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Keap1l represses nuclear activation
of antioxidant responsive elements
by Nrf2 through binding to the
amino-terminal Neh2 domain
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Transcription factor Nrf2 is essential for the antioxidant responsive element (ARE)-mediated induction of
phase II detoxifying and oxidative stress enzyme genes. Detailed analysis of differential Ntf2 activity displayed
in transfected cell lines ultimately led to the identification of a new protein, which we named Keapl, that
suppresses Nrf2 transcriptional activity by specific binding to its evolutionarily conserved amino-terminal
regulatory domain. The closest homolog of Keapl is a Drosophila actin-binding protein called Kelch, implying
that Keapl might be a Ntf2 cytoplasmic effector. We then showed that electrophilic agents antagonize Keapl
inhibition of Nrf2 activity in vivo, allowing Nrf2 to traverse from the cytoplasm to the nucleus and potentiate
the ARE response. We postulate that Keapl and Nrf2 constitute a crucial cellular sensor for oxidative stress,
and together mediate a key step in the signaling pathway that leads to transcriptional activation by this novel
Nif2 nuclear shuttling mechanism. The activation of Nrf2 leads in turn to the induction of phase Il enzyme
and antioxidative stress genes in response to electrophiles and reactive oxygen species.
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Both electrophiles and reactive oxygen species (ROS)
contribute to DNA damage and consequent develop-
ment of malignancy, as well as to many other diseases
(Miller 1970, Sims et al. 1974; Ames 1983). To counter-
act these insults, terrestrial organisms have developed
elaborate defense mechanisms (Bannai 1984; Prestera et
al. 1993a; Primiano et al. 1997), which include the coor-
dinated induction of a battery of specific genes that en-
code phase II detoxifying enzymes and oxidative stress-
inducible proteins (Buetler et al. 1995; Hayes and Pulford
1995). An illustration of how these defense mechanisms
might work has been provided in model studies of car-
cinogenesis. Development of cancer in animals fed with
strong chemical carcinogens is inhibited by the admin-
istration of low, but tolerable, concentrations of electro-
philic agents (Wattenberg 1978). This protective phe-
nomenon is referred to as the electrophile counterattack
response (Prestera et al. 1993a), and is thought to be me-
diated by the induction of genes encoding phase II en-
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zymes (Primiano et al. 1997) and antioxidative stress pro-
teins. This coordinated response is principally regulated
through cis elements, called antioxidant responsive ele-
ments (AREs; Rushmore et al. 1991) or electrophile re-
sponsive elements (EpREs; Friling et al. 1990), associated
with these target genes.

The ARE consensus sequence shows striking similar-
ity to a binding motif referred to as the Maf recognition
element (MARE), also known as the erythroid transcrip-
tion factor NF-E2 binding sequence (Kataoka et al. 1994;
Motohashi et al. 1997). MAREs are specifically recog-
nized by either homodimers of Maf family members
or by heterodimeric proteins composed of CNC
(Cap’n’Collar) and small Maf partners (Igarashi et al.
1994; Blank and Andrews 1997; Motohashi et al. 1997).
The small Maf proteins lack canonical transcriptional
activation domains, and hence the CNC factors provide
the activation function for these heterodimers (Igarashi
et al. 1994). The small Maf subunit however, is required
for high affinity, sequence-specific DNA-binding activ-
ity of the CNC factors to the MARE element (Igarashi et
al. 1994). The similarity between ARE and MARE se-
quences strongly implicated these families of proteins as
candidate factors in mediating the ARE response.
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In accord with this expectation, we showed recently,
by gene-targeted disruption in mice, that the CNC fam-
ily member Nrf2 is a general regulator of the phase II
enzyme genes (Itoh et al. 1997). More recently, we found
that the induction of a repertoire of oxidative stress re-
sponsive genes is severely impaired in Nrf2-deficient
macrophages (T. Ishii, K. Itoh, S. Takahashi, H. Sato, T.
Yanagawa, Y. Katoh, S. Bannai, and M. Yamamoto, in
prep.). On exposure to electrophilic agents, the DNA-
binding activity of Nrf2 is markedly induced, whereas
the Nrf2 steady-state mRNA level remains constant.
These results suggested that signals from oxidative
stress agents are transduced through an unidentified cel-
lular receptor to the Nrf2 protein, which in turn medi-
ates the electrophile counterattack response. Thus clari-
fication of the mechanism(s) controlling Nrf2 activity
appeared to be central to the elucidation of how terres-
trial organisms sense destructive oxidative stress and
subsequently mobilize an intrinsic cellular defense.

To explore the molecular mechanisms that activate
Nrf2 and thereby transduce oxidative stress signals, we
initially analyzed the structure and functional domains
of the Nrf2 protein. Comparison of the human Nrf2
(hN1f2; Moi et al. 1994), chicken ECH (cNrf2; Itoh et al.
1995) and mouse Nrf2 (mNrf2; Chui et al. 1995) mol-
ecules showed that they were cross-species homologs;
thus they are referred to simply as Nrf2 hereafter. In
turn, this comparison, led to the experimental localiza-
tion of a domain within the cNrf2 molecule that was
capable of negatively regulating its activity in trans-
fected cells. We then found that this domain associates
with a novel cytoplasmic protein that directly negatively
regulates the transactivation potential of Nrf2. We
named this novel protein Keapl (Kelch-like ECH-associ-
ated proteinl) because of its structural similarity to a
Drosophila actin-binding protein called Kelch (Xue and
Cooley 1993). We then showed that electrophilic agents
functionally liberate Nrf2 transactivation activity from
repression by Keapl, and concomitantly, that Nrf2
physically recompartmentalizes from the cytoplasm to
the nucleus. These data suggest that together, Keapl and

Keapl regulation of Nrf2 activity

Nrf2 comprise the primary sensor for cellular response to
oxidative stress.

