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stress and reactive molecules, Nrf2 is no longer targeted for
ubiquitin-dependent degradation (42, 43). Instead, Nrf2 accumulates in the nucleus and activates expression of phase 2
genes.
Cullin-dependent ubiquitin ligases are assembled around a
common core complex consisting of one of six cullin proteins
and a common RING finger protein, Rbx1 (also known as
Roc1) (35). This core complex is used by a large number of
substrate adaptor proteins that bring in specific substrates.
Substrate adaptor proteins are modular in nature, having one
domain that binds to the cullin protein and another domain
that binds to a small number of specific substrate proteins.
These two modules can be encoded by two different polypeptides, as in the case of the Skp1–F-box protein complexes that
are substrate adaptors for Cul1. Alternatively, as exemplified
by Keap1, a substrate adaptor for Cul3, these two domains can
be encoded by a single polypeptide.
A model that describes how cullin-dependent ubiquitin ligases may be regulated by cycles of assembly and disassembly
has been proposed (5). A central feature of this model is that
the cullin-Rbx1 core complex cycles between active and inactive states. The active complex contains a substrate adaptor
protein with its bound substrate docked at the N terminus of
the cullin protein. In this active complex, the cullin protein is
modified by Nedd8 conjugation on a conserved lysine residue
(Lys 712 in Cul3). A ubiquitin-loaded E2 protein is recruited
into the complex via protein-protein interactions with the Rbx1
subunit (9). The conjugated Nedd8 polypeptide may also facilitate E2 recruitment (24). The model proposes that the active complex is converted to an inactive complex in two steps.
The first step is removal of the Nedd8 protein from the cullin
protein by one or more deneddylases, such as the CSN5 sub-

Exposure of cells to reactive molecules, including reactive
oxygen species and other chemically reactive compounds, can
damage cellular macromolecules and compromise cellular
functions (1, 2, 16, 20, 47). The coordinated induction of phase
2 genes provides an efficient mechanism for mammalian cells
to neutralize reactive molecules, eliminate damaged macromolecules, and restore cellular redox homeostasis (8, 22, 26,
33). Transcription of phase 2 genes is controlled in large part
by the Nrf2 transcription factor (22, 33). The ability of Nrf2 to
accumulate in the nucleus and bind DNA appears to be the
rate-limiting step that controls expression of phase 2 genes.
Nrf2 is a member of the CNC subfamily of bZIP transcription factors (32). Nrf2 contains an N-terminal regulatory domain (Neh2), a central transactivation domain, and a C-terminal bZIP domain that is responsible for both nuclear
localization and DNA binding. The major upstream regulator
of Nrf2 is a BTB-Kelch protein termed Keap1, which binds the
Neh2 regulatory domain of Nrf2 via loops that extend out from
the bottom face of the Kelch ␤-propeller domain (21, 27).
Keap1 was initially regarded as a protein that sequestered Nrf2
in the cytoplasm (21). Subsequent work has revealed that
Keap1 functions as a substrate adaptor protein for a Cul3dependent E3 ubiquitin ligase that targets lysine residues
within the Neh2 domain for ubiquitin conjugation (7, 14, 25,
26, 43). Ubiquitin conjugation onto specific N-terminal lysine
residues marks Nrf2 for degradation by the 26S proteosome,
such that Nrf2 is maintained at low steady-state levels under
basal conditions (43). However, upon exposure to oxidative
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The bZIP transcription factor Nrf2 controls a genetic program that protects cells from oxidative damage and
maintains cellular redox homeostasis. Keap1, a BTB-Kelch protein, is the major upstream regulator of Nrf2.
Keap1 functions as a substrate adaptor protein for a Cul3-dependent E3 ubiquitin ligase complex to repress
steady-state levels of Nrf2 and Nrf2-dependent transcription. Cullin-dependent ubiquitin ligase complexes
have been proposed to undergo dynamic cycles of assembly and disassembly that enable substrate adaptor
exchange or recycling. In this report, we have characterized the importance of substrate adaptor recycling for
regulation of Keap1-mediated repression of Nrf2. Association of Keap1 with Cul3 was decreased by ectopic
expression of CAND1 and was increased by small interfering RNA (siRNA)-mediated knockdown of CAND1.
However, both ectopic overexpression and siRNA-mediated knockdown of CAND1 decreased the ability of
Keap1 to target Nrf2 for ubiquitin-dependent degradation, resulting in stabilization of Nrf2 and activation of
Nrf2-dependent gene expression. Neddylation of Cul3 on Lys 712 is required for Keap1-dependent ubiquitination of Nrf2 in vivo. However, the K712R mutant Cul3 molecule, which is not neddylated, can still assemble
with Keap1 into a functional ubiquitin ligase complex in vitro. These results provide support for a model in
which substrate adaptor recycling is required for efficient substrate ubiquitination by cullin-dependent E3
ubiquitin ligase complexes.
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MATERIALS AND METHODS
Construction of recombinant DNA molecules. Plasmids expressing wild-type
Keap1, chitin-binding domain (CBD)-tagged Keap1, Nrf2, wild-type Cul3, CBDtagged gigaxonin (GAN), and sarcosin proteins have been previously described
(43, 44). Mutant Cul3 cDNAs were generated by site-specific mutagenesis with
standard overlap extension techniques. The myc-Rbx1 expression vector was a
gift from Joan Conaway (23). The Flag-CAND1 expression vector was a gift from
Cecile M. Pickart (41). All genes used in this study were sequenced in the context
of the expression vectors used for the experiments.
Cell culture, transfections, and reporter gene assays. COS1, MDA-MB-231,
and HeLa cells were purchased from ATCC. CHO-K1 cells were obtained from
Toshihiko Ezashi. ts41 cells were obtained from Chuck Sherr. Cells were maintained in Dulbecco’s modified Eagle’s medium, Eagle’s minimal essential medium, or Ham’s F-12 medium in the presence of 10% fetal bovine serum.
