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The Keap1-Nrf2 system plays a central role in cytoprotection against electrophilic/oxidative stresses. Although Cys151, Cys273,
and Cys288 of Keap1 are major sensor cysteine residues for detecting these stresses, it has not been technically feasible to evalu-
ate the functionality of Cys273 or Cys288, since Keapl mutants that harbor substitutions in these residues and maintain the abil-
ity to repress Nrf2 accumulation do not exist. To overcome this problem, we systematically introduced amino acid substitutions
into Cys273/Cys288 and finally identified Cys273Trp and Cys288Glu mutations that do not affect Keap1’s ability to repress Nrf2
accumulation. Utilizing these Keapl mutants, we generated stable murine embryonic fibroblast (MEF) cell lines and knock-in
mouse lines. Our analyses with the MEFs and peritoneal macrophages from the knock-in mice revealed that three major cysteine
residues, Cys151, Cys273, and Cys288, individually and/or redundantly act as sensors. Based on the functional necessity of these
three cysteine residues, we categorized chemical inducers of Nrf2 into four classes. Class I and II utilizes Cys151 and Cys288, re-
spectively, while class III requires all three residues (Cys151/Cys273/Cys288), while class IV inducers function independently of

all three of these cysteine residues. This study thus demonstrates that Keap1 utilizes multiple cysteine residues specifically
and/or collaboratively as sensors for the detection of a wide range of environmental stresses.

Transcription factor Nrf2 (NF-E2-related factor 2) plays a cen-
tral role in cytoprotection against electrophilic and oxidative
insults (1). Under basal unstressed conditions, Nrf2 protein level
is maintained at a low level, as Nrf2 is constitutively ubiquitinated
by Keap1 (Kelch-like ECH-associated protein 1), an adaptor com-
ponent of Cul3 (cullin 3)-based ubiquitin E3 ligase complex, re-
sulting in its proteasomal degradation (2, 3). Upon exposure to
electrophiles or reactive oxygen species, Nrf2 ubiquitination
ceases, leading to the stabilization and nuclear translocation/ac-
cumulation of Nrf2, followed by the inducible expression of Nrf2
target genes (4-8).

A variety of Nrf2 inducers have been reported, most of which
are electrophilic and readily react with cysteine thiols of Keap1 (9).
Keapl is a cysteine-rich protein possessing 27 and 25 cysteine
residues in the human and mouse proteins, respectively. A num-
ber of in vitro labeling and mass spectrometry studies have de-
tected covalent modifications of some of the cysteine residues
upon exposures of Keap1 to electrophiles (10-17). The functional
significance of these cysteine residues has been examined in exper-
imental systems exploiting site-directed mutagenesis of Keapl.
The function of mutant Keap1 proteins has been tested by means
of reporter cotransfection transactivation experiments with cul-
ture cells (in transfecto) (18-20) or by ectopic overexpression ex-
periments in zebrafish embryos (14).

In these analyses, Cys273/Cys288 (10) and Cys151 (18) have
emerged as important cysteine residues of Keapl. We also have
verified the critical contribution of these three cysteine residues
in vivo for the inducible accumulation of Nrf2 through gener-
ating transgenic mouse lines expressing cysteine mutant Keap1
proteins and conducting transgenic complementation rescue
experiments (21). Of the three cysteine residues, the impor-
tance of Cys151 as a sensor for certain specific Nrf2 inducers
has been verified (14, 18, 20-22). Utilizing mouse embryonic
fibroblasts (MEFs) and peritoneal macrophages from the
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transgenic mice that complementarily express a Keapl mutant
harboring serine substitution for Cys151, which is referred to
as Keap1©'*'S, the Cys151 residue has been found to be indis-
pensable for the Nrf2 accumulation in response to tert-butyl
hydroquinone (tBHQ), diethylmaleate (DEM), sulforaphane
(SEN), and dimethylfumarate (DMF) (22). Importantly, we
also have observed that the Cys151 mutation does not affect
Nrf2 accumulation in response to 15-deoxy-A'>'*-prostaglan-
din J, (15d-PG]J,), 9-nitro-octadec-9-enoic acid (9-OA-NO,),
and cadmium chloride (CdCl,).