Results

Functional characterization of Nrf2

CNC family transcription factors bind to MAREs as het-
erodimers with their obligatory partner molecules, the
small Maf proteins (Motohashi et al. 1997). In comparing
the human and chicken Nrf2 amino acid sequences, we
found six highly conserved regions and named these ho-
mology domains Nehl to Neh6 (Nrf2-ECH homology)
(Fig. 1A). The first conserved domain, Neh1, contains the
CNC homology region and basic-leucine zipper domain.
The amino and carboxyl termini of the proteins are also
highly conserved, and are referred to as Neh2 and Neh3,
respectively. Additionally, there are two conserved
acidic domains (Neh4 and Neh5) as well as a serine-rich
conserved region (Neh6).

On closer inspection, Neh2 appeared to be a composite
domain that is structurally divisible into two subregions
(Fig. 1B). The amino-terminal region of Neh2, consisting
of 32 amino acids, is rich in hydrophobic residues and
shows marked conservation with the amino-terminal re-
gion of both Nrfl and the C. elegans Skn-1 transcription
factors (Bowerman et al. 1993). In contrast, the carboxy-
terminal half of Neh2, corresponding to amino acid resi-
dues 33-73, is hydrophilic, and is not conserved among
the CNC family members. The conservation of the car-
boxy-terminal half of Neh2 between species suggested
that it might be an important functional domain specific
to Nrf2.

On transient transfection into quail fibroblast cells
(QT6), Nrf2 showed very strong transactivation activity,
consistent with our previous analyses (Itoh et al. 1995;
Toki et al. 1997). Therefore, we attempted to localize the
transcription activation domain(s) of Nrf2. Various seg-
ments of Nrf2 were fused to the DNA binding domain
(DBD) of the yeast transcription factor, Gal4 (Gal4-DBD;
Ma and Ptashne 1987) to generate five Gal4-Nrf2 chi-
meric proteins (Fig. 2A; Gal4-Nrf2#1 through Nrf2#5).

Figure 1. Schematic representation of the
regions conserved between chicken and hu-
man Nrf2 proteins. (A) Six conserved do-
mains, designated Nehl1-Neh6, are found
between human and chicken Nrf2. Nehl
corresponds to the CNC region and bZip

A CNC- Leucine ;
Basic  Zipper structure. (B) Sequence homology in Neh2.
I Amino acid residues conserved between at
least t tei haded. Th
Neh2  Nebd  Nehs NS e two proteins are shaded. The 33
Nehl amino-terminal residues, including the hy-
B drophobic region, are conserved among

Xhol
1

Skn-1
Hydrophobic Region

Nrfl, hNrf2, and c¢Nrf2 (ECH); the next 40
residues of Neh2 are rich in hydrophilic
residues and specifically conserved be-
tween cross-species Nrf2 molecules. The
strikingly homologous region, containing
hydrophilic residues, is boxed. (¥) Restric-
tion enzyme sites.
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Figure 2. Transcriptional activation activ- A
ity of Gal4 DBD-Nrf2 fusion proteins. (A)
Schematic presentation of the Gal4 DBD-
Nrf2 fusion proteins. Gal4-Nrf2#5 con- Gald
tains both Gal4 DBD and full-length — 2
chicken Nrf2 (ECH). (B) Transactivation ac-
tivity of Nrf2 chimeric proteins. Trans-ac-
tivation activity of each fusion protein was
determined by cotransfection assay into
the quail fibroblast cell line QT6, utilizing
a LUC reporter plasmid, which is transcrip-
tionally directed by five Gal4-binding sites.
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Each column corresponds to the construct shown in A. LUC activity of the reporter plasmid in the absence of any effector plasmid was
arbitrarily set at 100, and mean values of three independent experiments, each carried out in duplicate, are shown with the standard

error of the mean (s.E.).

The activities of these fusion proteins were then exam-
ined in transient co-transfection assays with a minimal
promoter/firefly luciferase (LUC) reporter gene con-
struct placed downstream of five Gal4-binding sites.

As shown in Figure 2B, Gal4-Nrf2 constructs 1 and 3
activated LUC reporter gene transcription, but to a lesser
extent than the full-length Gal4-Nrf2 fusion (Gal4—
Nrf2#5). In contrast, Gal4-Nrf2#2 and Gal4-Nrf2#4 did
not activate reporter gene expression. Equivalent expres-
sion of the chimeric proteins was routinely confirmed by
immunoblot analysis with an anti-Gal4 antibody (data
not shown). These results demonstrated that Nrf2 has
two separable, independent, activation domains (Neh4
and Neh5) in fibroblasts, and that the Neh2 conserved
homology domain is not an independent transactivation
domain.

