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control E3s. In the same SCA3 mouse model, levels of Parkin, a quality control E3 that is
partially redundant with CHIP (Morishima et al., 2008) and contains a ubiquitin interacting
domain, are similarly reduced in brain (Durcan et al., 2010).

Finally this study sheds light on how nonpathogenic ataxin-3 may play a cytoprotective role
in vivo. In Drosophila, wildtype ataxin-3 suppresses degeneration caused by expanded
polyglutamine proteins in a manner linked to its ubiquitin associated properties (Warrick et
al., 2005). We propose that ataxin-3 mediates this protective effect through regulating
ubiquitin chain formation by quality control E3 ligases such as CHIP. CHIP likewise
protects against neurodegeneration in models of numerous neurodegenerative diseases
including the polyglutamine disorders (Williams and Paulson, 2008). Further defining the
linked mechanisms by which these two neuroprotective proteins act may suggest therapeutic
targets to enhance protein quality control in age-related neurodegenerative diseases.

Experimental Procedures
Additional details of the methods can be found in supplemental data.

Ubiquitination assays
Ubiquitination was typically performed for 1 hr at 37°C in 10 µl mixtures containing buffer
A (50 mM Tris pH7.5, 50 mM KCl, 0.2 mM DTT), Ubmix (2.5 mM ATP, 5 mM MgCl2, 50
nM Ube1, and 100 µM ubiquitin), 1 µM indicated E2, 1 µM CHIP, 1 µM HSP90/luciferase
prepared as previously described (Murata et al., 2005). 1 µM ataxin-3, ataxin-3 mutants, or
S5a were used where indicated. Reactions were stopped by addition of SDS-Laemmli buffer
and boiling, followed by separation of proteins by SDS-PAGE and visualization by Western
blotting with appropriate antibodies.

Transfection experiments
Cells were transfected using Lipofectamine-LTX (Invitrogen). For western blotting, cells
were lysed in 95°C Laemmli buffer, boiled for 4 min, sonicated, and loaded on SDS–PAGE
gels. Blots were imaged using the VersaDoc 5000 MP (Bio-Rad). For semi-quantification,
images were collected below-saturation levels, and quantified with Quantity One (Bio-Rad).
Background was subtracted equally among lanes. Students t-test or one way anova was used
for statistical analyses using Graphpad Prism software.

IP under stringent conditions
Cos7 cells were transfected with FLAG-CHIP and HA-Ub using Lipofectamine/PLUS
(Invitrogen) as recommended by the manufacturer. 48 hrs after transfection, cells were
collected in PBS + PI (SigmaFast; Sigma- Aldrich), lysed in RIPA+PI, denatured in final
1% SDS (30 min, RT), and renatured in final 4.5% Triton-X 100 (30 min, RT). Lysates were
then incubated with anti-FLAG antibody-conjugated beads (2 hrs at 4 degrees), rinsed 4X
with RIPA + PI, and eluted by boiling in Laemmli buffer.

Binding experiments
GSTCHIP (unmodified or monoubiquitinated) was immobilized on glutathione sepharose
beads and incubated with ataxin-3 or S5a. Beads were then washed and eluted with Laemmli
buffer, run on SDS-PAGE, and visualized by Western blotting.

