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Abstract

Nrf2 is the key transcription factor regulating the antioxidant response. Nrf2 signaling is repressed
by Keapl at basal condition and induced by oxidative stress. Keapl is recently identified as a
Cullin 3-dependent substrate adaptor protein. A two-sites binding “hinge & latch” model vividly
depicts how Keap1l can efficiently present Nrf2 as substrate for ubiquitination. Oxidative
perturbation can impede Keapl-mediated Nrf2 ubiquitination but fail to disrupt Nrf2/Keapl
binding. Nrf2 per se is a redox-sensitive transcripon factor. A new Nrf2-mediated redox signaling
model is proposed based on these new discoveries. Free floating Nrf2 protein functions as a redox-
sensitive probe. Keapl instead functions as a gate keeper to control the availability of Nrf2 probes
and thus regulates the overall sensitivity of the redox signaling.
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l. Introduction: the antioxidant response

To adapt to their aerobic life style, mammalian cells have developed an elaborate yet highly
efficient cytoprotective machinery. When exposed to oxidative stress, these cells can
respond with a rapid and coordinated expression of a battery of gene products, including
phase Il detoxification enzymes/antioxidants and phase I11 efflux transporters [1-3]. As a
result, these cells can effectively neutralize and remove excess oxidants to restore redox
homeostasis. Malfunction of cellular antioxidant defense is implied in the etiology of diverse
diseases, including cancer [4,5]. Gene knockout mice deficient in antioxidant response show
higher susceptibility to carcinogens [6-9]. Persistent overload of reactive oxygen species
(ROS) in chronic inflammation is also found correlated with an increased incidence of
tumorigenesis [10-12]. Therefore, our mechanistic understanding of the regulation of the
antioxidant response may eventually help us to explore new and more potent strategies of
cancer prevention and therapy.

Pivotal to the antioxidant response is a transcription factor Nrf2 (NF-E2 related factor 2).
Like many other transcription factors, Nrf2 signaling is regulated by compartmental
segregation. Under basal conditions, Nrf2 is found mainly sequestered in the cytoplasm.
When challenged by oxidative stress derived from accumulation of ROS [13-15] or reactive
nitrogen species (RNS) [16,17], Nrf2 can quickly translocate into the nucleus and elicit the
antioxidant response. At least four components in combine, namely Nrf2, Keapl (Kelch-like
ECH-associated protein 1), a group of small musculoaponeurotic fibrosarcoma (Maf)
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proteins and a cis-acting enhancer called antioxidant response element (ARE) or electrophile
responsive element (EpRE), are essential for the antioxidant response [18].

Nrf2 is a basic leucine zipper (bZIP) transcription factor featuring a Cap “n” collar (CNC)
structure [19]. Nrf2 has some highly conserved domains called Nrf2-ECH homology (Neh)
domains (Fig. 1A). Among them, the Neh1 domain is the CNC-bZIP domain, enabling Nrf2
to form heterodimer with the ZIP domain of small Maf proteins [1]. The Neh2 domain
mediates binding with the cytosolic repressor of Nrf2, Keapl [1]. The Neh2 domain contains
a degron and involves in ubiquitin-dependent degradation [20]. The tandem of the Neh4 and
Neh5 domains mediates cooperative transactivation activity of Nrf2 [21]. Recently, the
Neh3 domain, which is located at the extreme end of the carboxyl terminus of Nrf2, is found
to play a permissive role of Nrf2 transactivation [22]. In the absence of Nrf2 structural data,
it is unknown how Neh3, together with the Neh4-Neh5 domains, exerts transactivation
activity. The Neh6 domain is located in the intervening region linking the Neh5 and the
Nehl domain. The Neh6 domain may contain another degron and involve in Nrf2
degradation [23].

Keapl was first identified in a yeast two hybrid clone using the Neh2 domain as the bait
[24,25]. Keapl was found to be a potent cytosolic repressor of Nrf2. Gene knockout of
Keap1l resulted in constitutively hyperactive Nrf2 signaling [26-28]. The 625 a.a. human
Keapl consists of five domains: an amino-terminal region (NTR, a.a. 1-66), a Broad
complex, Tramtrack and Bric a brac domain (BTB, a.a.67-178), an intervening region (IVR,
a.a. 179-321), a Kelch/double glycin repeat (DGR, a.a. 322-608) and a carboxyl terminal
region (CTR, a.a. 609-625) (Fig. 1B). Keapl mainly distributes in the cytoplasm,
immobilized by binding to filamentous-actin and/or myosin Vlla of the cytoskeleton via the
Kelch/DGR domain [24,29-31]. Accordingly, Keapl is hypothesized to be the cytosolic
anchor of Nrf2, sequestering Nrf2 in the cytoplasm during basal conditions. In addition, the
IVR domain contains a nuclear export signal (NES) [32,33] and may dictate subcellular
distribution of Keapl [34,35]. Recently, Keap1 is also identified as a Cullin 3-dependent
substrate adaptor protein for ubiquitin ligase E3 complex [36-39]. Thus, Nrf2 molecules
may not only be sequestered by Keapl but also subjected to constant degradation. Keap1 is
a cysteine rich protein. Some of cysteines in Keapl are hypothetically reactive cysteines (see
below for details). Accordingly, Keap1l is hypothesized to play a role of primary redox
sensor; the presence of redox stress can modify single or multiple reactive cysteine(s) in
Keapl, exert a profound conformation change and consequently release Nrf2 to trigger the
antioxidant response [26,40].

After Nrf2 translocates into the nucleus, Nrf2 forms heterodimer with a group of nuclear
bZIP proteins called small Maf proteins [41]. The small Maf proteins, composed ofMafF, G,
K, lack the transactivation domain [42]. Nrf2 heterodimerization with MafF/G/K enhances
the specificity to bind to a cis-acting enhancer ARE/EpRE [43-45] located in the promoter
of a battery of cytoprotective genes [42,46]. The binding of Nrf2/Maf heterodimer to ARE/
EpRE subsequently initiates the transcription of these genes.