Transfections of plasmid DNAs were performed with Lipofectamine Plus (Gibco
BRL) according to the manufacturer’s instructions. Transfections of small interfering RNA (siRNA) nucleotides were performed with Oligofectamine (Invitrogen) according to the manufacturer’s instructions. All siRNA nucleotides used in
this study were obtained from Dharmacon as purified and annealed duplexes.
The antioxidant response element (ARE) TATA-Inr luciferase reporter plasmid
pARE-Luc and a control plasmid encoding Renilla luciferase for transfection
efficiency have been previously described (42). Reporter gene assays were performed using a Promega dual-light assay system as previously described (42).
Antibodies, immunoprecipitation, and immunoblot analysis. The anti-Keap1
antibody has been described previously (42). Antibodies against Nrf2 (Santa
Cruz), CAND1 (Santa Cruz), tubulin (Santa Cruz), chitin-binding domain (New
England Biolabs), the Flag epitope (Sigma), the myc epitope (Santa Cruz), and
the hemagglutinin (HA) epitope (Covance) were purchased from commercial
sources.
For detection of protein expression in total cell lysates, cells were lysed in
sample buffer (50 mM Tris-HCl [pH 6.8], 2% sodium dodecyl sulfate [SDS], 10%
glycerol, 100 mM dithiothreitol [DTT], 0.1% bromophenol blue) at 24 to 48 h
posttransfection. For immunoprecipitation assays, cell extracts were prepared in
lysis buffer (50 mM HEPES [pH 7.9], 250 mM NaCl, 5 mM EDTA, 0.1% Triton

X-100) containing 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride, and protease inhibitor cocktail (Sigma). In some cases, 10 mM N-ethylmaleimide (NEM)
was included in the lysis solution to inactivate ubiquitin and Nedd8 hydrolase
activities. Soluble cell lysates were incubated with 2 g of affinity-purified antibodies for 2 h at 4°C, followed by incubation at 4°C with protein A-agarose beads
(Sigma) for 2 h. Unbound proteins were removed by washing four times with lysis
buffer. The immunoprecipitated proteins were eluted in sample buffer by boiling
for 5 min, electrophoresed through SDS-polyacrylamide gels, transferred to
nitrocellulose membranes, and subjected to immunoblot analysis.
In vivo ubiquitination assay. For detection of ubiquitinated Nrf2 proteins in
vivo, cells were transfected with expression vectors for HA-tagged ubiquitin,
Gal4-Neh2, and the indicated proteins. Cells were lysed by boiling in a buffer
containing 2% SDS, 10 mM NEM, 150 mM NaCl, and 10 mM Tris-HCl [pH 8.0].
This rapid lysis procedure inactivates cellular ubiquitin hydrolases and therefore
preserves ubiquitin-substrate protein conjugates present in cells prior to lysis.
Protein-protein interactions, including association of Nrf2 with Keap1, are also
disrupted by this lysis procedure. For immunoprecipitation, these lysates were
diluted with 4 volumes of a buffer containing 150 mM NaCl, 10 mM Tris-HCl
[pH 8.0], 1 mM DTT, and 1% Triton X-100. The diluted lysates were precleared
with protein A-agarose beads (Sigma) and incubated with 2 g of anti-Gal4
antibodies. HA-ubiquitin conjugates in immunoprecipitated Gal4-Neh2 proteins
were analyzed by immunoblot analysis with antibodies against the HA epitope.
In vitro ubiquitination assay. For detection of ubiquitinated Nrf2 and Keap1
proteins in vitro, cells were transfected with expression vectors for HA-Nrf2,
Keap1-CBD, myc-Rbx1, and the wild-type or mutant HA-Cul3 proteins. Cells
were lysed in buffer B (15 mM Tris-HCl [pH 7.5], 500 mM NaCl, 0.25% NP-40)
containing 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride, and protease inhibitor cocktail (Sigma). The lysates were precleared with protein A-agarose
beads prior to incubation with chitin beads (New England Biolabs) for 4 h at 4°C.
Chitin beads were washed twice with buffer B, twice with buffer A (25 mM
Tris-HCl [pH 7.5], 10% [vol/vol] glycerol, 1 mM EDTA, 0.01% NP-40, and 100
mM NaCl), and twice with reaction buffer (50 mM Tris-HCl [pH 7.5], 5 mM
MgCl2, 2 mM NaF, 0.6 mM DTT). The pellets were incubated with ubiquitin
(300 pmol), E1 (2 pmol), E2-UbcH5a (10 pmol), and ATP (2 mM) in 1⫻
reaction buffer in a total volume of 30 l for 1 h at 37°C. Ubiquitin, E1, and
E2-UbcH5a were purchased from Boston Biochem. The chitin beads were pelleted by centrifugation (3,000 ⫻ g); resuspended in 2% SDS, 150 mM NaCl, 10
mM Tris-HCl (pH 8.0), and 1 mM DTT; and boiled for 5 min to release bound
proteins, inactivate any contaminating ubiquitin hydrolases, and disrupt proteinprotein interactions. The supernatant was diluted fivefold with buffer lacking
SDS prior to immunoprecipitation with anti-Nrf2 or anti-Keap1 antibodies.
Immunoprecipitated proteins were subjected to immunoblot analysis with antiubiquitin antibodies (Sigma).

RESULTS
CAND1 competes with Keap1 for binding to Cul3. To determine if CAND1 functions as a regulator of Keap1-dependent ubiquitination of Nrf2, we first determined the ability of
CAND1 to associate with Cul3. COS1 cells were transfected
with expression vectors for Flag-tagged CAND1 and HAtagged Cul3. Association between CAND1 and Cul3 was assessed by coimmunoprecipitation of cell lysates. The HAtagged Cul3 protein was readily detected in anti-FLAG
immunoprecipitates from cotransfected cells but not from singly transfected cells (Fig. 1A, top panel, lane 3). Similarly, the
Flag-tagged CAND1 protein was observed only with anti-HA
immunoprecipitates from cotransfected cells (Fig. 1A, second
panel from top, lane 3). These results are consistent with the
results reported by Min et al. indicating that CAND1 is able to
associate with several different human cullin proteins, including Cul3 (30).