Neh?2 negatively regulates Nrf2 in erythroblasts

To analyze the function of Neh2, we prepared a Nrf2
mutant from which the Neh2 domain was deleted (Fig.
3A). Wild-type (wild) and mutant (M1) Nrf2 cDNAs were
independently cotransfected into QT6 quail fibroblasts
or HD3 chicken proerythroblasts with the LUC reporter

A

Figure 3. The Neh2 domain is required for negative B
regulation of Nrf2 activity in HD3 erythroblasts. (A)
Schematic representation of the wild-type and Neh2
deletion mutant (M1) of cNrf2. (B,C) Transfection of
incremental amounts of the wild-type and mutant
Nrf2 expression plasmids into QT6 cells or HD3
erythroblasts, respectively. (W) Wild; (O) M1. The
PRBGP2 reporter, containing triplicated MARE bind-
ing sites from the chicken B-globin enhancer, was
transfected simultaneously. LUC activity with the
wild-type Nrf2 at an effector/reporter ratio of 20 was
arbitrarily set at 100% in B, and that of the mutant at
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construct pRBGP2, which contains three tandem MARE
copies (Igarashi et al. 1994). Transfection of wild-type
Nrf2 resulted in high levels of LUC activity in QT6 cells
but only weak activation in HD3 cells (Fig. 3B,C). As
anticipated from the previous transfection data localiz-
ing the Nrf2 transactivation domains (see above), dele-
tion of Neh2 had very little effect on Nrf2 activity in
transfected fibroblasts (Fig. 3B). Interestingly, the Neh2
deletion mutant was a much more potent transactivator
than wild-type Nrf2 in erythroblasts (Fig. 3C). These re-
sults indicated that cNrf2 activity is normally repressed
in HD3 proerythroblast cells and that the Neh2 domain
is immediately involved in the observed cell type-spe-
cific negative regulation.

Coexpression of a Neh2 decoy restores Nrf2
transactivation activity in transfected erythroblasts

One hypothesis that might explain the deletion mutant
analysis is that the Neh2 domain interacts with an as yet
unidentified cellular protein that normally acts to re-
press Nrf2 activity. To experimentally test this hypoth-
esis, we cotransfected Gal4-Nrf2#2 plasmid, which en-
codes a Gal4-Neh2 fusion protein (see Fig. 2), together
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Mean values of three independent experiments, each
carried out in duplicate, are shown with the s.E.
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with both the full-length Nrf2 expression plasmid and
the pRBGP2 reporter gene, into HD3 cells. As shown in
Figure 4, LUC expression increased steadily when in-
creasing amounts of Gal4-Neh2 plasmid were added to
the transfections, whereas no similar titration occurred
with a Gal4-DBD control plasmid, indicating that the
expression of the Neh2 domain unmasked cryptic Nrf2
activity in HD3 cells. Importantly, cotransfection of
Gal4-Neh2 did not influence the transactivation activity
of the Nrf2 mutant protein that lacks Neh2 (the M1 mu-
tant in Fig. 3; data not shown), indicating that the Gal4-
Neh2 fusion protein served as a decoy for competitive
binding to a specific cellular activity. As an additional
control, a chimeric protein consisting of Gal4 fused to
the amino-terminal region of Nrfl (see Fig. 1B) failed to
affect the transactivation activity of Nrf2 in HD3 eryth-
roblasts (data not shown). These data thus implicate the
presence of a cellular factor that serves as a negative
regulator of Nrf2, which—on association with Nrf2
through the Neh2 domain—specifically inhibits Nrf2 ac-
tivity in HD3 cells.

Isolation of Keapl, a negative effector of Nrf2

To identify the negative regulator of Nrf2, we used the
Gal4-Nrf2#2 protein, which contains the Gal4 DBD
fused in-frame to Neh2 (see Fig. 2) as bait in the yeast
two-hybrid system. We analyzed 80 of 300 recovered
clones that activated reporter genes in conjunction with
the bait plasmid from 2 x 107 yeast cells transformed
with both the bait and a 17-dpc mouse embryo cDNA

Relative Luciferase Activity

L]

0 ]
eNrf2 - + + + +

Gal4-Neh2 or
Gal4-DBD

Figure 4. Overexpression of Gal4 DBD-Neh2 restores Nrf2-
dependent activation in HD3 cells. The full-length cNrf2 ex-
pression plasmid (4 ng) was cotransfected into HD3 cells to-
gether with the pRBGP2 reporter (0.5 pg) in the presence of
increasing concentrations of expression plasmids encoding ei-
ther Gal4 DBD-Neh2 or Gal4 DBD. LUC activity in the absence
of effector plasmids was arbitrarily set at 0.1. Mean values of
three independent experiments, each carried out in duplicate,
are shown with the s.E.. Note that the addition of Gal4 DBD-
Neh2 releases Nrf2 activity from repression in HD3 cells.
(Stippled bars) Gal 4-Neh2; (hatched bars) Gal4-DBD.
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Figure 5. Two-hybrid screening of Keapl. (A) Structural ho-
mology of Keapl with the Drosophila Kelch protein, which con-
tains BTB and DGR domains. Boxed Gs indicate the DGR do-
main. (B) Keapl shows high similarity to the human clone
KIAAO0132 (Nagase et al. 1995). Amino acid identities conserved
between the two proteins are shaded.