In this old model of antioxidant response, Keap1l is depicted as the primary redox sensor
[26,40] and the trigger of the antioxidant response. The redox-signal encoded by Keapl is
subsequently transmitted to Nrf2 in a key process of Nrf2 release from Keapl. However,
accumulating new evidence in the recent studies argues against the old model. In special,
compelling evidence shows that oxidative stress fails to disrupt Keap1/Nrf2 binding. In
other words, the relay of the redox signal from Keapl to Nrf2 is unlikely to happen in vivo.
How to accommodate these apparently contradictory discoveries? In this review, we will
evaluate the recent progress in Nrf2/Keapl studies. A quite different picture of redox
signaling emerges from those discoveries.
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Keapl as aredox sensor

Keapl is a cysteine rich protein. Human Keapl (hKeapl) and murine Keapl (mKeapl) have
27 and 25 cysteine residues, respectively. In comparison, human Nrf2 (hNrf2) and mouse
Nrf2 (mNrf2) only possess 6 and 7 cysteines, respectively. Keapl thio-modification
appeared more avid than Nrf2 [40]. With the assumption that Keap1 is the key regulator of
Nrf2 signaling, Keapl is prioritized as a putative candidate for a redox-sensor.

The existence of reactive cysteines in Keapl was first proven in mKeapl using an
irreversible alkylating agent dexamethasone 21-mesylate (Dex-mes). Tritiated Dex-mes
labeled mKeapl protein [40]. Sulforaphane (SFN), a well-known phase 11 inducer [47],
could also label mKeap1 protein in vitro. The dithiocarbamates formed between reactive
thiols of mKeapl and the isothiocyanate group of SFN could give rise a characteristic
absorption near =270 nm. When 0.7 uM mKeap1 was incubated with 50 pM SFN at 25°C
for 90 min, an absorption at A=270 nm was observed [40]. The kinetics of dithiocarbamate
formation appeared in a SFN dose dependent manner [40]. Other phase Il inducers could
also modify Keapl. The reactive cysteines in Keapl could not only be alkylated, but also be
oxidized by hydroperoxide (H,0O,) [48] and modified by disulfide-forming agent dipyridyl
disulfide (DPDS) [40,48]. The amplitudes of thio-modification were found to correlate with
the relative potency to induce antioxidant response by those compounds [40]. Keapl
contains 8 tryptophan residues, 6 of which located in the Kelch domain [48]. When Keapl
protein was treated with SFN or DPDS, substantial quenching of intrinsic tryptophan
fluorescence was observed, suggesting a profound conformation change of Keapl [48].
These data clearly show that Keapl may function as a redox-sensor.

Great efforts were taken to elucidate the positions of reactive cysteines in Keapl. All
cysteine residues in Keapl are found highly conserved across species [24,49]. Therefore it is
difficult to characterize their functional significance merely by their sequence homology. In
mKeapl, 9 cysteines are flanked by one or two basic amino acid residue(s), a phenomenon
that is hypothecized (local electrostatic environment model) to decrease the pKa value and
increase the redox reactivity of cysteine [50]. In other words, those cysteines are
hypothetically reactive cysteines. For all these 9 cysteines, two (C23, C38) are located in the
NTR domain, one (C151) is located in the BTB domain, five (C241, C273, C288, C297 and
C319) are located in the VR domain and one (C613) is located in the CTR domain [26]. In
contrast, it is noticeable that all 8 cysteines of the Kelch domain are not hypothetically
reactive. Indeed, crystallographic data showed that they do not exist in disulfide bonds [51].

The positions of reactive cysteines in Keapl were first characterized using the Dex-mes
labeling method [26,40]. Purified and dithiothreitol-reduced mKeapl protein was first
treated with 33 folds excess of Dex-Mes at room temperature for 1 hour, followed by N-
ethylmaleimide labeling of all inert cysteines. The labeled proteins were trypsinized and
resolved by liquid chromatography and tandem mass spectrometry (LC-MS-MS). Four
cysteines located in the IVR domain (C257, C273, C288 and C297) and one cysteine located
in the CTR domain (C613) were characterized as reactive cysteines [40]. Among these five
experimentally identified reactive cysteines, four are hypothetically reactive cysteines with
the only exception of C257, which is flanked by an aspartic acid and a proline. Another
study using a different irreversible alkylating agent biotinylated iodoacetamide (BIA) and 1-
Cl-2, 4-dinitrobenzene (CDNB) further identified C151 and C319 as reactive cysteines in
hKeapl [49]. In addition, the irreversible thiol reactive modifier iodoacetyl-N-
biotinylhexylenediamine (IAB) and 1-biotinamido-4-(4'-[maleimidoethyl-cyclohexane]-
carboxamido)-butane (BMCC) as well as hydrolysable modifier SFN were used to label
hKeapl protein [52,53]. The detected sulfhydryl adducts are only partially compatible with
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the previous studies. C257 and C288 were found easily modified by IAB and SFN. C151
and C273 adducts were only detected occasionally. In contrast, C297 appeared to be redox-
inert despite the fact that C297 is flanked by two basic residues (2%RCK?298). The C297
adduct was completely undetectable even at the artificially high concentration of SFN (200
uM) [52]. While the incidences of sulfhydryl modification of some hypothetically reactive
cysteines are not very high, the incidences of thio-modification of some cysteines in the
Kelch domain are very high. The C489 adduct was always detected when hKeapl was
treated with SFN, even at low concentration of 2 uM [52]. Like C257, C489 is flanked by an
acidic glutamate (“88ECY490). Likewise, another Kelch cysteine (C583) with the same
context (°82ECY>84) also appeared reactive to SFN labeling. In contrast, another Kelch
cysteine (C395) with the similar context (3%4DCY3%) appeared not very reactive [52].
Collectively, those sulfhydryl modification data show that the local electrostatic
environment model may oversimplify the prediction of redox-reactivity of a cysteine
residue, and one needs to consider the complexity of three-dimensional context of a cysteine
residue. Further studies are needed to address this question.

Those in vitro thio-modification studies were followed up with mutation study and loss of
function assay. It was found that substitution with a serine or alanine in Cys-273 (C273S or
C273A) and Cys-288 (C288S or C288A) completely abolished the basal repressive activities
on Nrf2 signaling [26,34,54]. In addition, C273S mutant completely lost induced response to
tert-butylhydroquinone (tBHQ) treatment. C288S in comparison, only partially lost tBHQ-
induced response [34]. In contrast, mutation at C257 and C297 appeared to have no apparent
functional deficit [26,34]. In an elegant in vivo reconstitution study, the function of C273A
and C288A mutants were evaluated in keap1™~ nrf27- double knockout mouse embryonic
fibroblasts (MEF) [26]. Expression of C273A or C288A mutant alone failed to repress Nrf2
signaling. However, it was interesting to observe that co-expressing C273A and C288A in
equal amounts could partially restore Keapl repression [26]. Based on these observations, it
is hypothesized that C273 and C288 may form intermolecular disulfide bond and
consequently causes conformation change to disrupt Nrf2 binding [26] (Fig. 3).