It has been proposed that cysteine residues other than Cys151,
especially Cys273 and Cys288, may also contribute to the stress
sensor function of Keapl. Indeed, Cys273 and Cys288 residues
have been suggested to be reactive to 15d-PGJ,, prostaglandin A,
(PGA,), 9-OA-NO, and dexamethasone 21-mesylate (Dex-Mes)
(10, 14-16). However, there exists a technical difficulty to validate
this notion. Since serine or alanine mutations of Cys273 and
Cys288 fail to repress Nrf2 activity in reporter cotransfection
transactivation assays (18, 19) and transgenic complementation
rescue mouse experiments (21), it has not been feasible to evaluate
the sensor function of Cys273 and Cys288 residues in Keapl.
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To overcome this problem, we systematically introduced
amino acid substitutions of the Cys273 and Cys288 residues of
Keap1 and successfully identified amino acid residues that do
not affect Keap1’s ability to target Nrf2 for degradation in the
basal state. We have evaluated these permissive amino acid
residues and prepared stable cell lines harboring the substitu-
tion mutations in Keapl which allow it to maintain its basal
activity. Since we have identified replacements of Cys273 with
tryptophan and Cys288 with glutamate that preserve Keapl
activity, we have established Keap1C273W, KeaplczggE, and
Keap1©#7?W&C288E mytant MEFs utilizing a KeapI-null back-
ground. Our experiments utilizing these MEFs demonstrate
that Keapl Cys288 acts as a sensor for 15d-PGJ,. We verified
this notion by establishing Keap1“**** knock-in mouse lines.
Our results also revealed that the three major cysteine residues,
i.e., Cys151, Cys273, and Cys288, act individually and/or re-
dundantly as sensors for various electrophiles. In addition, we
present solid lines of evidence that 1-[2-cyano-3,12-di-
oxooleana-1,9(11)-dien-28-oyl]imidazole (CDDO-Im) is a
Cys151-preferring inducer. We unequivocally demonstrate
here that Keap1 utilizes multiple cysteine residues as sensors to
trigger the cytoprotective response governed by the Keapl-
Nrf2 system and that the three major cysteine residues of Keap1
indeed act specifically and/or collaboratively as sensors.

MATERIALS AND METHODS

Chemical reagents. Diethylmaleate (DEM), sodium metaarsenite
(NaAsO,), cadmium chloride (CdCl,), zinc chloride (ZnCl,), dexameth-
asone 21-mesylate (Dex-Mes), and hydrogen peroxide (H,O,) were from
Wako Chemicals. 15-deoxy-A'>'*-prostaglandin J, (15d-PGJ,), prosta-
glandin A, (PGA,), and 9-nitro-octadec-9-enoic acid (9-OA-NO,) were
from Cayman Chemical. L-Sulforaphane (SFN) and tert-butyl hydroqui-
none (tBHQ) were from Sigma-Aldrich. 4-Hydroxy-nonenal (4-HNE)
and (= )-S-nitroso-N-acetylpenicillamine (SNAP) were from Santa Cruz
and Biomol, respectively. CDDO-Im was kindly provided by Mochida
Pharmaceuticals Company, Ltd.

Plasmid construction. All 19 amino acid substitutions were intro-
duced by PCR into Cys273 and Cys288 sites of human KEAP1 subcloned
into simian immunodeficiency virus (SV40) promoter-driven expression
vector. The N-terminal domain of human NRF2 was fused to LacZ cDNA
(NRF2NT-LacZ) and inserted into an SV40 promoter-driven expression
vector (23). Point mutations were also introduced by PCR into hemag-
glutinin (HA)-tagged mouse Keapl inserted in EF-1a promoter-driven
expression vector as described previously (21). The mouse Keapl cDNA
mutants were inserted into PiggyBac expression vector (PB514B-2; Sys-
tem Biosciences). The Keapl gene regulatory domain (KRD) and HA-
tagged Keapl cDNA were fused and inserted into pBluescript II vector as
described previously (21).