prey library. The majority of these 80 clones encoded a
single protein. Inspection of the conceptually translated
primary amino acid sequence of the newly cloned cDNA
revealed the presence of two canonical protein interac-
tion motifs: a BTB domain (Bardwell and Treisman 1994)
and a double glycine repeat (DGR) module (Albagli et al.
1995) in the middle and at the carboxy-terminal end of
the protein, respectively (Fig. 5A). Database searches also
revealed that this unusual combination of motifs is char-
acteristic of the Drosophila cytoskeleton binding pro-
tein, Kelch (Xue and Cooley 1993); hence we named the
new protein Keapl. The murine Keapl protein also
shows strong identity to a protein encoded by the human
cDNA clone KIAA0132, which was isolated in a genome
analysis project (Nagase et al. 1995). Because Keapl
shares [M4% amino acid sequence identity with
KIAAO132 (Fig. 5B), we concluded that the two are prob-
ably cross-species homologs.

To provide insight into the roles of Keapl in vivo, we
first examined its expression profile in various mouse
cell lines. As described above, DNA transfection analysis
revealed only low Nrf2 transactivating activity in HD3
erythroblasts, suggesting that Keapl may be expressed
more abundantly in hematopoietic cells than in fibro-
blasts. In confirmation of this expectation, RNA blot
analysis showed that Keapl was highly expressed in he-
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matopoietic cell lines, but was less abundant in neuronal
or fibroblastic cell lines (data not shown). Although this
is consistent with the observed weaker transactivation
potential of Nrf2 in hematopoietic cell lines, it should
also be noted that Keapl is expressed widely in various
cell lines and tissues (data not shown), suggesting a ubiq-
uitous, fundamental role for this protein.

To further define the region within Neh2 that inter-
acts with Keapl, we next tested various fusion con-
structs of Neh2 (from cNrf2)-Gal4 DBD and Gal4 AD
(activation domain}—Keapl (Fig. 6A) in two-hybrid in-
teraction assays. In these assays, if the bait constructs
(B1-B4) interact with the AD constructs (L1-L3), yeast
cells will acquire resistance to histidine-deficiency and
colonize histidine deficient plates. Construct Bl con-
tains full-length Neh2, whereas B4 lacks the hydrophilic
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Figure 6. Interaction between the Neh2 domain of Nrf2 and
the DGR domain of Keapl. (A) Schematic representations of the
wild-type and mutant Gal4 DBD-Neh2 fusion proteins (Bl to
B4) and the Gal4 AD-Keapl fusion proteins (L1-L3). Construct
B1 contains full length Neh2. B4 is the same construct as the
Neh2 deletion mutant of Nrf2 in Fig. 3. B2 contains two amino
acid substitutions in Neh2, whereas B3 lacks the amino-termi-
nal 15 residues. L2 and L3 lack the DGR or BTB domain of
Keapl, respectively. (B) Expression plasmids for various Gal4
DBD and Gal4 AD fusion proteins were introduced into the
reporter yeast strain in the given combinations. The resulting
transformants were tested for the His* phenotype by spotting
onto His™ or His* plates. (C) Results of the BIAcore interaction
assay. Ligand (GST-Neh2, amino acids 1-73, shaded bars) or
GST alone (open bars), and analyte (MBP-Keapl-DGR, amino
acids 308-624) binding was tested at three different concentra-
tions. The test and the control values, each carried out in trip-
licate, are shown with the s.E.
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region (amino acids 33-73) of Neh2. B2 and B3 are both
mutated in the amino-terminal 15 amino acid residues of
Neh2; B2 contains 2 amino acid substitutions, whereas
all 15 residues are deleted in mutant B3. Construct L1
contains both the BTB and DGR domains of Keapl (Fig.
5A), whereas L2 and L3 lack either the DGR or the BTB
domains, respectively. Baits B1, B2, and B3, but not B4,
were found to interact with the L1 fusion protein (Fig.
6B), indicating that the hydrophilic region within the
carboxy-terminal portion, but not the amino terminus,
of Neh2 is necessary for association with Keapl. On the
other hand, bait proteins B1-B3 were found to interact
with the L3 protein, but not with the L2 protein, dem-
onstrating that the DGR (glycine repeat) moiety of Keapl
is required for its interaction with Neh2. Thus, the in-
tegrity of the carboxyl terminus of Neh2 and the DGR
motifs are essential for Keap1-Nrf2 association.

To examine the binding parameters governing Neh2-
Keapl interaction in vitro, we utilized the BIAcore in-
teraction assay (Pharmacia). Bacterially expressed GST-
Neh2 and MBP-DGR fusion proteins were purified by
affinity column chromatography. GST-Neh2 was fixed
to a sensor chip coated with anti-GST antibody. MBP-
Keapl was found to specifically interact with GST-Neh2
in a dose-dependent manner (Fig. 6C) but not with GST
alone. The dissociation equilibrium constant (K,) for
this interaction, calculated on the basis of the direct for-
ward and reverse rate measurements (not shown), was
determined to be 5.8 x 1077 (the average of three inde-
pendent trials), thus indicating specific binding between
the subdomains of these two proteins. In summary,
these data demonstrate that the DGR domain of Keapl
and the Neh2 domain of Nrf2 physically associate both
in vivo and in vitro.