In conformation of the BIA/IAB labeling studies, the C151 residue located in the BTB
domain was also found to be important in Nrf2 repression. C151S mutation caused
constitutive repression of Nrf2 signaling, both at the basal and SFN/tBHQ induced condition
[34]. However, double mutation of C151S and C273S nullified repression on Nrf2 signaling,
implying that C273S mutant had a dominant effect [34].

The functional significance of other chemically reactive cysteines, such as the C613 residue
of the CTR, remains unclear. Since the structural data show that the amino and carboxyl
terminus of the Kelch domain are located in close vicinity [51], the CTR and the IVR
domain are likely located on the same side of the Kelch domain and therefore exposed to
thio-modification. Further studies are needed to delineate the actual function of the C613
residue.

Thio-modification of Keap1 failed to release Nrf2 from Keapl sequestering

After detecting sulfhydryl adducts in Keap1, the functional significance of thio-modification
of Keapl was investigated. In particular, whether thio-modification of Keapl can trigger
Nrf2 dissociation from Keapl was examined. It was first shown that the Neh2 segment and
mKeapl could form a heterodimer under reduced conditions [40]. The Neh2/mKeapl dimer
could be disrupted by high concentrations of SFN (0.5-10 mM) as well
Bis(benzylidene)acetones [40] as visualized by electrophoretic mobility shift assay (EMSA).
A follow up study confirmed that the C257AC273AC288AC297A quadruple mutant of
Keapl showed attenuated binding affinity to Neh2 [26]. Based on these observations, a
direct disruption model was proposed. Keapl is hypothesized to play the role of a primary
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redox-sensor. Thio-modifications of Keapl change its conformation. As a consequence,
Nrf2 is released and transmits the redox signal to the nucleus. It has to be pointed out that
there is an intrinsic discrepancy in these studies. Whereas 20-50 pM SFN could effectively
label Keapl [40,52], millimolar range of SFN (a 2000-folds excess of SFN to Keapl) was
needed to disrupt Neh2/Keapl binding [40]. These in vitro results appeared even more
unlikely to be achieved in vivo due to the presence of excessive amount of glutathione
(GSH).

Recently, the causal relationship between thio-modification of Keapl and Nrf2 release was
carefully interrogated. EMSA results showed that pre-treatment with excessive amounts of
SFN (15, 35 and 80-fold) on hKeapl failed to inhibit the formation of the Neh2/hKeapl
heterodimer [49]. In addition, the pre-formed Neh2/hKeapl heterodimer was not disrupted
by 80-folds excess SFN treatment [49]. The binding affinity between Neh2 and hKeapl was
measured using the method of isothermal calorimetry. High affinity binding between Neh2/
hKeapl (Kq=9 nM) was observed between unmodified hKeapl and Neh2 [49] and
confirmed in later experiments [55]. Pretreatment of hKeapl with BIA or CDNB didn't
change the binding affinity between thio-modified hKeapl and Neh2 [49]. Thus, these data
argue convincingly against the aforementioned direct disruption model. Recently, more
experimental data were accumulated showing that substantially high amount of Nrf2/Keapl
dimers remained undisrupted in SFN and tBHQ induced antioxidant response
[26,34,49,56,57]. Therefore, Keapl and Nrf2 appear to sense and transmit redox-signals in a
quite different manner.

Keapl as a substrate adaptor protein for Cul3-dependent ubiquitination complex

Nrf2 is a short-live protein, rapidly degraded in a ubiquitin-dependent manner [23,34,58].
Recently, Keap1 is characterized as a substrate adaptor protein for ubiquitination (Ub) of
Nrf2 [36-39]. As a substrate adaptor protein, Keapl has two functional domains. The Kelch/
DGR domain binds the substrate, Nrf2. The BTB domain [36-39] and probably part of the
IVR domain [39] bind to the ubiquitination catalytic complex.

Ubiquitination of a substrate protein is achieved by sequential reactions catalyzed by an Ub-
activating enzyme (E1), an Ub-conjugating enzyme (E2) and an Ub-ligase (E3) [59]. The
Ub-E3 catalytic core consists of a scaffold Cullin protein binding to a RING box protein
Rbx1 (also known as Roc1l), which functions to recruit its cognate Ub-E2. To date, 7 Cullin
proteins have been cloned [60]. Keapl shows high selectivity to bind to Cullin 3 protein,
weak binding to Cullin 2, and no binding activity to all other Cullins [38,39]. In comparison,
other stress-transducing transcription factors show different Cullin-binding selectivity. 1xB
of the inflammatory response specifically binds to Cullin 1 and hypoxia inducible factor 1a
(HIF-1a) specifically binds to Cullin 2. These findings suggest that the transcription factors
transducing different types of stress signals are segregated in different degradation pathways
[61].

The “hinge & latch” two-sites binding model

Previously it was reported that based on sequence homology and mutation analyses, there
are two Keapl binding motifs in the Neh2 domain; an ETGE motif (formulated as D/N-X-E-
T/S-G-E) and a DLG motif (formulated as L-X-X-Q-D-X-D-L-G) [20,23,62]. The ETGE
motif and the DLG motif can mediate a cooperative Keapl binding. Deletion of the ETGE
motif can significantly weaken Keapl binding mediated by the DLG motif, thus the ETGE
motif appears to play a permissive role for the DLG motif. Recently, isothermal calorimetry
measurement also detected a two-phases binding between Keapl and Neh2. The Keapl
binding affinity of the ETGE motif (Ka=20x10” M™1) is two orders stronger than the DLG
motif (Ka=0.1x107 M™1) [55,63].

Mol Carcinog. Author manuscript; available in PMC 2010 February 1.
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The structure of the Kelch/DGR domain of Keapl has recently been resolved [51,64,65].
Consistent with the fact that Kelch/DGR domain consists of 6 Kelch modules (Fig. 1B), the
X-ray crystallographic data depicted the Kelch/DGR domain as a hexahedron cylinder. Each
Kelch module consists of 4 anti-parallel B-strands. Overall, the Kelch/DGR domain
resembles a B-propeller consisting of 6 symmetric B-blades. The Neh2 binding interface is
located at the bottom of this B-propeller structure, including a highly conserved arginine
triad (R380, R415 and R483). These positively charged arginine residues of Keapl may
form strong electrostatic bonds with the negatively charged glutamate residues in the ETGE
motif of Nrf2. When an ETGE-containing peptide was co-crystallized with the Kelch
domain, the ETGE-containing peptide assumed a U-shape conformation; two short anti-
parallel B-strands were linked by two overlapping type | B-turns [64,65]. This hairpin
conformation of the ETGE motif may enable maximal interaction and account for high
binding affinity mediated by the ETGE motif.