Octet RED platform binding experiments were performed by immobilizing either
Biotinylated CHIP or Ub-CHIP and monitoring the association and dissociation of ataxin-3
(Q22 or Q80).
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Analysis of human and mouse tissue
For immunohistochemistry 40 µm free-floating brain sections were incubated overnight with
α-CHIP antibody (1:500) and then processed with the Vector Elite kit (vector Laboratories)
with a biotinylated anti-rabbit IgG. The peroxidase activity was developed using the Vector
DAB peroxidase substrate kit.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ube2w monoubiquitinates CHIP
(A) CHIP is mono-ubiquitinated in cells. FlagCHIP and HAUb were expressed in 293 cells
and immunoprecipitated using anti-FLAG resin under stringent conditions. Cells expressing
only HAUb were used as a negative control. (B) MG132 treatment increases the levels of
Ub-CHIP. HEK293 cells were transfected with CHIP for 24 hours prior to addition of 30µM
MG132 for either 1, 3, or 6 hours. Shown is a representative blot (n=3). (C) Thermal stress
increases the levels of Ub-CHIP. HEK293 cells were transfected with CHIP for 24 hours
prior to transfer of the cells to 41°C for either 1, 2, or 3 hours. Shown is a representative blot
(n=3). (D) Ube2w rapidly and quantitatively monoubiquitinates CHIP. Ubiquitination
reactions were performed for the indicated times with each E2 found to ubiquitinate CHIP
(see figure S1). Assays were repeated three times with nearly identical results. (E) RNAi
knockdown of Ube2w levels decreases ubiquitination of CHIP. HEK293 cells were
transfected with FlagCHIP and shRNA vector targeting Ube2w or scrambled sequence (as
negative control), then analyzed by western blot and quantified (n=3, *p =0.036). Error bars
indicate Standard Error of the Mean (SEM). (F) Coexpression of Ube2w increases
ubiquitination of CHIP in vivo. COS-7 cells were transfected with FlagCHIP and either
Ube2w or Skp1 (as negative control) then analyzed by western blot and quantified by
densitometry (n=3, **p = 0.0033). Error bars indicate SEM.
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Figure 2. Ubiquitination of CHIP by Ube2w regulates CHIP function
(A) Ube2w enhances CHIP’s ability to reduce cellular levels of a known CHIP substrate,
INOS. Combinations of GFPINOS, CHIP and Ube2w were expressed in COS-7 cells by
transfection. Coexpression of Ube2w enhances CHIP-mediated reduction of steady state
levels of GFPINOS, whereas expression of Ube2w alone has no effect (n=3, *p < 0.05, **p <
0.005). Error bars indicate SEM. (B) RNAi knockdown of Ube2w increases levels
of GFPINOS even when CHIP is overexpressed. HEK293 cells were transfected with
combinations of GFPINOS, CHIP and vectors expressing shRNA against Ube2w or
scrambled shRNA (n=3, *p < 0.05, **p < 0.005). Error bars indicate SEM. (C) In vitro
ubiquitination of CHIP by Ube2w generates a single band corresponding to
monoubiquitinated CHIP, which is absent in a control reaction lacking E1. Mass
spectrometry identified K2 as the sole modified lysine on Ub-CHIP (see Fig S2). (D) The
ubiquitinated lysine on CHIP, K2, is conserved in mammals but is absent in zebrafish and
invertebrate species. The N-terminal sequences of CHIP orthologues were aligned using
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CLUSTAL-W (biology workbench); arrowhead indicates K2. (E) K2 is important for CHIP
function in vivo. HEK293 cells were transfected to express GFPINOS alone or together with
CHIP or CHIPK2R. Coexpressed CHIPK2R is less effective than wild type CHIP in
decreasing steady state levels of GFPINOS (n=4, **p value <0.005, ***p value < 0.0005).
Error bars indicate SEM.
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Figure 3. Ubiquitination of CHIP enhances its interaction with the DUB ataxin-3
(A) CHIP and ataxin-3 interact in vivo. HEK293 cells co-transfected with FLAG-tagged
ataxin-3 and untagged CHIP constructs were lysed 48 hours after transfection, and
immunoprecipitated with anti-FLAG beads. (B) Mono-ubiquitination of CHIP stabilizes the
interaction between CHIP and two unrelated UIM proteins, S5a and ataxin-3. Pull-downs of
recombinant S5a or ataxin-3 were performed using empty beads, CHIP beads or Ub-CHIP
beads, then analyzed by western blot. (C, D) Octet RED quantitative binding analyses of the
interaction of ataxin-3 with CHIP (C) or Ub-CHIP (D). Biotinylated CHIP or Ub-CHIP was
immobilized to streptavidin coated sensors and association and dissociation of ataxin-3 was
monitored (KD =2.2 µM for CHIP, and KD =0.12 µM for Ub-CHIP).
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Figure 4. Ataxin-3 limits polyubiquitin chain length on CHIP substrates
(A) Ataxin-3 interacts with GFPINOS. HEK293 cells were transfected with GFPINOS alone
or with FLAG-tagged ataxin-3 or catalytically inactive C14Aataxin-3. Cells were lysed 48
hours after transfection and FLAG IP was performed. (B) Catalytically inactive ataxin-3
increases steady state levels of GFPINOS. COS-7 cells were transfected to express GFPINOS
alone or together with ataxin-3 or C14Aataxin-3 (n=3, *p < 0.05). Error bars indicate SEM.
(C) Ataxin-3 trims, but does not fully deubiquitinate, polyubiquitinated HSP90.
Ubiquitination of HSP90 was carried out for 1 hour, the reaction stopped with 50mM
EDTA, and ataxin-3 then added to the reaction for the indicated times. (D) When present
during the ubiquitination reaction, ataxin-3 limits the length of polyubiquitin chains attached
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to HSP90 by CHIP. HSP90 ubiquitination reactions were performed in the presence or