The Neh2 moiety is required for repression of Nrf2
activity by Keapl

The results accumulated thus far suggested that forced
expression of Keapl should repress the transactivation
activity of Nrf2 in fibroblasts, just as it does in (nor-
mally) greater abundance in HD3 cells. To test this hy-
pothesis, we transiently cotransfected the pRBGP2 re-
porter with either wild-type or mutant Nrf2 in the pres-
ence of increasing concentrations of Keapl expression
plasmid. As shown in Figure 7, A and B, Keapl was found
to repress the transactivation activity of both chicken
and murine Nrf2 in a dose-dependent manner. In con-
trast, when Keapl was cotransfected with Nrf2 deletion
mutants lacking either the entire Neh2 (Fig. 3A; M1,
amino acids 1-73) or only the hydrophilic region (M2,
amino acids 33-73), the transactivation potential of ei-
ther Nrf2 mutant protein was not affected. These data
unambiguously demonstrate that the repression of Nrf2
by Keapl is strictly dependent on the presence and in-
tegrity of the Neh2 moiety.

Electrophilic agents abrogate Keapl repression
of Nrf2 activity

We recently found that Nrf2 is necessary for the induc-
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Figure 7. Keapl repression of Nrf2 activity. A
(A) Increasing amounts of Keapl expression 5000
plasmid were cotransfected along with a con-
stant amount of the pRBGP2 reporter and the
wild-type or Neh2 deletion mutant (M1) cNrf2
expression plasmids into (normally Nrf2 per-
missive) QT6 cells. (B) Increasing amounts of
Keapl expression plasmid were transfected
into QT6 cells along with a constant concen-
tration of the wild-type mNrf2 or a second
cNrf2 mutant (missing only the conserved hy-
drophilic core; amino acids 33-73) expression
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tion of a battery of oxidative stress-inducible genes (T.
Ishii, K. Itoh, S. Takahashi, H. Sato, T. Yanagawa, Y.
Katoh, S. Bannai, and M. Yamamoto, in prep.). For ex-
ample, heme oxygenase 1 gene induction with the elec-
trophilic agent diethylmaleate (DEM) is regulated by an
Nrf2 small Maf heterodimer present in peritoneal mac-
rophages. The data in the present study lend support to
the hypothesis that an alliance between Keapl and Nrf2
might constitute a sensor system for oxidative stress.
This sensor may then mediate the signaling pathway
that leads to the activation of Nrf2 and consequent tran-
scriptional induction of the genes encoding phase II de-
toxifying enzymes and anti-oxidative stress proteins. To
test this hypothesis, we cultured QT6 fibroblasts that
had been transfected with the Keapl and Nrf2 expression
plasmids as well as the pRBGP2 reporter plasmid in the
presence of DEM. The prediction is that Nrf2 activity
should be liberated from Keapl repression. As shown in

Figure 8A, the addition of DEM to the culture medium
resulted in restoration of Nrf2 activity, despite the pres-
ence of Keapl, in a DEM dose-dependent manner.

As a control, we also transfected the pRBGP2 reporter
alone or in combination with the Nrf2 expression plas-
mid into QT6 fibroblasts in the absence of cotransfected
Keapl expression plasmid, and cultured the cells with
DEM. Without introducing exogenous Nrf2 in the trans-
fected fibroblasts, we did not detect strong activation of
the LUC reporter gene, even in the presence of DEM (Fig.
8B). However, in the presence of cotransfected Nrf2,
LUC reporter activity increased by [B0% after addition
of DEM (Fig. 8C). One plausible explanation for this ob-
servation is that electrophile treatment liberated Nrf2
activity from repression by endogenous Keapl. These re-
sults taken together support the notion that Keapl and
Nrf2 are the principal constituents of the pathway that
transduce the electrophilic signal conferred by DEM
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Figure 8. Electrophilic agents liberate Nrf2 from repression by Keapl. Both Nrf2 and Keapl expression plasmids were transfected into
QT6 fibroblasts. After 12 hr of culture, the cells were washed with fresh medium, and then increasing amounts of DEM (A) or catechol
(D) were added to the replacement medium. The QT6 cells were cultured for another 36 hr. LUC reporter activity of cells transfected
with only pRBGP2 reporter (B) or the reporter and the Nrf2 expression plasmid (C), and treated with DEM, are also shown as controls.
Results of three independent experiments, each of which were carried out in duplicate, are shown with the s.E.
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treatment to the inducible expression of phase II detoxi-
fying enzyme genes and antioxidative stress protein
genes.

We also tested another electrophilic agent, catechol,
using the same assay, and concluded that catechol had
the same effect as DEM within a very low concentration
range (Fig. 8D). Thus the release of Nrf2 activity from
Keapl-mediated repression is not restricted to DEM, but
is a common response mechanism to electrophilic
agents.