Since the nuclear magnetic resonance titration assay [55] suggests an optimal molecular
ratio of 2:1 for Keap1l/Neh2 binding, a two-sites binding model has been proposed [61].
Two Keapl molecules form a homodimer via their BTB domain [66]. For the Neh2 domain,
the high affinity binding mediated by the ETGE motif functions as a “hinge” to pin down
Neh2 to Keapl. The low affinity binding mediated by the DLG motif functions as a “latch”.
Linking the “hinge” and the “latch” motif is a lysine-rich central a-helix. It is very
interesting to observe that in this nine-turns a-helix, 6 of 7 lysine residues are located on the
same side [55]. Therefore when the “latch” is in position, it may help to set the central a-
helix in an adequate orientation to expose those lysine residues, presumably as the Ub-
acceptors [39]. In the Keapl homodimer, the distances between the guanidinium nitrogens
of Arg-380, Arg-415 and Arg-483 are estimated as 55, 50 and 55A apart, whereas the
central a-helix linking the DLG and ETGE motifs is estimated as 49A [55,57]. Thus a
perfect geometric match exists for two-sites binding. This “hinge & latch” model [61]
therefore vividly depicts a substrate-presentation mechanism (Fig. 3A).

In essence, this “hinge & latch” model can discern the difference between a one-site “hinge
binding and a two-sites “hinge & latch” binding. The one-site binding is a mere physical
binding between Keapl and Neh2. Only the two-sites binding assumes the substrate
presentation function. Indeed, the deletion of a segment (a.a. 17-32) containing the DLG
domain could stabilize this Nrf2 mutant [23]. Unlike the one-site binding, the two-sites
binding is relatively unstable, dictated by the low-affinity “latch” binding. The low affinity
“latch” binding may be more vulnerable to the conformation change of Keapl dimer as a
result of oxidative perturbation (Fig. 3B). The switch from the two-sites binding to the one-
site binding can explain the observed facts that the inhibition of Nrf2 degradation is not at
the expense of Keap1/Nrf2 binding.

The “hinge & latch” model can also explain how thio-modification disrupts the substrate
presentation condition and consequently cause an impedance of Nrf2 ubiquitination.
Recently, Keap1 has been characterized as a Zn2*-binding metalloprotein [48]. The metal-
coordination function may explain how under reducing conditions Keapl maintains the
geometric constraint needed for a two-sites binding. Keap1 is able to bind zinc under
reducing conditions. Keap1 was found to have similar Zn2*-binding affinity as zinc finger
proteins [48]. Stoichiometry measurements show that one Keapl molecule binds 1 zinc ion.
Mutation at C273 and C288 significantly attenuates zinc-binding affinity of Keapl [48].
Thus C273 and C288 are hypothesized to function as ligands in zinc coordination [48]. In
other words, the active thiolates of C273 and C288 are preserved in zinc-binding and poised
for redox sensing. Treatment of oxidants can displace zinc and modify C273 and C288
residues [48]. When C273 and C288 are modified, a possible intermolecular disulfide bond
formation [26] may profoundly change the conformation of the Keapl dimer [48]. As a
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result, the distance of arginine triads between two Kelch domains changes, becoming
incompatible with a two-sites binding (Fig. 3B). This conformation change however, may be
not sufficient to disrupt physical binding between Nrf2 and Keapl mediated by high affinity
binding of the ETGE motif. In other words, thio-modification only negates Keap1-mediated
Nrf2 ubiquitination but does not disrupt Nrf2/Keap1 binding.

The thio-madification may simultaneously have a profound effect on Keapl self-
ubiquitination. Intense Keapl degradation in parallel with attenuated Nrf2 ubiquitination
was reported in tBHQ induced antioxidant response [67,68]. However, unlike Nrf2
degradation, the Keapl self-ubiquitination triggered a 26S proteasome-independent
degradation [67].

Alternatively, it is possible that Keapl homodimerization is vulnerable to oxidative
perturbation. Previously, it was reported that the treatments of pro-oxidant 100 uM PDTC
(pyrrolidinedithiocarbamate) and phenethyl isothiocyanate (PEITC) could disrupt Keapl
homodimer [66]. Mutation of Ser-104 in the BTB domain of Keapl was found to be able to
disrupt Keapl homodimerization [66]. Unfortunately, this experiment could not be
duplicated using high concentration of SFN (90 uM) or Ser-104 mutation [57] and thus
remains controversial. Dissociation of Keapl homodimer but not the Keap1/Nrf2
heterodimer may have functional implications. The Keap1/Nrf2 heterodimer may shuttle to
the nucleus together [33,35] to evade cytosolic proteasomal degradation. Mutation of the
NES motif of Keapl appeared to be able to arrest Keapl/Nrf2 in the nucleus [35]. One
confusing question is how Keapl escapes from cytoskeletal anchoring [29]. In addition, it is
unknown whether the NES motif of Keapl can be disabled under physiological conditions.
However, the nuclear translocation of Keap1/Nrf2 heterodimer may have functional
significance. Recently, a BTB-bZIP transcription repressor protein Bach2 was found to be
recruited into the promyelocytic leukemia (PML) nuclear body via the BTB domain [69].
Since Nrf2 lacks the BTB domain, it is fascinating to speculate that the formation of Keapl/
Nrf2 heterodimer may help to recruit Nrf2 into the PML nuclear body. Further studies are
needed to address these questions.