CAND1 has been proposed to sequester the Cul1 protein in
an inactive form that is unable to bind substrate adaptor proteins (5, 17, 45). Therefore, we determined if overexpression of
CAND1 would perturb the ability of Keap1 to associate with
Cul3. For these experiments, a Keap1 protein containing a
C-terminal chitin-binding domain was expressed in COS1 cells
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unit of the COP9 signalosome (CSN) (6, 15, 29, 40). The
second step is the association of a protein known as CAND1
(also termed TIP120A) with the deneddylated cullin protein
(17, 28, 45). CAND1 binds to both N-terminal and C-terminal
sequences in Cul1 and blocks binding of the substrate adaptor
protein (17, 19, 28, 30, 45). Subsequent conjugation of Nedd8
onto the cullin subunit by Ubc12, a Nedd8-specific E2 enzyme
(5), is proposed to decrease the affinity of CAND1 for the
cullin protein, enabling another substrate adaptor protein
(presumably with its bound substrate) to displace CAND1 and
initiate another cycle of substrate ubiquitination (5, 35). A
recent crystal structure of the CAND1-Cul1 complex, which
showed that Lys 720 in Cul1 is located at the CAND1:Cul1
interface, has provided support for the notion that neddylation
of Cul1 and binding of CAND1 are antagonistic (17). However, it is not clear if CAND1 is a global regulator of all
cullin-dependent ubiquitin ligase complexes (28, 30, 45).
Regulation of cullin-dependent ubiquitin ligases by cycles of
assembly and disassembly provides an attractive paradigm for
considering how substrate adaptor proteins target their specific
substrates for ubiquitin-dependent degradation. In the case of
Keap1, we have proposed that cycles of assembly and disassembly of the Keap1-Cul3-Rbx1 complex allow Keap1 to act in
a catalytic manner to efficiently target Nrf2 for degradation
(43). To test this hypothesis, we have examined the role of
CAND1 in Keap1-dependent ubiquitination of Nrf2. Our results indicate that CAND1-dependent substrate adaptor recycling is required for efficient repression of Nrf2 by Keap1 and
support the notion that CAND1 is a global regulator of cullindependent ubiquitin ligases.
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along with Cul3 and association of Cul3 with Keap1 was measured following affinity purification of Keap1 on chitin beads.
The level of Keap1-associated Cul3 was markedly reduced in
cells cotransfected with an expression vector for Flag-CAND1
(Fig. 1B, top panel, compare lanes 3 and 4). These results are
consistent with the notion that CAND1 sequesters Cul3 away
from Keap1.
Keap1 is one of 49 BTB-Kelch proteins encoded by the
human genome (37). Several other BTB-Kelch proteins, including GAN and sarcosin, are able to associate with Cul3 and
Rbx1 to form functional ubiquitin ligase complexes (13, 44).
The ability of CAND1 to compete with either GAN or sarcosin
for binding to Cul3 was determined. For these experiments,
CBD-tagged GAN or sarcosin proteins were expressed in
COS1 cells along with Cul3. Association of Cul3 with either
GAN or sarcosin was measured following affinity purification
with chitin beads. The amount of Cul3 that copurified with
either CBD-GAN or CBD-sarcosin was markedly reduced in
cells cotransfected with an expression vector for Flag-CAND1
(Fig. 1C, top panel, lanes 3 and 5). These results are consistent
with the notion that CAND1 is a general regulator of Cul3dependent E3 ubiquitin ligase complexes.
Increased CAND1 expression reduces Keap1-dependent
ubiquitination of Nrf2 and increases steady-state levels of
Nrf2. Keap1, as a substrate adaptor for Cul3, targets specific
lysine residues within the N-terminal Neh2 domain of its substrate, the Nrf2 transcription factor, for ubiquitin conjugation
(43). We therefore determined if increased levels of CAND1,
which reduce association between Keap1 and Cul3, would also
reduce Keap1-dependent ubiquitination of Nrf2. In the presence of Keap1 and Cul3, strong ubiquitin conjugation onto a
Gal4-Neh2 fusion protein was observed with transfected
MDA-MB-231 cells (Fig. 2A, top panel, lane 3). However,
levels of ubiquitin conjugation onto Gal4-Neh2 were markedly
reduced in the presence of increasing amounts of a cotransfected expression vector for CAND1 (Fig. 2A, top panel, lanes
4 to 7). In parallel experiments, the effect of CAND1 overexpression on steady-state levels of Nrf2 was determined. In both
MDA-MB-231 cells (Fig. 2B, top panel) and HeLa cells (Fig.
2C, top panel), increased expression of CAND1 markedly increased steady-state levels of Nrf2 in the presence of coexpressed Keap1. Ectopic expression of CAND1 did not reduce
binding of Nrf2 to Keap1 (data not shown). Rather, these
results indicate that increased CAND1 expression, which reduces the ability of Keap1 to associate with Cul3, interferes
with the ability of Keap1 to target Nrf2 for ubiquitin-dependent degradation.
CAND1 is required for efficient repression of Nrf2 by Keap1.