Keap1 retains Neh2 reporter fusion proteins
in the cytoplasm

Because the Drosophila Kelch protein is a cytoskeleton
binding protein (Xue and Cooley 1993), we thought that
Keapl might function by retaining Nrf2 in the cytoplasm
through interaction with the cytoskeleton. To examine
the subcellular localization of Keapl, both Keapl-green
fluorescent protein (GFP) and Flag-tagged Keapl fusion
constructs were prepared and transiently expressed in
fibroblasts. The Keap1-GFP fusion protein was found to
localize in the cytoplasm of transfected QT6 cells (Fig.
9B; A shows the expression profile of wild-type GFP) and
NIH-3T3 cells (data not shown). The Flag-Keapl fusion
protein was also found to localize in the cytoplasm (data
not shown). We examined the functional integrity of
these fusion proteins by cotransfection of chicken or
mouse Nrf2 expression plasmids and Keapl plus the
RBGP2 reporter plasmid. Both of the Keapl chimeric
proteins were competent in repressing the transactiva-
tion activity of Nrf2 (data not shown), thus indicating
that the functional integrity of Keapl was preserved in
both fusion proteins.

Then we examined possible changes in the subcellular
distribution of Neh2-GFP, which contains the negative
regulatory domain of Nrf2 fused to GFP. Neh2-GFP was

Figure 9. Subcellular localization of Keapl and Neh2. (A,B)
Subcellular localization of Keap1-GFP. Expression plasmids for
GFP alone (A) or the Keapl-GFP fusion protein (B) were trans-
fected into QT6 cells. (C,D) Subcellular localization of Neh2—
GFP. The expression plasmid for Neh2 (mNrf2)-GFP fusion pro-
tein was transfected into 293T cells either alone (C) or in com-
bination with a plasmid expressing Keapl (D).
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Figure 10. Subcellular localization of Nrf2. Nrf2 alone (A,B) or
both Nrf2 and Keapl (C,D) were force expressed in 293T cells.
Nrf2 and Keapl were also force-expressed in the presence of 100
uM DEM (E,F). (A,C,E) Localization of Nrf2 was detected using
an anti-human Nrf2 antibody; (B,D,F) the same fields stained
with propidium iodide. The arrowhead and arrow in C and D,
respectively, show the characteristic perinuclear ring structure
described in the text.

transfected with or without Keapl expression plasmid
into 293T cells. Although cells transfected with Neh2-
GFP alone displayed relatively uniform fluorescence
throughout the cells (including some staining in the
nucleus; Fig. 9C), almost exclusively cytoplasmic fluo-
rescence was observed when Neh2-GFP was cotrans-
fected with Keap1 (Fig. 9D). These results are not at odds
with the contention that Keapl is a murine cytoskeleton
binding protein, but more importantly, the data show
that Keapl acts to localize Nrf2, via Neh2, primarily in
the cytoplasm.

Electrophilic agents release the Nrf2 protein
from the cytoplasm to the nucleus

Given the preceding cellular localization observations,
we wished to directly examine the cellular consequences
of DEM treatment, whereupon Nrf2 activity is released
from Keapl repression, using an anti-Nrf2 antibody.
When Nrf2 expression plasmid alone was transfected
into 293T cells, anti-Nrf2 immunoreactivity was de-
tected predominately in the nucleus [Fig. 10A; B shows
nuclei of the same cells stained with propidium iodide
(PI)]. When Keapl expression plasmid was cotransfected
with the Nrf2 expression plasmid, the cellular localiza-
tion of Nrf2 was principally in the cytoplasm (Fig.
10C,D). Entirely consistent with the Neh2-GFP obser-
vations described above, this result shows that Keapl
retains Nrf2 in the cytoplasm.

Finally, a potentially interesting, but currently not
fully understood, observation was that some cells co-
transfected with both Nrf2 and Keapl expression plas-
mids displayed perinuclear ring structures (Fig. 10C; see
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arrowhead). Furthermore, these structures can also be
visualized, and are colocalized, with PI staining (Fig.
10D; see arrow). Although the nature of these structures
remains to be elucidated, cells displaying these ring
structures have been observed reproducibly in this co-
transfection analysis. The frequency of ring structure
formation also diminished in the presence of DEM (be-
low).

When DEM was added to the culture medium, Nrf2
was detected again in the nucleus even in the presence of
cotransfected Keapl (Fig. 10E,F). Thus, DEM enables
Nrf2 to translocate from the cytoplasm to the nucleus.
This observation extends, and is in very good agreement
with, the results of the cotransfection/transactivation
assay. These results argue that the Keapl-Nrf2 complex
constitutes a cytoplasmic sensor system for oxidative
stress.

Discussion

The ARE cis element has been shown to mediate re-
sponses to a variety of electrophilic agents (Prestera et al.
1993Db), originally suggesting the existence of a common
sensor system for induction by electrophiles. We dem-
onstrated previously that nrf2 knockout mice are defec-
tive in the ARE response (Itoh et al. 1997). To begin to
elucidate how a set of genes might be coordinately acti-
vated in response to oxidative stress signals, we exam-
ined the biochemical basis for Nrf2 activity in the pre-
sent study. The DNA-binding activity of Nrf2 was en-
hanced with exposure of macrophages to electrophiles
without any change in Nrf2 mRNA levels, demonstrat-
ing that regulation of Nrf2 activity was modulated post-
transcriptionally. We also found that Nrf2 displayed
quite different transactivation potential in different
transfected cell lines and that Nrf2 repression was local-
ized to a single domain that was common among mu-
rine, human, and chicken homologs. Localization of this
specific, conserved domain in Nrf2 led in turn to the
cloning and identification of the new regulatory partner
Keapl. Keapl was found to mediate Nrf2 repression by
sequence-specific binding to this amino-terminal Neh2
domain of Nrf2. On the basis of these and other experi-
mental observations, we concluded that Keapl and Nrf2
together constitute the central cellular sensor for oxida-
tive stress that mediate oxidative stress signals to the
induction of phase II detoxifying enzyme genes and an-
tioxidative stress protein genes.