Transfection experiments and measuring [3-galactosidase and lucif-
erase activities. Transfection experiments were performed using Lipo-
fectamine (Invitrogen) as described previously (24). For measuring 3-ga-
lactosidase activity, HEK293T cells were cotransfected with 15 ng of
NRF2-degron LacZ (NRF2NT-LacZ) reporter plasmid and 5, 15, or 45 ng
of human KEAP1 mutant expression vector. After culture for 48 h, the
relative B-galactosidase activity was measured by using the Beta-Glo assay
system (Promega). For measuring luciferase activity, HEK293T cells were
transfected with 100 ng of pNqoI-ARE-Luc plasmid, 10 ng of pRL-TK
transfection control plasmid, 8 ng of p3 XFlag-Nrf2 plasmid, and 8 or 40
ng of wild-type (WT) or mutant Keap1 expression plasmids. The lucifer-
ase activity was measured by using a Dual-Luciferase reporter system
(Promega).

Establishment of stable cell lines that express transfected Keapl.
Immortalized Keapl-null MEFs (25, 26) were maintained in Dulbecco
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modified Eagle medium (Wako Chemical) containing 10% fetal bovine
serum (FBS). A PiggyBac transposon vector system (PB514B-2; System
Biosciences) was used to establish stable cell lines that express HA-tagged
Keapl cDNA. Cotransfection of PiggyBac expression vector plus trans-
posase plasmid was performed by electroporation with a double 1,100-V
pulse for 30 ms. After 2 to 3 days of culture, electroporated cells were
selected by puromycin at 2 pg/ml for 7 to 10 days. The expression of red
fluorescent protein was verified under a fluorescence microscope, and
several single colonies were cloned.

RNA extraction and quantitative real-time PCR. Total RNAs were
prepared from MEFs using a Sepazol-RNA I Super G RNA extraction kit
(Nacalai). The cDNAs were synthesized from the total RNA using Rever-
Tra Ace gPCR RT master mix with gDNA Remover (Toyobo). Real-time
quantitative PCR was performed using an ABI 7300 system (Applied Bio-
systems). The primer and probe sequences used for detecting NAD(P)H:
quinone oxidoreductase 1 (Nqol) and glutamate-cysteine ligase catalytic
subunit (Gclc) were as described previously (27).

Immunoblotting. Whole-cell extracts were prepared in a sample buf-
fer (20% glycerol, 4% sodium dodecyl sulfate [SDS], 0.125 M Tris-HCl
[pH 6.8], and 0.2 M dithiothreitol) from the MEFs or macrophages
treated with Nrf2-inducing chemicals for 3 h. The protein samples were
subjected to 8% SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
and electrotransferred to polyvinylidene difluoride (PVDF) membrane.
Specific protein signals were detected by anti-Nrf2 (28), anti-HA (Roche
3F10), anti-Keap1 (29), or anti-a-tubulin (Sigma, DM1A) antibodies.

Generation of Keap1 transgenic mice. Transgene constructs were in-
jected into fertilized eggs derived from BDFI1 parents. Transgenic mice
were generated by standard method (21). Transgenic mice expressing
wild-type Keap1 line 34 were used as a control (21). Three independent
lines of KRD-Keap1<?7*W&C288E njce were established and mated into a
Keap1-null background (25) to obtain compound mutant mice. For he-
matoxylin and eosin staining, the esophagi of postnatal day 10 (P10) pups
were fixed in 3.7% formalin and embedded in paraffin. For immunostain-
ing, the tissues were processed as described earlier (21). Samples were
treated with anti-Nrf2 antibody (28), and positive reactivity was visual-
ized with diaminobenzidine (DAB) staining. Hematoxylin was used for
nuclear counterstaining.

Generation of Keapl knock-in mice. Keapl©'®'S or Keapl“*%E
knock-in mice were generated by CRISPR-Cas9 genome editing technol-
ogy (30). Cas9 mRNA, guide RNA (gRNA), and targeting oligonucleo-
tide were injected into fertilized eggs derived from BDF1 parents. The
founder mice were crossed with wild-type mice, and the mutations were
transmitted to the germ line. By crossing the heterozygous mutants, ho-
mozygotes were obtained. The genotyping were done by TagMan real-
time PCR methods (Applied Biosystems). The sequence information for
the guide RNA, targeting oligonucleotide, and genotyping primers is
available upon request.