Multiple NES/NLS motifs determine the subcellular distribution of Nrf2

Recently, mechanisms governing nuclear importing and exporting of Nrf2 have been
elucidated. In human Nrf2 protein (in a 589 amino acids frame), one bipartite nuclear
localization signal (NLS) was identified in the basic region [70,71] called bNLS. In addition,
a monopartite NLS was characterized at the amino-terminus (NLSy) and another
monopartite NLS was identified at the carboxyl-terminus (NLS¢) of human and murine Nrf2
[72]. One NES motif was characterized in the ZIP dimerization domain (°37L-K-K-Q-L-S-
T-L-Y-L5%) [70,71] called NESzip. The NESzip motif conforms to the canonical leucine-
rich NES [73,74]. Canonical leucine-rich NES motif can be formulated as ®1-(X)_3-®?-
(X)2.3-03-X-d%, where 4 positions of ® need to be hydrophobic amino acid residues and X
can be any amino acid [73,74]. Recently, another NES (/°L-L-S-I-P-E-L-Q-C-L-N-1186)
was characterized in the Neh5 transactivation (TA) domain [35,75] called NESta. These
NLS and NES motifs differ in driving forces. The bNLS motif appears equal in driving force
to the NESta motif and stronger than the NESzip motif [75]. In full-length wild type Nrf2,
the combined nuclear exporting activities of NESt and NESzip appeared to be able to
counter balance the combined nuclear importing activities mediated by the bNLS, NLSy and
NLSc motifs. When an enhanced green fluorescence protein (EGFP) tagged Nrf2 was
expressed in HelLa cells, a heterologous distribution pattern of EGFP-Nrf2 was observed.
Nearly 60% of the cells showed whole cell distribution, 30% of the cells showed nuclear
distribution and 12% of the cells showed cytosolic distribution [75]. Mutation of a single
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key leucine residue in the NES motif, for example, L544 in the NESzip motif and L184 in
the NESt, motif, was sufficient to nullify their nuclear exporting activity [71,75]. Mutation
of either the L184 residue or the L544 residue in full length Nrf2 was sufficient to convert
the heterologous distribution of EGFP-Nrf2 into a predominantly nuclear distribution pattern
[75]. In other words, both the NESt, and NESzip motifs are indispensable to counter
balance the combined nuclear importing activity mediated by the bNLS, NLSy and NLS¢
motifs.

Overlapping localization of NES/NLS motifs

One salient feature of the NES/NLS motifs of Nrf2 is that they co-localize with other
functional motifs (Fig. LA). The bNLS is located in the basic region, a positively charged
domain involved in DNA binding. The NESzip motif co-localizes with the ZIP dimerization
domain [71]. It is well known that Nrf2 cannot form homodimer [76]. Nrf2 has to form
heterodimer with small Maf proteins to bind to ARE [41]. The ZIP dimerization domain
forms a parallel coiled coil [77] that consists of 4-6 heptads formulated as (abcdefg)s.¢. The
position “a” and “d” need to be hydrophobic residues. In the process of dimerization, the “a”
and “d” residue in one monomer interact with the complementary “d” and “a” residue in the
opposite monomer, respectively [76]. The interaction forms a hydrophobic core essential for
dimer stability [78]. In this NESzip motif, the ®1 (L537) and ®3 (L544) residues locate at
the “d” position in the fifth and sixth heptad of ZIP domain, respectively. The ®2 (L541)
residue locates at the “a” position in the sixth heptad. In other words, this NESzip motif
occupies three key positions in the dimerization domain. The overlap between the NESzip
motif and the ZIP motif implies that when Nrf2 forms heterodimer via leucine zipper with
its obligatory binding partner small Maf proteins, the NESzip motif can be simultaneously
masked. Indeed, we have found that MafG/K can enhance nuclear retention of Nrf2 (Li, W.
Yu, S.W., Kong, A.-N.T., unpublished data). Recently a tyrosine-560 (Y560) was identified
as a phosphorylation site for tyrosine kinase Fyn [79]. In addition, glycogen synthase kinase
3B (GSK-3p) was characterized as an upstream kinase of Fyn [80]. Indeed, activation of
GSK-3p could promote Nrf2 nuclear exporting and attenuate phase 11 gene induction
[80,81]. Interestingly, this Y560 is a neighbor of a legitimate MAPK site (S561 as

in 559pYSpP%62) This S561 residue could be phosphorylated by ERK1/2 and p38 (Yu, S., Li,
W., Kong, A.N., unpublished data). The juxtaposition of Y560 and S561 implies that MAPK
pathway and GSK-3B/Fyn pathway may converge on Nrf2. GSK-3B/Fyn pathway and
MAPK pathways may crosstalk and regulate Nrf2 signaling in a cooperative way. Further
studies are needed to elucidate whether the vicinity of these two phosphorylation sites can
influence Nrf2 nuclear export mediated by NESzip.

The NESt motif is located in the Neh5 transactivation domain [75]. Previously it was
reported that the Neh4 and Neh5 domains bind with a transcription co-activator CREB
binding protein (CBP) [21,82,83] and silencing mediator for retinoid and thyroid hormone
receptors (SMRT) [84]. The functional significance of overlapping localization of the
NESta motif with the Neh5 domain remains unclear.

Nrf2 as a redox-sensor

The identification of multiple NES/NLS motifs in Nrf2 naturally raised a question whether
these NES/NLS motifs are redox-sensitive. There is a cysteine-498 embedded in the bNLS
motif (Fig. 1A). Serine substitution of this cysteins residue (C498S) changed the DNA
binding affinity but not the subcellular distribution of Nrf2 [85]. Therefore, the bNLS motif
per se may have no impact on redox-sensitive distribution of Nrf2. The redox-sensitivity of
the NLSy and NLS¢ motif has not been examined. Since there is no cysteine residue
embedded in these two NLS motifs, they may be redox-insensitive. The NESzip motif was
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found redox-insensitive [71]. The redox-insensitivity of NESzip may be explained by the
absence of cysteinein the NESzip motif [71].

The NESt motif was found to be redox-sensitive. An EGFP tagged Nrf2 segment (a.a.
162-295) containing the NESta motif (EGFP-NESTA) exhibited a cytosolic distribution that
could be nullified by a variety of oxidants including SFN, tBHQ and H,0, [75]. It is very
interesting to observe that EGFP-NESTA exhibits a graded nuclear translocation in response
to SFN treatment. The kinetics of SFN-induced EGFP-NESt translocation can be
described by two parameters. One is the maximal accumulation (Amax) of EGFP-NEStA in
the nucleus. The other parameter is the half time to achieve maximal translocation (t12). The
EGFP-NESTA showed a dose-dependent nuclear translocation in response to SFN
treatments. In the four tested concentrations (5, 12.5, 25 and 50 pM), the Amax values of
EGFP-NESTA appeared to be positively correlated with the SFN concentrations, i.e. the
stronger the oxidative signal, more EGFP-NES+ proteins translocate into the nucleus. The
t1/2 values were inversely correlated with SFN concentrations, suggesting that the stronger
the oxidative signal, the faster Nrf2 influx [75]. The graded response of the NESta motif
implies that the NESt motif can not only sense the presence of oxidative signals, but also
precisely transmit the “intensity” of oxidative signals to the nucleus and up-regulate gene
transcription accordingly, particularly at physiologically achievable conditions [86].