Keapl has two discrete structural domains. One is
DGR moiety (also known as the Kelch motif], whereas
the other is the BTB protein interaction domain. Two
other factors, ENCI (Hernandez et al. 1997) and vaccinia
A55 (Goebel et al. 1990), which contain similar struc-
tures, have also been reported. The discovery of the
Neh2-DGR interaction and the cytoplasmic localization
of Keapl strongly suggest that Keapl forms a multipar-
tite complex, bridging Nrf2 and the actin cytoskeleton.
Both Kelch and ENC proteins have been shown to con-
tact the actin cytoskeleton through the DGR domain
(Xue and Cooley 1993; Hernandez et al. 1997). In the
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absence of oxidative stress signals, Nrf2 is sequestered in
the cytoplasm because of its association with Keapl. In
addition, because the nuclear localization signal (NLS)
does not lie within the Neh2 domain (K. Itoh and M.
Yamamoto, unpubl.), we presume that NLS activity may
also be masked in the Nrf2-Keapl complex.

On exposure to oxidative stress or electrophiles, Nrf2
is released from repression mediated by Keapl and trans-
locates to the nucleus. This activating process is best
illustrated in the transactivation and immunocytochem-
istry experiments examining Nrf2 subcellular localiza-
tion in the presence or absence of Keapl and DEM (or
catechol). One can imagine that Keapl might function in
two very different ways to regulate Nrf2 transcriptional
activity. One possible scenario is that an oxidative stress
signal, acting either directly or indirectly, could release
Keapl from the cytoskeleton, thereby allowing it to tra-
verse to the nucleus still associated with Nrf2. Alterna-
tively, the signal could trigger the release of Nrf2 from
Keapl, allowing Nrf2 to leave the cytoplasmic compart-
ment and import into the nucleus, either alone or per-
haps with another chaperone. Further studies will be
necessary to elucidate the components and steps re-
quired for activation of Nrf2 by the electrophilic agents.

Galactose oxidase has DGR repeats that are similar to
the Keapl DGR motifs, and its crystal structure has been
solved (Bork et al. 1994; Tto et al. 1994). On the basis of
the structural information from galactose oxidase, we
can project that the DGR motif of Keapl contains a su-
per-barrel structure consisting of six subcompartments,
each of which generates a multi-interaction surface.
Most interestingly, the DGR domain of galactose oxi-
dase is involved in the electron transfer reaction (Bork et
al. 1994; Tto et al. 1994). Because electrophilic agents
activate Nrf2, the DGR domain of Keapl may function
in a similar fashion. This structural similarity thus sug-
gests that the interaction interface between Keapl and
Nrf2 (and/or the actin cytoskeleton) may constitute the
direct target of the oxidative stress signal, allowing
Keapl to act as the primary sensor. Alternatively, it has
also been suggested that the sensor system contains cys-
teine residues (Alam et al. 1995). Oxidation of reactive
cysteine residues could cause critical conformational
change in the protein, resulting in the release of any
associated protein(s) (i.e., Nrf2). Importantly, Keapl con-
tains a considerable number of cysteine residues, and
some of these appear to meet the criteria for reactive
cysteines.

It is interesting to note that cytoskeleton-based cell
signaling has been described in the pheromone and
Hedgehog signaling pathways (Leeuw et al. 1995; Rob-
bins et al. 1997; Sisson et al. 1997). The model we have
proposed here shares some similarity with the Hedgehog
signaling pathway, in which Costal2 anchors the tran-
scription factor Cubitus interuptus in the cytoplasm
through association with microtubules, in which yet un-
known signals dissociate the complex, thus releasing the
transcription factor to the nucleus. However, the mecha-
nisms liberating Costal2 from microtubules still remain
to be elucidated.
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In summary, the data presented here demonstrate the
general regulatory scheme underlying the electrophile
counterattack response. Electrophilic agents alter the in-
teraction of Keapl and Nrf2, thereby liberating Nrf2 ac-
tivity from repression by Keapl, culminating in the in-
duction of the phase II enzyme genes and antioxidative
stress protein genes via AREs. Further elucidation of the
tertiary structure of Keapl and Nrf2 will illuminate the
mechanism as to how Keapl and Nrf2 respond and me-
diate the signals for oxidative stress.