Isolation of thioglycolate-elicited peritoneal macrophages. Mice
were intraperitoneally injected with 2 ml of 4% thioglycolate solution 4
days before collecting peritoneal macrophages (27). Peritoneal lavage
fluid was centrifuged and suspended in RPMI 1640 medium containing
10% FBS and penicillin-streptomycin (10 U/0.1 mg/ml) at 37°C and 5%
CO,. The adherent macrophages were used for the analyses.

RESULTS

Novel Keapl mutants that repress Nrf2 activity. Although sev-
eral in vitro experiments have shown that Cys151, Cys273, and
Cys288 are highly reactive to many electrophiles (10-17), evalua-
tion of the sensor function of Cys273 and Cys288 has not been
technically feasible, since replacements of Cys273 and Cys288
with serine or alanine render Keapl unable to ubiquitinate and
repress Nrf2 (18, 19, 21). To overcome this problem, we at-
tempted a systemic analysis by introducing amino acid substitu-
tions into Cys273 and Cys288 sites of human KEAP1 (Fig. 1A). For
the series of mutants, we examined KEAPI’s ability to repress
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FIG 1 Novel Keapl mutants that repress Nrf2 activity. (A) Cysteine residues of Keapl are shown. Representative reactive cysteine residues against electrophiles are
boxed. Keapl domains: NTR (N-terminal region), BTB (broad complex, tramtrack, and bric-a-brac), IVR (intervening region), Kelch/DGR (double glycine repeat), and
CTR (C-terminal region). (B and C) All 19 possible amino acid substitutions were introduced to Cys273 (B) and Cys288 (C) of human KEAP1. HEK293T cells were
cotransfected with NRF2-degron LacZ (NRF2NT-LacZ) reporter plasmid (15 ng) and KEAP1 mutant expression vector (5, 15, or 45 ng) and then incubated for 48 h. The
relative B-galactosidase activity was measured. Representative results from multiple independent experiments are shown. Circled and boxed terms indicate loss-of-
function mutants and mutants that retain activity to repress Nrf2 accumulation, respectively. (D) HEK293T cells were cotransfected with ARE-luciferase reporter vector,
Nrf2-overexpressing vector, and vector expressing 8 or 40 ng of Keapl WT, C273S, C273W, C288S, C288E, or C273W&C288E. At 24 h after transfection, the relative

luciferase activity was measured. Boxes indicate mutants that retain activity to repress Nrf2 accumulation.

NREF2 in a reporter cotransfection degron assay (Fig. 1B and C). In
order to measure the activity, NRF2 degron-LacZ reporter was
used, which enabled us to evaluate the stability of human NRF2 N
terminus fused to LacZ (NRF2NT-LacZ) (23). As mentioned
above, it is well documented that KEAP1¢%73S, KEAP1¢%734,
KEAP1%*% and KEAP1“**** are unable to repress NRF2 activity
(31), and this fact was reproduced in our current experiment (Fig.
1B and G, circled). Expression of KEAP1W" did not further sup-
press the NRF2NT-LacZ reporter activity, indicating that endog-
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enous KEAP1 sufficiently repress NRF2 activity (WT in Fig. 1B
and C). In contrast to the situation with KEAP1W", the expression
of the loss-of-function mutants increased the NRF2NT-LacZ re-
porter activity in a dose-dependent manner. These results indicate
that the loss-of-function mutants of KEAP1 likely bind to
NRF2NT-LacZ in a competitive manner and inhibit endogenous
KEAP1’s ability to repress NRF2 accumulation.