To further evaluate the functional significance of CAND1 for
Keap1-mediated regulation of Nrf2, a siRNA molecule against
CAND1 was used to reduce levels of the endogenous CAND1
protein. Immunoblot analysis using an anti-CAND1 antibody
confirmed that the anti-CAND1 siRNA molecule was effective
in reducing expression of the endogenous CAND1 protein
(Fig. 3A, second panel from bottom, lane 3). Increased association of Cul3 with Keap1 was observed with HeLa cells
transfected with the anti-CAND1 siRNA compared to cells
transfected with a control siRNA molecule (Fig. 3A, top panel,
compare lanes 2 to 4). The steady-state level of Keap1 was
slightly reduced in the presence of the anti-CAND1 siRNA
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FIG. 1. (A) Thirty-five-millimeter-diameter dishes of COS1 cells
were transfected with 0.5 g each of expression vectors for HA-Cul3
and Flag-CAND1 as indicated. Total cell lysates were analyzed by
immunoblotting with anti-Flag (␣-Flag) and ␣-HA antibodies (bottom
two panels). ␣-Flag immunoprecipitates (IP) were subjected to immunoblot analysis using ␣-HA antibodies (top panel). ␣-HA IP were
subjected to immunoblot analysis using ␣-Flag antibodies (second
panel from the top). (B) Thirty-five-millimeter-diameter dishes of
COS1 cells were transfected with 0.33 g each of expression vectors for
Keap1-CBD and HA-Cul3 as indicated. The Flag-CAND1 expression
vector was either omitted (lanes 1 to 3) or included (lane 4). Total cell
lysates were analyzed by immunoblotting with ␣-CBD, ␣-Flag, and
␣-HA antibodies (bottom three panels). The lysates were incubated
with chitin beads, pelleted by centrifugation (3,000 ⫻ g), and washed
three times in lysis buffer. Proteins that remained associated with the
chitin beads were analyzed by immunoblotting with ␣-HA antibodies
(top panel). (C) Thirty-five-millimeter-diameter dishes of COS1 cells
were transfected with expression vectors for HA-Cul3 (lanes 1 to 5)
and GAN-CBD (lanes 2 and 3) or sarcosin-CBD (lanes 4 and 5). The
Flag-CAND1 expression vector was either omitted (lanes 1, 2, and 4)
or included (lanes 3 and 5). Cell lysates were analyzed by immunoblotting with the indicated antibodies (bottom three panels) or incubated with chitin beads. Proteins that remained associated with the
chitin beads after extensive washing were analyzed by immunoblotting
with ␣-HA antibodies (top panel).
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molecule (Fig. 3A, third panel from bottom, lane 3) and ubiquitin conjugation onto Keap1 was slightly increased (Fig. 3B,
top panel, lane 3), presumably a consequence of increased
association of Keap1 with Cul3. These results demonstrate that
while ectopic overexpression of CAND1 results in reduced
levels of association between Keap1 and Cul3 (Fig. 1B),
siRNA-mediated knockdown of endogenous CAND1 results in
increased levels of association between Keap1 and Cul3 (Fig.
3A).
Increased association between Keap1 and Cul3 might increase the ability of Keap1 to target Nrf2 for ubiquitin-dependent degradation. Therefore, steady-state levels of Nrf2 were
determined in the absence or presence of siRNA molecules
directed against CAND1. HeLa cells were transfected with
expression vectors for Keap1 and Nrf2 along with siRNA molecules against Nrf2, Keap1, or CAND1. Coexpression of
Keap1 and Nrf2 markedly reduced steady-state levels of Nrf2
(Fig. 3C, top panel, lanes 1 and 2). As expected, steady-state
levels of Nrf2 were fully recovered in the presence of a siRNA
molecule against Keap1 (Fig. 3C, top panel, lane 4). However,
a significant increase in steady-state levels of Nrf2 was also
observed following siRNA-mediated knockdown of endogenous CAND1 expression (Fig. 3C, top panel, lane 5). Thus,
although reduced levels of CAND1 result in increased association of Keap1 with Cul3, the ability of Keap1 to efficiently
target Nrf2 for ubiquitin-dependent degradation is decreased.
To determine if increased steady-state levels of Nrf2 in the
presence of the anti-CAND1 siRNA results from decreased
binding of Nrf2 to Keap1, the level of Keap1-associated Nrf2
was determined in the absence and presence of the antiCAND1 siRNA molecule. Increased steady-state levels of Nrf2
were again observed in the presence of the anti-CAND1
siRNA molecule (Fig. 3D, second panel from top, compare
lanes 1 and 2). A marked increase in Keap1-associated Nrf2
was also observed (Fig. 3D, top panel, compare lanes 1 and 2).
Thus, decreased levels of CAND1 do not disrupt the ability of
Keap1 to bind Nrf2. Rather, these results indicate that decreased levels of CAND1 disrupt the ability of Keap1 to efficiently target Nrf2 for ubiquitin-dependent degradation and
thereby increase steady-state levels of Keap1-associated Nrf2.
To confirm the importance of CAND1 for regulation of
steady-state levels of Nrf2, steady-state levels of the endogenous Nrf2 protein in HeLa cells transfected with siRNA molecules against Keap1 or CAND1 were measured. As expected,
the siRNA molecule against Keap1 markedly increased steadystate levels of the endogenous Nrf2 protein (Fig. 4A, top panel,
compare lanes 1 and 5). A marked increase in the steady-state
levels of the endogenous Nrf2 protein was also observed in the
presence of two different siRNA molecules against CAND1
(Fig. 4A, top panel, lanes 2 and 3). A control siRNA had no
effect on steady-state levels of Nrf2 (Fig. 4A, top panel, lane 4).
Reporter gene assays were performed to determine if increased steady-state levels of Nrf2 resulted in increased Nrf2dependent gene expression. A luciferase reporter gene controlled by a minimal promoter containing four copies of an
ARE was transfected into HeLa cells in the absence or presence of cotransfected siRNA molecules against Nrf2, Keap1,
or CAND1. A low level of Nrf2-dependent reporter gene expression was observed with the cells transfected only with the
reporter plasmid (Fig. 4B). This basal level of reporter gene
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FIG. 2. (A) Thirty-five-millimeter-diameter dishes of MDA-MB231 cells were transfected with expression vectors for HA-Ub (0.4 g),
Gal4-Neh2 (0.4 g, lanes 2 to 7), Keap1 (0.1 g, lanes 3 to 7), Cul3 (0.1
g, lanes 3 to 7), and CAND1 (from 0.0125 to 0.1 g, lanes 4 to 7). The
transfected cells were treated with MG132 for 5 h prior to cell lysis.