There is a C183 residue embedded in this NESt motif (Fig. 1A), bearing a resemblance to
the reported redox-sensitive NES motifs of yeast AP-1 like transcription factor (YAP-1) [87]
and mammalian bZIP protein Bach2 [88]. The C183A mutation remarkably slowed down
EGFP-NESTA nuclear translocation kinetics and attenuated the ARE-luciferase reporter
gene activity [75]. Mutation of C183A in the full length Nrf2 also significantly attenuated
the redox-sensitivity of Nrf2 [75]. Based on these observations, it is hypothesized that the
redox-sensitivity of the NESt motif is mediated by the C183 residue.

The C183 residue is flanked by a glutamine and a leucine (182QCL184). In other words, the
C183 residue is not a hypothetically reactive cysteine [50]. As previously described in the
Keapl section, the local electrostatic environment model may fail to predict precisely
whether a cysteine residue is a reactive cysteine, as disproved by many experimental
evidences. The fact that the reactive cysteine (61°LCS521) embedded in the YAP-1 redox-
sensitive NES is also not a hypothetically reactive cysteine [87] provides further
corroboration. In addition, when we labeled hNrf2 proteins with BIA, we detected modified
C183 adducts using the MS-MS analysis (Li, W., Liu, T., Li, H., Kong, A.-N.T.,
unpublished data). Thus, it is probable that C183 is a reactive cysteine.

It is possible that direct sulfhydryl modification of the C183 residue may inhibit the access
and binding of nuclear exportin chromosome region maintenance 1 (CRM1) to the NESta
motif and consequently abrogate cytosolic distribution of EGFP-NES+. Similar results
have been reported in the YAP-1 protein [87]. Alternatively, intra-molecular disulfide bond
formation may also disable the NESt4 activity [89]. What kind of specific thio-modification
of the C183 residue requires further study.

Based on these observations, we propose a new Nrf2 signaling model [75]. The Nrf2
molecule possesses multiple NES/NLS motifs, and their relative driving forces are
represented by the size and direction of the arrows (Fig. 2). Under basal conditions (Fig.
2A), the combined nuclear exporting forces of NESta and NESzip can counteract the
combined nuclear importing force of the bNLS, NLSy and NLS¢c motifs. As a dynamic
balance, Nrf2 exhibits a predominantly whole cell distribution. The residual nuclear Nrf2
may account for the basal or constitutive Nrf2 activities. The observation of a small
percentage of cells exhibiting nuclear and cytosolic distribution of Nrf2 [75] may reflect the
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hyper- and hypo-oxidative condition of individual cells, respectively. When challenged with
oxidative stress (Fig. 2B), the redox-sensitive NESt, is disabled but the redox-insensitive
NESzip remains functional [71] and the bNLS, NLSy and NLS¢ motifs may remain
functionally uninterrupted [85]. Since the driving force of the NESzip motif is weaker than
the bipartite bNLS motif, the nuclear importing force mediated by the bNLS, NLSy and
NLSc motifs prevails and triggers Nrf2 nuclear translocation (Fig. 2B). In this model, Nrf2
per se is redox-sensitive. Nrf2 consists of a constitutively active NESzip bNLS-NLSyN-NLSc
tandem and a conditional NESta motif. The NESt, motif functions as a redox-sensitive
switch that can be turned on/off by oxidative signals and determine the subcellular
localization of Nrf2. This model may not only account for the repression and activation of
Nrf2 signaling but may also account for the inactivation of Nrf2 signaling. Accumulating
evidence shows that Nrf2 activation can consequently elevate the expression and enzymatic
activities of yGCS/GST as well as the GSH level in cells [90,91]. Considering the reversible
nature of sulfhydryl modification by SFN, the elevated GSH levels may favor a restoration
of the NEStp activity and trigger Nrf2 nuclear export. In addition, oxidative stress can elicit
nuclear translocation of thioredoxin [92], which may subsequently reduce Nrf2 in the
nucleus. Further studies are needed to examine this possibility.

Unlike the previous Keapl model, this new model hypothesizes a Keapl-independent Nrf2
signaling. Indeed, knocking down endogenous Keapl activity with siRNA failed to change
tBHQ-induced nuclear translocation of Nrf2 [75]. Definitive proof may require replicating
EGFP-NESTA translocation experiments in keapl null MEFs. Although Nrf2 appears to be
self sufficient to transduce redox signals, this new Keapl-independent model does not
exclude Keapl's involvement in redox signaling. Keapl may provide an additional
regulation controlling the Nrf2 availability, especially via the constant ubiquitination and
proteasomal degradation. Therefore, this new model favors the debate that Keapl function is
alternative but not exclusive in regulating Nrf2 signaling [93].

IV. A new redox-signaling model of the antioxidant response

In a brief summary, accumulating evidence shows that Keapl mediated Nrf2 ubiquitination
has high redox-sensitivity. In contrast, Keap1/Nrf2 dissociation has very low redox-
sensitivity. The low redox sensitivity of Keap1/Nrf2 dissociation renders the “relay” step in
the old model very unlikely. In addition, Nrf2 nuclear translocation has high redox-sensivity.