Consistent with our expectation, we found that overexpression
of two KEAP1°%?”® mutants, i.e., KEAP1°?”*™ and KEAP1¢*73W,
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FIG 2 Comparison of Cys273 and Cys288 between Keap1 and human KLHL (Kelch-like) family members. Cys273 and 288 are highly conserved among mammal
Keapl but not in other KLHL family members. Note that whereas Cys273 of Keap1 corresponds to leucine (L) in other KLHL family members, Cys288 of Keap1
corresponds to glutamate (E) or glutamine (N) in other KLHL family members.

did repress the activity of the NRF2NT-LacZ reporter (Fig. 1B,
boxed), indicating that these two KEAP1 mutants still retain the
ability to repress NRF2 accumulation. In the case for Cys288,
KEAP1°%#%E, KEAP1<**®N, and KEAP1%°®R repressed the LacZ
reporter activity (Fig. 1C, boxed), indicating these three mutants
of Cys288 still retain the ability to repress NRF2 accumulation.
These results for the first time indicate that the Cys273 and Cys288
residues of Keapl can be replaced by two and three amino acids,
respectively, and still retain the ability to ubiquitinate NRF2. Of
note, the substitution profiles of amino acid residues that repress
the LacZ reporter activity are distinct between Cys273 and Cys288,
clearly demonstrating that Cys273 and Cys288 are not equivalent
in supporting KEAP1 activity.

While we exploited the human KEAP1-NRF2 system for the
above series of experiments, we decided to switch the experimen-
tal system to mouse Keap1-Nrf2 for our extended analyses to ex-
amine how these novel substitutions affect Keap1’s ability to sense
oxidative and electrophilic stresses. To this end, we first intro-
duced identical mutations into the mouse Keap1 protein and ex-
amined the reproducibility of our original result. We determined
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whether the mouse Keapl mutants exhibited ubiquitin ligase ac-
tivity and repressed Nrf2 accumulation by conducting similar
cotransfection assay using the pNqoI-ARE luciferase reporter
(Fig. 1D). As was the case for the NRF2NT-LacZ reporter assay,
Keap1“**" and Keap1“***F reproducibly repressed the reporter
activity like Keap1™" (Fig. 1D, boxed). In contrast, expression of
Keap1“*”*® or Keap1“***® did not efficiently repress the lucifer-
ase activity induced by Nrf2. In addition, we generated a dou-
ble mutant, Keap1“?">W&©28E that was able to repress Nrf2 ac-
tivity (Fig. 1D). The Keap1“*?W&C2E mytant was also able to
repress the Luc reporter indicating that the double mutation does
not affect the ubiquitin ligase activity of Keapl.

Comparisons of Cys273 and Cys288 among KLHL family.
Keap1 is a member of the Kelch-like (KLHL) family that generally
possesses BTB and Kelch domains. KLHL family members have a
potential to form a Cul3-based ubiquitin ligase complex (32).
Alignment of human KLHL family revealed that the cysteine res-
idues at the positions of Cys273 and Cys288 are conserved in var-
ious mammalians but not in the other KLHL family proteins (Fig.
2). This observation suggests that these cysteine residues harbor
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special characteristics for Keapl to gain stress-sensing function.
Since leucine residue is frequently found at position correspond-
ing to Cys273 in the other KLHL proteins, we initially hypothe-
sized that replacement of Cys273 with leucine (C273L) may main-
tain Keap1 activity. However, Keap1“*”*" failed to fully repress the
reporter activities in the NRF2NT-LacZ assay (Fig. 1B) and in the
PNqoI-ARE luciferase assay (data not shown).

In contrast, glutamic acid and asparagine residues are fre-
quently found at the position corresponding to Cys288 of Keapl
(Fig. 2), and Keap1“**** and Keap1“***N demonstrated the ability
to repress the reporter activity. These results imply that while the
structure surrounding Cys273 has been diversified among KLHL
proteins, KLHL proteins, including Keap1, possess a similar struc-
ture surrounding Cys288 to act as Cul3-based ubiquitin ligase
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(33). Based on these observations, we decided to utilize the novel
cysteine mutant Keap1“*7*W&?E for further investigation.