Total cell lysates were analyzed by immunoblotting with anti-Gal4
(␣-Gal4) antibodies (bottom panel). ␣-Gal4 immunoprecipitates (IP)
were analyzed by immunoblotting with ␣-HA antibodies (top panel).
IgG, immunoglobulin G. (B) Twenty-four-well plates of MDA-MB231 cells were transfected with expression vectors for HA-Nrf2 (0.18
g), Keap1 (0.018 g, lanes 2 to 5), Cul3 (0.07 g, lanes 2 to 5), and
CAND1 (from 0.035 to 0.14 g, lanes 3 to 5). Total cell lysates were
subjected to immunoblot analysis with ␣-HA (top panel) and ␣-tubulin
(bottom panel) antibodies. (C) Twenty-four-well plates of HeLa cells
were transfected with expression vectors for HA-Nrf2 (0.18 g), Keap1
(0.018 g, lanes 2 to 4), and Flag-CAND1 (0.035 to 0.14 g, lanes 3
and 4). Total cell lysates were subjected to immunoblot analysis with
␣-HA, ␣-Keap1, ␣-Flag, and ␣-tubulin antibodies as indicated.
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FIG. 3. (A) Thirty-five-millimeter-diameter dishes of HeLa cells were transfected with control (lane 4) or anti-CAND1 (␣-CAND1) (lane 3)
siRNA nucleotides (300 nM), allowed to recover for 24 h, and transfected with 0.5 g each of expression vectors for HA-Cul3 and Keap1-CBD
(lanes 2 to 4). Cell lysates were collected after an additional 24 h and immunoblotted with the indicated antibodies (bottom four panels) or
incubated with chitin beads. Proteins that remained bound to the chitin beads after extensive washing were analyzed with the indicated antibodies
(top two panels). (B) HeLa cells were transfected with control (lane 4) or ␣-CAND1 (lane 3) siRNA nucleotides (100 nM), allowed to recover for
24 h, and transfected with expression vectors for HA-Ub, Keap1, and Cul3 as indicated. Cell lysates were collected after an additional 24 h and
immunoblotted with the indicated antibodies (bottom three panels). ␣-Keap1 immunoprecipitates (IP) were analyzed by immunoblotting with
␣-HA antibodies (top panel). IgG, immunoglobulin G. (C) Twenty-four-well plates of HeLa cells were transfected with ␣-Nrf2 (lane 3), ␣-Keap1
(lane 4), or ␣-CAND1 (lane 5) siRNA nucleotides (50 nM), allowed to recover for 24 h, and then transfected with 0.2 g each of expression vectors
for HA-Nrf2 and Keap1 (lanes 2 to 5). Total cell lysates were collected and subjected to immunoblot analysis with the indicated antibodies.
(D) Thirty-five-millimeter-diameter dishes of HeLa cells were first mock transfected (lanes 1 and 3) or transfected with ␣-CAND1 siRNA
nucleotides (300 nM), allowed to recover for 24 h, and then transfected with 0.5 g each of expression vectors for HA-Nrf2 and Keap1-CBD. The
transfected cells were either untreated (lanes 1 and 2) or treated with MG132 for 5 h prior to cell lysis. The lysates were incubated with chitin beads,
and levels of HA-Nrf2 proteins that remained bound to the chitin beads were determined by immunoblotting with ␣-HA antibodies (top panel).
Total lysates were analyzed by immunoblotting with the indicated antibodies (bottom three panels).
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expression was reduced by cotransfection of siRNA against
Nrf2, confirming the validity of this assay as a measurement of
transcription driven by the endogenous Nrf2 protein. Levels of
reporter gene expression were increased 25-fold in the presence of a siRNA molecule against Keap1, while a siRNA
molecule against CAND1 resulted in a 15-fold increase in
Nrf2-dependent reporter gene expression (Fig. 4B).
Our results indicate a critical role for CAND1 in regulation
of Keap1-mediated control over steady-state levels of Nrf2 and
Nrf2-dependent transcription. Ectopic expression of CAND1
decreased the ability of Keap1 to assemble with Cul3 into a
functional E3 ubiquitin ligase complex, resulting in increased
steady-state levels of Nrf2. On the other hand, decreased
CAND1 expression, which increased complex formation between Keap1 and Cul3, also increased steady-state levels of
Nrf2 and Nrf2-dependent gene expression. Taken together,
these results indicate that an optimal level of CAND1 is required for efficient down-regulation of Nrf2 by Keap1. These

results are consistent with a model in which CAND1-mediated
cycles of assembly and disassembly of the Keap1-Cul3-Rbx1
E3 ubiquitin ligase complex are required for efficient control
by Keap1 over steady-state levels of Nrf2 and Nrf2-dependent
transcription.
Neddylation of Cul3 on Lys 712 is required for efficient
Keap1-dependent ubiquitination of Nrf2 in vivo. Cyclical assembly and disassembly of cullin-containing E3 ubiquitin ligase
complexes has been suggested to involve both CAND1 and
site-specific modification of the cullin protein by the small
ubiquitin-like protein, Nedd8 (5). The neddylated form of
Cul3, which exhibits a slower mobility on SDS-polyacrylamide
gels, can be readily observed following immunoblot detection
of Cul3 in whole-cell lysates (Fig. 1A, bottom panel). Neddylation of Cul3 occurs at a conserved C-terminal lysine residue
(Lys 712 in human Cul3), and the biological importance of
Nedd8 modification has been demonstrated for the Cul3 homologs in Drosophila melanogaster and Caenorhabditis elegans
(36, 46).