To reconcile these observations, we propose a new Keapl/Nrf2 redox-signaling model (Fig.
3). In cells, there may exist two pools of Nrf2 proteins; one is free floating Nrf2 (fNrf2) and
the other is Keapl-bound Nrf2 (kNrf2), which is destined for ubiquitination and proteasomal
degradation. Under homeostatic conditions, there is constitutive synthesis of new Nrf2
protein and persistent ubiquitin-dependent degradation of Nrf2. An equilibrium is
maintained between Nrf2 synthesis and degradation. As a consequence, only a small fNrf2
pool exists, sufficient for basal or constitutive activity (Fig. 3A). When cells are exposed to
oxidative stress, the redox-sensitive Nrf2 ubiquitination is impeded. Consequently, Nrf2-
binding capacity of Keapl is saturated and even diminished due to Keap1l self-ubiquitination
[67,68]. However, Nrf2 translation is enhanced [94]. As a consequence, the fNrf2 pool size
is enlarged (Fig. 3B). Since the fNrf2 proteins have high redox-sensitivity and high mobility
[75], they are poised to assume surveillance of the fluctuation of intracellular redox
conditions and transmit redox-signals into cell nucleus. In other words, the fNrf2 proteins
are ready-to-react redox probes, whereas KNrf2 proteins are redox-inert. The observation of
a graded Nrf2 nuclear translocation implies that the relative abundance of fNrf2 may
determine the actual amplitude of an antioxidant response. If cells have more fNrf2, the
same dosage of ROS/RNS may elicit more Nrf2 influx into the nucleus and consequently
induce a stronger antioxidant response. In this new model, the redox-signals are encoded and
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transduced into the nucleus by fNrf2. The overall redox-sensitivity of the cell is determined
by the pool size of fNrf2, which is regulated by Keapl in a redox-sensitive manner. In other
words, Keapl functions as a redox-sensitive gate keeper. The key difference between the old
and new model is that the redox-signals are not relayed from Keapl to Nrf2. Both Nrf2 and
Keap1l have high sensitivity for redox signals.

This new model may also explain the acute effect elicited by phase Il inducers. The
treatment of low dosage of phase Il inducers can impede Keapl-mediated ubiquitination of
Nrf2 and expand the fNrf2 pool. Thus, the phase Il inducers exert a “priming” effect to tune
up the overall redox sensitivity of the cell. Subsequently, when the cell confronts oxidative
stress, the cell can readily trigger amore effective antioxidant response.

The relative expression ratio of Keapl/Nrf2 may be critical for Nrf2 signaling. In addition,
many other factors may also be involved in the regulation of the sensitivity of this redox-
signaling process. For example, the initial substrate recognition step of Nrf2 ubiquitination
is mediated by the ETGE “hinge” motif. Recently, a member of phosphoglycerate mutase
family, called PGAMS5, was found to bind Keapl [95]. This PGAMS5 molecule possesses an
N-X-E-S-G-E motif but no DLG motif. Therefore, PGAMS5 may function as a competitive
antagonist of Nrf2. The high abundance of PGAMS5 in cells [95] may have a profound
impact on the pool size of fNrf2. Recently, a cancer and Parkinson's disease associated
protein called DJ-1/PARK7 was found to be able to stabilize Nrf2 via preventing Keapl
binding [96]. For a long time, a wealth of evidence has been accumulated showing that
many dietary compounds can induce Nrf2 signaling via activating diverse phosphorylation
pathways, including MAPK [68,83,97-104], PKC [105-108], PI3K [109], PERK [110], CK2
[111] and GSK3 B/Fyn [79-81] pathways. Unfortunately, the actual phosphorylation sites in
Nrf2 or Keapl are mainly unknown. However, at least one phosphorylation site has been
elucidated. PKC phosphorylation of the Serine-40 (S40) residue of Nrf2 was reported to
facilitate Keap1/Nrf2 dissociation and Nrf2 nuclear translocation [105,106]. The position of
S40 is located between the DLG motif and the ETGE motif. It is unknown whether
phosphorylation at S40 can disrupt “the hinge and latch” two sites binding. An artificial
phosphorylation at the threonine residue of the D-X-E-T-G-E motif indeed disrupts Neh2/
Keapl binding [64]. Furthermore, a CAND1 molecule was found to be importantto regulate
Keap1/Cul3 binding and recycling of the Cul3 complex [112]. Studies are needed to
determine whether the expression and activities of those molecules are redox-sensitive.
There are observations that oxidized n-3 fatty acids can react with Keapl and induce Keapl/
Cul3 dissociation [54,113].

channels of redox signaling?

Nrf2 has two homologues, Nrfl and Nrf3. Nrf2 shares high sequence homology and
probably similar origin with Nrfl, including the amino-terminus [114]. In contrast, Nrf2
shares poor homology with Nrf3, especially in the amino-terminus [115]. Until recently, it
was unclear why three different Nrf isofomers exist with apparently functional redundancy.

Recently, two independent studies elegantly elucidate that Nrf1 and Nrf2 are actually
located in different subcellular compartments and employ different activation mechanisms
[116,117]. Like Nrf2, Nrfl also possesses a functionally intact Neh2 domain, including the
ETGE “hinge” motif and the DLG “latch” domain, and is capable of binding with Keapl
[116,117]. However, in its extensive amino-terminus, Nrfl possesses an extra
transmembrane domain, which is absent in Nrf2 [116,117]. Therefore, unlike Nrf2 proteins,
which exhibit a Keapl-dependent uniform distribution in the cytoplasm, Nrfl proteins are
found mainly tethered to the membrane of endoplasmic reticulum (ER) in a Keapl-
independent manner [116,117]. Fluorescent microscopic studies confirmed that Nrfl was
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indeed co-localized with ER-specific protein calreticulin [116]. Differential centrifugation
studies also confirmed that Nrfl proteins were mainly detected in ER membrane P100
fraction [116]. Consistent withits ER localization, ER stressor tunicamycin could effectively
mobilize Nrfl into the nucleus [116]. A careful examination showed that the size of the
nuclear Nrfl (110 kD) was smaller than ER-bound Nrfl (120 kD), suggesting that the
nuclear Nrfl is a cleavage product of the ER-bound Nrfl [116].

These observations suggest that Nrfl and Nrf2 may encode ER stress signals in different
manners. Nrfl can directly detect the ER stress in the lumen of ER. Nrf2 can also sense
various ER stress signals elicited by the treatments of tunicamycin (glycolysation inhibitor),
thapthiagargen (calcium-releasing inhibitor) and glucose deprivation [118]. However, ER
stress signals encoded by Nrf2 is relayed to Nrf2 via an ER-membrane spanning PKR-
related ER kinase (PERK) [110,118]. Therefore, it is an interesting question whether the ER
stress signals encoded by Nrfl are the same as those encoded by Nrf2. Considering the fact
that the ER lumen is more oxidized than the cytoplasm [119], the redox-sensitivity of Nrfl
may be different than that of Nrf2. Nrfl does possess a NESta motif like Nrf2, however the
NESTtA in Nrfl lacks the embedded reactive cysteine residue [75] suggesting that the
NESTA motif in Nrfl may not be redox-sensitive.