Keap1 “*7>W&C288E mytant represses Nrf2 activity in vivo. To
verify the ability of the Keap1“**W&<288E mytant to repress
Nrf2 accumulation in vivo, we conducted transgenic comple-
mentation rescue assays (21). For this purpose, we exploited a
5.7-kb genomic region of Keapl harboring regulatory domain
(KRD) and generated transgenic mice expressing
Keap1©?7?W&88E ynder the regulation of KRD (Fig. 3A). We
established three lines of transgenic mice, which were crossed
with  KeapI-null mice (25) and  Keapl / :Tg-
Keap1<273WeC288E mice were obtained. Of the three lines of
mice expressing Keap1“*7>W&C288E | ty0 Jines (lines 30 and 18)
were able to rescue KeapI-null mice from juvenile lethality. The res-
cued Keapl '~ ::Tg-Keap1“?>"¢“?55E mice had a normal appear-
ance and growth curve (Fig. 3B) and were indistinguishable from
the Keapl /"~ ::Tg-Keapl™" mice (21).

It has been shown that Keapl-null mutant mice suffer from
severe hyperkeratosis of the esophagi. To examine whether
Keap1©*?W&C285E expression driven by KRD improve the upper
digestive tract abnormalities that are usually found in KeapI-null
mutant mice, we performed histological analyses of 10-day-old
(P10) mice (25). Consistent with our previous findings, KeapI-
null mutant mice showed severe hyperkeratosis of the esophagi,
while Keapl1™~ mice did not show such a phenotype (Fig. 3C and
D). Of note, the esophagi of Keapl /™ ::Tg-Keap1“*”?"¢“*%%F mice
were histologically indistinguishable from those of Keapl /" ::Tg-
KeapIWT mice (21) (Fig. 3E and F).

In good agreement with the histology of the esophagi, Nrf2
accumulation in basal layer cells of esophagi was clearly observed
in Keapl ™/~ mice, while the Nrf2 accumulation disappeared in
the Keapl '~ :Tg-Keapl“*?"*“**** mice in immunostaining
analyses with anti-Nrf2 antibody (Fig. 3G to J). These results in-
dicate that the Keap1“*7>W&C258E mytant indeed retains the ability
to repress Nrf2 accumulation in vivo.

Stable cell lines that complementarily express transfected
Keapl. Capitalizing on the novel mutants of Cys273 and Cys288
residues described above, we addressed the importance of these
cysteine residues as stress sensors. In this regard, it should be
noted that upon the evaluation of sensor function, overexpression
experiments in transfecto may be misleading, since the expression
levels of Keapl mutant proteins fluctuate significantly, and en-
dogenous Keap1 seems to interfere with the activity of the trans-
fected Keap1 (22). Therefore, in order to develop a stable system
for the fine evaluation of Keapl sensor function, we decided to
prepare stable cell lines by introducing an HA-Keap1 expression
vector ligated to the PiggyBac transposon system. Expression plas-
mids for HA-Keap1l were transfected into KeapI-null MEF cells,
and several HA-Keapl expression lines were established by clon-
ing from single colonies that survived after culture with puromy-
cin (Fig. 4A). The expression levels of Keapl protein within the
cell lines were verified by means of Western blotting analyses. We
found that the ability of Keap1 to repress Nrf2 accumulation in the
basal state (i.e., without DEM) was dependent on the expression
levels of transduced Keapl (Fig. 4B). Accumulation of Nrf2 in
response to DEM, a representative electrophilic inducer, was ob-
served in the middle and high expresser of Keap1™" (Fig. 4B).
Therefore, in this study the middle expresser cell lines were used
for further analyses.

We then tested the importance of Keapl Cys273 and Cys288
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residues in the stress response. For this purpose, we first prepared
Keapl-deficient MEFs complemented with the PiggyBac expres-
sion system harboring Keap1“?7>W*8F qouble cysteine mutant
(Fig. 4C). Of the multiple stable clones, we selected one clone that
expresses a comparable level of the Keap1“*"?W&<285E protein with
control cells expressing Keap1™" at the middle level (Fig. 4D).
Showing very good agreement with the transient-transfection ex-
periment, Keapl“*?W&C%E reproducibly repressed basal Nrf2
accumulation in the complemented MEFs (Fig. 4E and F).