To determine if neddylation of Cul3 is required for Keap1dependent ubiquitination of Nrf2, the ability of Keap1 to target Nrf2 for ubiquitination was characterized for the ts41 hamster ovary cell line. The ts41 cell line contains a temperaturesensitive defect in the Nedd8 E1 activation enzyme (3, 34). As
expected, the slower-migrating form of Cul3 was not detected
in ts41 cells following a shift to the restrictive temperature of
40°C (Fig. 5A, second panel from top, lane 4). Increased association of CAND1 with Cul3 was also observed with ts41
cells at the restrictive temperature (Fig. 5A, top panel, lanes 2
and 4), consistent with the notion that CAND1 preferentially
binds to the nonneddylated form of Cul3 (17, 19, 28, 45). In
contrast, the neddylated form of Cul3 was readily detectable in
wild-type Chinese hamster ovary cells grown at either 34°C or
40°C, and no changes in CAND1 association with Cul3 were
observed (Fig. 5A, top panel, lanes 6 and 8). Ectopic expression of Keap1 and Cul3 markedly increased ubiquitination
onto the Gal4-Neh2 fusion protein in both ts41 and wild-type
cells grown at 34°C and in the wild-type cells grown at 40°C
(Fig. 5B, lanes 1 to 4 and 9 to 16). However, Keap1-dependent
ubiquitination of the Gal4-Neh2 protein was abolished in ts41
cells shifted to 40°C (Fig. 5B, lanes 5 to 8).
Neddylation of the human Cul3 protein is predicted to occur
at Lys 712, located within a short stretch of amino acids that
are highly conserved in other cullin proteins (Fig. 6A). Several
amino acids in this region, including Lys 712, participate in
direct contacts between Cul1 and CAND1 (17), suggesting that
there may be an antagonistic relationship between modification of cullin proteins by Nedd8 and binding of cullin proteins
to CAND1 (4, 17, 28, 31, 45). To further explore the functional
significance of Cul3 neddylation and CAND1 association for
efficient Keap1-dependent ubiquitination of Nrf2, a series of
mutant Cul3 proteins were constructed. These mutations introduced either a single arginine substitution in place of Lys
712 or two alanine substitutions at adjacent residues flanking
Lys 712 (Fig. 6A). Modification of Cul3 by neddylation was
abolished only by the K712R substitution (Fig. 6B, middle
panel, lane 3). However, all of the mutant Cul3 proteins, including the K712R protein, were able to associate with
CAND1 (Fig. 6B, upper panel), indicating that single or dou-
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FIG. 4. (A) Twenty-four-well plates of HeLa cells were transfected
with 100 nM of control siRNA (lane 4) or siRNA nucleotides targeting
Keap1 (lane 1) or CAND1 at different regions in CAND1 mRNA
(lanes 2 and 3). Levels of endogenous Nrf2 were determined by immunoblot analysis with anti-Nrf2 (␣-Nrf2) antibodies (top panel). Levels of CAND1 and tubulin were analyzed by immunoblotting with the
indicated antibodies (bottom two panels). (B) Twenty-four-well plates
of HeLa cells were transfected with ␣-Nrf2, ␣-Keap1, or ␣-CAND1
siRNA nucleotides (300 nM) as indicated and with an ARE-dependent
firefly luciferase reporter gene construct (100 ng). A plasmid encoding
Renilla luciferase (10 ng) was included as a control for transfection
efficiency. The data shown represent the means and standard deviations of results from three independent experiments.
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ble amino acid substitutions within this conserved region are
not sufficient to disrupt binding of Cul3 to CAND1.
All of the mutant Cul3 proteins were able to associate with
Keap1 and Rbx1 (Fig. 7A and data not shown). Coexpression
of the wild-type Cul3 protein with Keap1 markedly enhanced
ubiquitination of the Gal4-Neh2 substrate protein (Fig. 6C,
lanes 2 to 4) and markedly reduced steady-state levels of Nrf2
(Fig. 6D, lanes 1 to 3). However, only low levels of ubiquitin
transfer onto the Gal4-Neh2 substrate protein were observed
in the presence of the mutant K712R Cul3 protein (Fig. 6C,
lane 5). Elevated steady-state levels of Nrf2 were observed in
the presence of the mutant K712R Cul3 protein (Fig. 6D, lane
4). Two other mutant Cul3 proteins, containing Ala or Met,
respectively, at residue 712, were also impaired in their ability
to repress steady-state levels of Nrf2 (data not shown). All of
the other mutant Cul3 proteins were as effective as the wildtype Cul3 protein for supporting Keap1-dependent ubiquitina-

tion of Nrf2 and Keap1-mediated repression of steady-state
levels of Nrf2 (Fig. 6C, lanes 6 to 11, and Fig. 6D, lanes 5 to
10).
To confirm that the K712R mutant Cul3 protein is able to
assemble into a functional E3 ubiquitin ligase complex with
Keap1, in vitro ubiquitination assays were carried out following
affinity purification of the complex from transfected cells. Both
the wild-type and K712R mutant Cul3 proteins were able to
form a complex with Keap1 and Rbx1 that could be affinity
purified from transfected cells (Fig. 7A, top two panels, lanes
3 and 4). Furthermore, following affinity purification of the
quaternary Nrf2-Keap1-Cul3-Rbx1 complex from transfected
cells, both the K712R mutant and the wild-type Cul3 proteins
were able to support ubiquitin transfer onto Nrf2 in vitro (Fig.