absence of ataxin-3 for the times indicated, with either UbcH5c as the E2 or a mutant form
of UbcH5c (UbcH5cS22R) that is deficient in ubiquitin chain extension. (E) Both normal
(Q22) and expanded (Q80) ataxin-3 limit polyubiquitin chain length in a manner that
requires catalytic activity and ubiquitin chain binding via the UIMs; other tested DUBs had
no effect on the length of chains added to substrate. Ubiquitination reactions were performed
without DUB or with ataxin-3 (Q22 or Q80), C14Aataxin-3, UIM-mutated UIM1,2,3*ataxin-3,
USP5, UCH-L1, or UCH-L3 for the indicated times. (F) Ataxin-3 trims polyubiquitin chains
in cells. HEK293 cells were transfected with empty vector, FLAGataxin-3,
or FLAGataxin-3C14A. Cells were then lysed and FLAG IP was performed. (G) Longer
polyubiquitin chains compete with ataxin-3 binding to Ub-CHIP. Pull-downs of Ub-CHIP
(1µm) were performed with ataxin-3 beads or empty beads as indicated, in the absence of
ubiquitin or in the presence of 10µM mono-, di-, tri- or hexa-ubiquitin (all K63-linked).
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Figure 5. Ataxin-3 deubiquitinates CHIP upon completion of substrate polyubiquitination
(A) Ataxin-3 deubiquitinates Ub-CHIP in vitro. CHIP was monoubiquitinated by Ube2w,
and the reaction was stopped with 50mM EDTA. Increasing concentrations of the indicated
DUBs were added and loss of Ub-CHIP over time was assessed by western blot.
Representative results are shown, with the graph depicting the mean results of two
experiments. The dashed line represents extrapolated data for 10µM USP5. (B) Ataxin-3
deubiquitinates Ub-CHIP during ubiquitination reactions. Ubiquitination was carried out in
the absence or presence of ataxin-3 as indicated. Ub-CHIP deubiquitination by ataxin-3
correlates temporally with the appearance of ubiquitinated substrate. Polyglutamine
expansion has no discernible effect on ataxin-3’s ability to deubiquitinate Ub-CHIP.
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UbcH5c was employed as the sole E2 in these assays, so that the temporal nature of
conjugation and deconjugation of ubiquitin to CHIP could be viewed more precisely. (C)
The presence of ubiquitinated substrate enhances deubiquitination of Ub-CHIP byataxin-3.
HSP90 ubiquitination reactions were performed in the absence or presence of ataxin-3 and/
or UbcH5c for one hour, with increasing amounts of HSP90 (0 to 1µM.) (D) Ubiquitination
of substrate markedly facilitates ataxin-3 deubiquitination of Ub-CHIP. CHIP, ataxin-3, and
E1mix were incubated for one hour with additional components as indicated. Western blots
were performed to assess the ubiquitination state of HSP90 and CHIP. (E) The UIMs of
ataxin-3 are essential for deubiquitination of Ub-CHIP. Ubiquitination reactions were
performed with ataxin-3, UIM-mutated ataxin-3 (UIM 1,2,3* in which all three UIMs are
mutated) or no ataxin-3. (F) Ataxin-3 catalytic activity is required for deubiquitination of
Ub-CHIP. Ubiquitination reactions were performed with ataxin-3 or catalytically inactive
ataxin-3C14A.
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Figure 6. Polyglutamine expansion increases ataxin-3 affinity for CHIP and results in decreased
CHIP levels in SCA3 mice
(A) Quantitative binding analysis between CHIP or Ub-CHIP and normal or expanded
ataxin-3 (Q22 or Q80). Biotinylated CHIP or Ub-CHIP was immobilized to streptavidin-
coated sensors and association and dissociation of ataxin-3 (Q22 or Q80) was monitored (Kd
=2.2 µM for Q22 to CHIP, Kd =0.39 µM for Q80 to CHIP, and Kd=0.75 µM for Q80 to Ub-
CHIP). (B) CHIP levels are decreased in SCA3 Q84.2 transgenic mouse brain. CHIP levels
were assessed in whole brain lysates from 4-month-old nontransgenic or Q84.2 hemizygous
transgenic mice. CHIP levels are significantly reduced in Q84.2 mice (n=3, *p = 0.0372).
Error bars indicate SEM. (C) Immunohistochemistry reveals decreased brain CHIP levels in
Q84.2 mice. Brains from Q84.2 hemizygous mice or nontransgenic littermates were
sectioned and immunostained with CHIP antibody. DAB immunohistochemistry was carried
out simultaneously and identically on sections from nontransgenic and Q84 mice. (D) CHIP
levels are not altered in Atxn3 knockout mice. Whole brain lysates from 2 month old wild-
type or Atxn3 knockout mice were analyzed by SDS-PAGE and western blot. Error bars
indicate SEM.
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Figure 7. Propsed model of the Ube2w/CHIP/ataxin-3 ubiquitination cycle
1. CHIP recruits misfolded proteins via heat shock proteins and directly recruits Ube2w,
which in turn monoubiquitinates both CHIP and chaperone-bound substrate. 2.
Ubiquitination of CHIP facilitates its interaction with ataxin-3. Ube2w ubiquitinates
ataxin-3, which may stimulate ataxin-3’s DUB activity. 3. A second E2 (e.g. UbcH5) is
recruited to the complex where it extends the ubiquitin chain on misfolded substrate. 4.
Once the ubiquitin chain is 4 ubiquitins or longer, ataxin-3 preferentially binds the
polyubiquitinated substrate. 5. When bound to polyubiquitinated substrate, ataxin-3 trims the
polyubiquitin chain and/or restricts further chain extension. Upon completion of substrate
ubiquitination, ataxin-3 deubiquitinates CHIP, effectively terminating the ubiquitination
cycle. 6. Upon completion of CHIP deubiquitination, ataxin-3 may escort the ubiquitinated
substrate to its destination, leaving CHIP free to undergo another round of substrate
ubiquitination.
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