Materials and methods

Plasmid construction

A series of Gal4-Nrf2 fusion protein plasmids were prepared for
expression in animal cells (Gal4-Nrf2#1 through Gal4-Nrf2#4).
The plasmids were generated by ligating the PCR-amplified por-
tions of cNrf2 cDNA to pGBT9 (Clontech), in-frame, utilizing
an EcoRlI site and a Smal site. Each construct was digested with
HindIIl, blunted by T4 DNA polymerase treatment, and sub-
cloned into the BssHII site of pEF-BSSHII (Mizushima and Na-
gata 1994). Gal4-Nrf2#5 was prepared by replacing the BamHI-
Xbal fragment of pPCMV Gal4-Tax (the generous gift of Dr. W.
Shoji, Tohoku University, Sendai, Japan) with an cNrf2 cDNA
encoding the entire cNrf2 protein. The eukaryotic expression
plasmids of wild-type and mutant cNrf2s were constructed by
replacing the 5’ region of cNrf2 ¢cDNA with PCR-amplified
cNrf2 ¢cDNA fragments encoding the deletion mutant proteins.
The cNrf2 expression plasmids bearing internal deletions were
generated by removing the respective portions of the cDNA by
restriction enzyme digestion, as indicated in Figure 3A. Point
mutations were created in the ¢Nrf2 ¢cDNA by a PCR-based
mutagenesis method (Clontech).

Transient transfection assays

QT6 (Moscovici et al. 1997) and NIH-3T3 cells were maintained
in DMEM supplemented with 10% fetal bovine serum (FBS) and
seeded in 24-well dishes 24 hr before transfection. The cells
were transfected with the reporter and effector plasmids by use
of calcium phosphate precipitation as described previously
(Sambrook et al. 1989). The chicken proerythroblast cell line
HD3 (Beug et al. 1982) was transfected with DEAE-dextran
(Choi and Engel 1988). The LUC assay was performed by uti-
lizing the Luciferase Assay System (Promega) following the sup-
plier’s protocol and assayed in a Biolumat Luminometer (Ber-
thold). Transfection efficiencies were routinely normalized to
the activity of a cotransfected B-galactosidase expression plas-
mid, pENL. Three independent experiments, each of which was
carried out in duplicate, were performed normally, and the re-
sults were averaged and diagrammed with the s.E. indicated.
DEM (Wako) or catechol (Sigma) was added to the culture me-
dium immediately after the cells were washed at 12 hr after
transfection.

Two-hybrid screening

Saccharamyces cervisae two-hybrid screening was performed
utilizing the Matchmaker Two-hybrid System (Clontech). A
mouse 17 day-old embryonic Matchmaker cDNA library was
transformed into HF7c yeast strain, along with Neh2 bait plas-
mid. Approximately 2 x 107 double transformants were tested
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for their ability to grow on His™ medium. The HF7c cells were
transformed with various combinations of plasmids that ex-
press DBD- or AD-tagged molecules to examine the protein in-
teractions within yeast cells. Yeast transformants were diluted
in TE solution [10 pm Tris-HCI (pH 8.0) and 1 mm EDTA] and
spotted onto both His™ and His* plates to test for the activation
of the Gal4-dependent HIS3 reporter gene.

Analysis of GFP fusion proteins

The Keapl-GFP expression plasmid was generated by ligating
the Keapl ¢cDNA to the amino terminus of GFP ¢cDNA with the
BgIIl and HindIIl sites in pEGFP (Clontech). The Neh2-GFP
plasmid was constructed in a similar fashion. QT6 cells were
transfected with the GFP or Keapl-GFP expression plasmids
and incubated for 36 hr. The expression plasmid bearing the
Neh2 (mNrf2)-GFP fusion protein was transfected into 293T
cells either alone or in combination with that for Keapl. The
cells were then cultured for 36 hr. After incubation, cells were
washed once with PBS. Expression of GFP was examined with a
Leica DMIRBE microscope equipped with an FITC filter for
fluorescence detection.

BIAcore assay

Bacterial expression plasmids encoding Neh2 or Keapl were
constructed by ligating ¢cNrf2 and Keapl ¢cDNAs to pGEX2T
(Pharmacia) or pMalc-2 (New England Biolab), respectively. The
BIAcore instrument (Pharmacia Biosensor AB, Uppsala, Swe-
den) was used as described (Natsume et al. 1994). Briefly, anti-
GST antibody was immobilized to the sensor chip surface with
the GST capturing kit (Pharmacia). GST and GST-Neh?2 (i.e.,
amino acids 1-73 of cNrf2) were then bound separately to the
immobilized GST antibody in PBS. The GST and GST-Neh2
interactions were tested with different concentrations of puri-
fied MBP-Keapl (amino acids 308-624) in PBS at 25°C. The K,
was calculated with BIAevaluation (v. 3.0) by the nonlinear fit-
ting method following the manufacturer’s recommendation.

Immunocytochemistry

293T cells transiently expressing both Keapl and Nrf2, or only
Nrf2, were grown on slides in conditioned medium with or
without 100 um DEM for 24 hr. The cells were then washed
with PBS and fixed in 2% paraformaldehyde/lysine/periodate
solution at room temperature for 10 min and then in 100% cold
acetone for 10 min on ice. After washing with PBS, the cells
were incubated with 2% goat serum for 1 hr at 25°C. The cells
were first treated with rabbit anti-human Nrf2 antibody (1000-
fold dilution; Santa Cruz Biotechnology Inc.) for 16 hr at 4°C,
and subsequently with FITC-conjugated goat anti-rabbit immu-
noglobulin antibody (Zymed) for 1 hr at room temperature. Af-
ter washing the cells with PBS, a tiny drop of fluorescent
mounting medium (DAKO) containing 200 ng/ml PI was placed
on the slides. The cells were then examined by fluorescence
microscopy.
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