7B, lanes 3 and 4). Ubiquitin transfer onto Keap1 was also
readily observed in vitro in the presence of either the K712R
mutant or wild-type Cul3 (data not shown). Ubiquitin conjugation onto Nrf2 was not observed with reactions carried out in
the absence of the E1 ubiquitin conjugation enzyme (Fig. 7B,
lane 1). Importantly, only low levels of ubiquitin conjugation
onto Nrf2 were observed in the absence of the coexpressed
Cul3-Rbx1 subcomplex (Fig. 7B, lane 2), indicating that the
robust ubiquitin conjugation activity observed in the presence
of the K712R mutant protein is not due simply to copurification of the endogenous Cul3-Rbx1 subcomplex with ectopically
expressed Keap1-CBD. Thus, under the conditions of the in
vitro assay, neddylation of Lys 712 is not required for the
assembly of Cul3 into a functional ubiquitin ligase complex
(Fig. 7B). However, neddylation of Cul3 is required to support
efficient Keap1-dependent ubiquitination of Nrf2 in vivo (Fig.
6C).
DISCUSSION
The ability of Keap1 to function as a substrate adaptor
protein for Cul3 and target Nrf2 for ubiquitin-dependent degradation has emerged as a major regulatory mechanism that
regulates expression of cytoprotective phase 2 genes (7, 14, 25,
43). Cullin-dependent E3 ubiquitin ligases have been proposed
to undergo cycles of assembly and disassembly that allow substrate adaptor recycling. Cyclical assembly and disassembly of
cullin-dependent E3 ubiquitin ligase complexes is mediated, in
part, by the antagonistic actions of Nedd8 modification of the
cullin protein and association of cullin proteins with CAND1
(17, 31, 35). In the present work, we have used several independent experimental approaches to examine the role of substrate adaptor recycling for Keap1-mediated repression of
Nrf2. Ectopic expression of CAND1 reduced the level of complex formation between Keap1 and Cul3, while siRNA-mediated knockdown of endogenous CAND1 expression increased
complex formation between Keap1 and Cul3. However, both
ectopic CAND1 expression and siRNA-mediated knockdown
of endogenous CAND1 decreased the ability of Keap1 to target Nrf2 for ubiquitin-dependent degradation. Notably, a
marked increase in Nrf2-dependent gene expression was observed following siRNA-mediated knockdown of CAND1 expression. Modification of Cul3 by Nedd8 at a conserved Lys
acceptor residue is also required for Keap1-dependent ubiquitination in vivo. Taken together, these results are consistent
with a model in which the ability of Keap1 to participate in
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FIG. 5. (A) Sixty-millimeter-diameter dishes of ts41 cells or wildtype CHO cells were cotransfected with 1.0 g each of expression
vectors for HA-Cul3 and Flag-CAND1 as indicated. The transfected
cells were either kept at 34°C (lanes 1, 2, 5, and 6) or shifted to 40°C
(lanes 3, 4, 7, and 8) for 24 h. Total cell lysates were analyzed by
immunoblotting with anti-Flag (␣-Flag) and ␣-HA antibodies (bottom
two panels). ␣-HA immunoprecipitates (IP) were subjected to immunoblot analysis using ␣-Flag and ␣-HA antibodies (top two panels).
(B) Sixty-millimeter-diameter dishes of ts41 cells or wild-type CHO
cells were cotransfected with expression vectors for HA-Ub (0.7 g),
Gal4-Neh2 (0.8 g), Keap1 (0.2 g), and Cul3 (0.3 g) as indicated.
The transfected cells were either kept at 34°C (lanes 1 to 4 and 9 to 12)
or shifted to 40°C (lanes 5 to 8 and 13 to 16) for 24 h, and all were
treated with MG132 for 2.5 h prior to cell lysis. Total cell lysates were
analyzed by immunoblotting with ␣-Gal4 and ␣-tubulin antibodies
(bottom two panels). ␣-Gal4 IP were analyzed by immunoblotting with
␣-HA antibodies (top panel). IgG, immunoglobulin G.
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multiple cycles of substrate adaptor exchange is a critical regulatory aspect of Keap1-mediated repression of Nrf2-dependent gene expression.
A key feature of this model is that physical release of Nrf2
from Keap1 is not required for activation of Nrf2-dependent
transcription. Indeed, knockdown of CAND1 markedly increases the level of Keap1-associated Nrf2 yet also increases
Nrf2-dependent transcription. Thus, decreasing the ability of
Keap1 to efficiently target Nrf2 for ubiquitin-dependent degradation is sufficient to activate Nrf2-dependent gene expression. We propose that a decreased ability of Keap1 to target
Nrf2 for ubiquitin-dependent degradation results in the accumulation of an excess of Nrf2 relative to Keap1 such that free
Nrf2 proteins are able to localize to the nucleus and activate
Nrf2-dependent gene expression.

The ability of Keap1 to act in a catalytic manner and target
multiple Nrf2 proteins for ubiquitin-dependent degradation
has important implications for how Nrf2 is able to escape
Keap1-mediated repression following exposure of cells to oxidative stress and chemopreventive compounds. As Keap1 is
able to sequester Nrf2 in the cytoplasm, it has been suggested
that reactive molecules bind to Keap1 and cause the physical
release of Nrf2 from Keap1. Consistent with this suggestion,
direct binding of chemically reactive molecules to Keap1 has
been demonstrated both in vitro and in vivo (10, 18). However,
the importance of physical release of Nrf2 from Keap1 has not
been clearly established. For example, although one report
suggested that chemical inducers of Nrf2-dependent gene expression dissociate the Keap1-Nrf2 complex in vitro (10), a
subsequent report suggested that reactive molecules simply
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FIG. 6. (A) Sequence alignment of neddylation sites among five members of the cullin superfamily is shown. The conserved Lys residue for
Nedd8 conjugation in the cullin proteins is indicated above the alignment by an arrow (39). Conserved residues in this region are indicated below
the alignment by asterisks. Residues in this region of Cul1 that make direct contacts with CAND1 are indicated above the alignment by carets (17).