Up until now, the induced ER stress responses have mainly been examined in wild type
cells. Future examination of the ER stress response in nrf1”- or nrf2- MEFs may help to
dissect the specificity of ER stress signaling mediated by Nrf2 and Nrfl, respectively.
Furthermore, it is unknown whether the induced gene expression profiles elicited by Nrfl
and Nrf2 are the same. One microarray study examining tunicamycin induced gene
expression in wild type and nrf2”- mice has been published [120]. Comparison of those data
with microarray data collected from nrf1”- mice may help to discover whether Nrf1-driven
genes are the same or different from Nrf2-driven genes. Recently, it was reported that small
Maf homodimers exhibited different sequence-specific binding affinity compared to small
Maf/CNC heterodimer [43]. It is tempting to speculate that different composite small Maf/
CNC dimers, such as MafG/Nrf2 and MafG/Nrfl dimers, may bind to different cis-acting
enhancers, thus eliciting transcription of discrete subsets of cytoprotective genes. If it can be
proven that different sets of cyto-protective genes are induced, then cytoplasmic and ER
stress signals may be sorted through different channels.

VI. Perspective and future directions

Two common features are unanimously observed in various antioxidant response induced by
different compounds; i.e. increased amount of steady state Nrf2 and Nrf2 nuclear
translocation. However, mechanistic explanations for the repression and activation of Nrf2
signaling differ drastically. Great progress has been made in understanding Keap1/Nrf2
interplay and the regulation of the antioxidant response. However, there remain many
intriguing issues. With the rapid progress of technologies, such asthe protein
crystallography, LC-MS-MS analysis, genetic manipulation (transgene mice or gene
knockdown using siRNA or shRNA) and DNA/RNA microarray among others, many
enigmatic issues may be clarified in the near future.

Enormously fruitful is the combination of the structural study with the functional study, as
illustrated by the proposition of the “hinge & latch” model. In future, the crystallographic
resolution of the entire molecule of Keapl combined with mutation and artificial thio-
modification, may enable us to visualize whether zinc-coordination can stabilize Keapl/Nrf2
binding; whether the formation of intermolecular disulfide bond between C273 and C288
can change the distance of the arginine triads between two different Kelch domains; and
what is the mechanism that switches Nrf2-ubiquitination to Keapl self-ubiquitination.
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Resolution of the crystal structure of Nrf2 may enable us to visualize whether the formation
of disulfide bond or other types of thio-modification can change the conformation and
function of Nrf2.

Another promising direction is the application of LC-MS-MS in the detection of reactive
cysteines in Keapl and Nrf2 when treated with different structural inducers. Thus far, a
major methodological drawback is the difficulty in analyzing hydrolysable adducts. With the
progress in the optimization of sample handling, we may soon be able to standardize the
analysis protocol, making feasible of high throughput analyses. Progress in this area may
enable us to find out whether different inducers result in distinct thio-modification maps in
Nrf2 and Keapl.

Collectively, progress in these areas may not only enable us to gain deeper mechanistic
understanding of Nrf2 signaling, it may also help us to design and optimize drugs with
higher potency for chemoprevention of cancer, aging, inflammation and neurodegenerative
diseases [64,121].
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1A

FIG. 1.

Schematic drawings of the molecular structure of Nrf2 and Keapl. (A) The Nrf2 molecule
consists of CNC-basic leucine zipper (LLLLLL) Neh1 domain, Keapl binding Neh2 domain
(DLG and ETGE motifs are Keapl binding motifs), a Neh3 domain, a tandem of Neh4 and
Neh5 transactivation (TA) domains, and a linker Neh6 domain. The NES motifs are
designated with filled circles. The bipartite NLS motif located in the basic region (+ +) is
designated by double filled bars. The monopartite NLS motifs (+) located at the amino-
terminus and carboxyl-terminus is designated by single filled bars. CNC, the collar “n” cap
domain. The positions of putative reactive cysteines (C183 and C498) are also illustrated.
(B) The Keapl molecule consists of an amino-terminal region (NTR), a BTB region, an
intervening region (IVR), a Kelch/double glycine repeat (DGR) domain and a carboxy
terminal region (CTR). Keapl also possesses a NES (filled circle) in the IVR domain.
Chemically reactive cysteines are illustrated. Functionally important cysteines are labeled
with asterisks.
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FIG. 2.

Nrf2 functions as a redox probe. The identified NES and NLS motifs of Nrf2 are symbolized
by filled circles and boxes, respectively. Their driving forces are designated by the direction
and size of the arrows. During the unstimulated condition (A), two NES motifs can counter
balance the combined driving force of the bNLS, NLSy and NLS¢c motifs and sequester
Nrf2 in the cytoplasm. When challenged by oxidative stress (B), the reactive cysteine in the
NESTA can detect the presence of reactive oxygen species (ROS) or reactive nitrogen
species (RNS) and disable the NESta (plain line). As a result, the driving force of the
bNLS, NLSy and NLS¢ motif prevails and causes Nrf2 nuclear translocation.
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FIG. 3.

Hypothetic model of Nrf2-mediated redox signaling. The Keapl dimer functions as an
ubiquitination (Ub) substrate adaptor protein. There are two pools of Nrf2 proteins, free
floating Nrf2 (fNrf2) and Keapl-binding Nrf2 (kNrf2).Under homeostatic conditions (A),
kNrf2 binds toa Keapl dimer via a high affinity ETGE (hinge) motif and a low affinity DLG
(hatch) motif. The two-sites binding expose the Ub-acceptor site(s) in Nrf2. Ubiquitinated
Nrf2 proteins are destined to proteasomal degradation. Under homeostatic conditions, there
appears to be an equilibrium between protein translation and degradation. As a result, there
is only a small pool of fNrf2, contributing to basal activation. When stimulated by oxidative
stress (B), the conformation change of the Keapl dimer, probably via intermolecular
disulfide bond formation, disrupts the two-sites binding. As a result, the Ub-acceptor site(s)
is/are not easily accessible. The ubiquitination and the proteasomal degradation are
inhibited. Keap1 is saturated by undegradated kNrf2. Protein translation however, is
elevated. In combination, the pool of fNrf2 expands. fNrf2 can sense the change of redox
milieu and transmit redox signals to cell nucleus via gradient nuclear translocation. In this
model, redox signal detection is not relayed from Keapl to Nrf2 via Keapl/Nrf2
dissociation. Instead, Keapl plays a gate-keeper role; Keapl dictates the pool size of fNrf2
and thus regulates the overall redox sensitivity.
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