The conserved residues that were substituted with alanine or arginine in the Cul3 mutant proteins utilized in this report are illustrated. Hs., Homo
sapiens. (B) Thirty-five-millimeter-diameter dishes of COS1 cells were cotransfected with 0.5 g each of expression vectors for Flag-CAND1 and
the mutant or wild-type (WT) HA-Cul3 proteins as indicated. Cell lysates were collected in the presence of 10 mM NEM and analyzed by
immunoblotting with anti-Flag (␣-Flag) and ␣-HA antibodies (bottom two panels). ␣-HA immunoprecipitates (IP) were subjected to immunoblot
analysis using ␣-Flag antibodies (top panel). (C) Thirty-five-millimeter-diameter dishes of MDA-MB-231 cells were transfected with expression
vectors for HA-Ub (0.4 g), Gal4-Neh2 (0.4 g, lanes 2 to 11), Keap1 (0.1 g, lanes 3 to 11), and the WT or mutant Cul3 proteins (0.1 g, lanes
4 to 11). The transfected cells were treated with MG132 for 2.5 h prior to cell lysis. ␣-Gal4 IP from cell lysates were analyzed by immunoblotting
with ␣-HA antibodies. IgG, immunoglobulin G. (D) Twenty-four-well plates of MDA-MB-231 cells were transfected with expression vectors for
HA-Nrf2 (0.18 g), myc-Rbx1 (0.11 g, lanes 2 to 10), Keap1 (0.018 g, lanes 2 to 10), and the WT or mutant Cul3 proteins (0.11 g, lanes 3 to
10). Total cell lysates were subjected to immunoblot analysis with ␣-HA (top and middle panels) and ␣-tubulin (bottom panel) antibodies.
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alter the mobility of the complex in native polyacrylamide gels
without causing the physical release of Nrf2 (12). In our previous work, we have demonstrated that association between
Nrf2 and Keap1 in vivo is not decreased but is actually increased following exposure of cells to inducers of Nrf2-dependent transcription (43). In a similar vein, we find that knockdown of CAND1, which markedly increases Nrf2-dependent
gene expression, also increases the level of Keap1-associated
Nrf2. Taken together, the available experimental evidence is
most consistent with a model in which reactive molecules do
not cause the physical release of Nrf2 from Keap1 but interfere
with the ability of Keap1 to act in a catalytic manner to efficiently target Nrf2 for ubiquitin-dependent degradation.
Keap1 has been proposed to be a sensor of reactive molecules and oxidative stress, such that a redox-dependent modification of one or more cysteine residues in Keap1 is coupled
to increased expression of Nrf2-dependent genes. Indeed, multiple cysteine residues in Keap1, including Cys 151, Cys 273,
and Cys 288, can be modified by reactive molecules either in
vivo or in vitro (10, 12, 18). Mutational analysis has revealed
that Cys 273 and Cys 288, which are located in the central
linker domain and participate in binding Zn2⫹ (11), are required for repression of Nrf2-dependent gene expression. In
contrast, Cys 151, located in the N-terminal BTB domain, is
specifically required for increased Nrf2-dependent gene expression following exposure of cells to oxidative stress (38, 42,
43). Mutant Keap1 proteins containing serine or alanine substitutions at Cys 151, Cys 273, or Cys 288 are still able to bind
Nrf2 (42). However, serine substitutions at Cys 273 and Cys
288 compromise the ability of Keap1 to target Nrf2 for ubiquitination because they reduce the ability of Keap1 to bind
Cul3 (unpublished data). On the other hand, serine substitution at Cys 151 renders Keap1-dependent ubiquitination of
Nrf2 resistant to inhibition by oxidative stress or chemopreventive compounds, presumably because modification of Cys
151 by chemopreventive compounds, such as sulforaphane,
decreases the ability of Keap1 to associate with Cul3 (43).
Taken together, the current evidence is most consistent with a
model in which modification of these (and perhaps other)
cysteine residues in Keap1 would perturb the ability of Keap1
to assemble with Cul3 and target Nrf2 for ubiquitin-dependent
degradation rather than inducing the release of Nrf2 from
Keap1. An attractive feature of a model in which Keap1 acts in
a catalytic manner to efficiently target Nrf2 for ubiquitin-dependent degradation is that modulating the catalytic efficiency
of Keap1 by modification of one or more cysteine residues in
Keap1 would allow a graded response of Nrf2-dependent gene
expression following exposure of cells to oxidative stress and
chemically reactive molecules.

beads. After washing, the chitin beads were incubated with E1, E2UbcH5a, ubiquitin, and ATP. The E1 enzyme was omitted from one
sample (lane 1). Subsequently, the chitin beads were pelleted and
washed, and proteins that were eluted from the beads after boiling
under denaturing conditions were immunoprecipitated with anti-Nrf2
(␣-Nrf2) antibodies and then analyzed by immunoblotting with antiubiquitin antibodies (top panel). IP, immunoprecipitate; IgG, immunoglobulin G.

Downloaded from http://mcb.asm.org/ on January 26, 2021 by guest

FIG. 7. (A) Thirty-five-millimeter-diameter dishes of COS1 cells
were cotransfected with expression vectors for Keap1-CBD (0.3 g,
lanes 1, 3, and 4), myc-Rbx1 (0.1 g, lanes 2 to 4), and the wild-type
(WT) or mutant HA-Cul3 proteins (0.3 g, lanes 2 to 4) as indicated.
Cell lysates were analyzed by immunoblotting with the indicated antibodies (bottom three panels) or incubated with chitin beads. Proteins
that remained bound to the chitin beads after extensive washing were
analyzed by immunoblotting with the indicated antibodies (top two
panels). (B) Sixty-millimeter-diameter dishes of COS1 cells were transfected with 0.5 g each of the expression vectors for HA-Nrf2, Keap1CBD, myc-Rbx1, and the WT or mutant HA-Cul3 proteins, as indicated in lanes 1 to 4. The transfected cells were treated with MG132
for 5 h prior to cell lysis. Lysates from three 60-mm-diameter dishes
were pooled for each sample. One percent of the cell lysates were
analyzed by immunoblotting with the indicated antibodies (bottom
four panels), and the rest of the lysates were incubated with chitin
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