We then challenged the Keap1©?”>WV&<285E MEFs with 15d-
PGJ,, an Nrf2-inducing chemical. As expected, Nrf2 accumu-
lation by 15d-PGJ, was markedly decreased in MEFs expressing
Keap1©?7?W&<288E compared to MEFs expressing Keapl™'
(Fig. 4E and F), indicating that the Keap1“*”?W&*5E mytant
could not respond to 15d-PGJ,. Consistent with this observa-
tion, Nqo1l, a prototype Nrf2 target gene, was induced at a level
5.5-fold higher than that under the basal state in Keap1™"
MEFs by 10 uM 15d-PG]J, treatment, whereas only a marginal
increase was observed in Keap1©*?W&<288E MEFs (Fig. 4G).
Another Nrf2 target gene, Gclc, was induced at a level 7.2-fold
higher than that under the basal state in Keap1"' " MEFs by 10
wM 15d-PGJ,, whereas only a marginal increase was observed
in Keap1“?73W&C288E MEFs (Fig, 4H). These results thus indi-
cate that both Cys273 and Cys288, or either one of these resi-
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dues, are essential for 15d-PGJ,-mediated activation of Nrf2
signaling.

15d-PGJ, is a Cys288-preferring inducer of Nrf2. We next
sought to determine whether either Cys273 or Cys288 residues (or
both) are required for 15d-PGJ,-mediated activation of Nrf2 sig-
naling. To address this question, we generated MEFs expressing
either Keap1“*”*" or Keap1“***¥ (Fig. 5A). The expression levels
of the Keap1“*”*" and Keap1“*** proteins were comparable to
that of control Keap1™™ (Fig. 5B). We found that Nrf2 accumu-
lation by 15d-PGJ, was significantly reduced in MEFs expressing
Keap1“***¥ but not in MEFs expressing Keap1“?"*" (Fig. 5C and
D). This was somewhat of a surprise since we found that 15d-PGJ,
induces Nrf2 accumulation in a Cys273-preferring manner in an
overexpression experiment using zebra fish embryos (14). How-
ever, our present results indicate that Cys288 of Keap1, but not
Cys273, is essential for 15d-PGJ,-mediated accumulation of Nrf2.
The reason for this difference between mouse and zebra fish is
unclear at present.

Generation and analyses of Keap1°**** knock-in mice. To
further validate the importance of Keapl Cys288 residue in sens-
ing 15d-PGJ, in vivo, we generated Keaplczgg]3 knock-in lines of
mice using a genome-editing technology (30). Cas9 mRNA, guide
RNA (gRNA), and targeting oligonucleotide were injected into
fertilized eggs derived from BDF1 parents. Point mutation of
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Keap1“**#¥ was identified through sequencing of genomic DNA
from injected mice. The founder mice were crossed with wild-type
mice, and the mutation was successfully transmitted to the germ
line (Fig. 6A). Genotyping of Keapl“***¥<*%F mice was per-
formed by genomic sequencing. Thioglycolate-elicited peritoneal
macrophages were obtained from homozygous Keapl©*®-
knock-in (Keapl“?%*¥/?%8E) mice, and the macrophages were
used for further analyses.

The Keap1“?¥¥¥/<?%5E mjce exhibited a normal appearance and
a normal growth curve, indicating that the Keap1“***F maintains
the ability to repress Nrf2 accumulation iz vivo. In the peritoneal
macrophages derived from Keapl“?%8¥/<2%8E mice, Nrf2 accumu-
lation in response to 15d-PGJ, was decreased significantly com-
pared to wild-type macrophages (Fig. 6B), showing very good
agreement with the result in the Keapl“****-complemented
MEFs. This result provides further evidence that Cys288 of Keap1
is essential for Nrf2 accumulation in response to 15d-PGJ, in vivo.

We also examined how Keapl1 activity responds to the other
Nrf2 inducers utilizing the Keapl“?**<?*%£ macrophages. Upon
treatment with DEM, the accumulation level of Nrf2 in the
Keap1“2#8F/C288E macrophages was comparable to that in wild-
type macrophages (Fig. 6C), a finding consistent with the notion
that DEM is a Cys151-preferring inducer (22). We also found that
treatment with 9-OA-NO, (Fig. 6D) and 4-HNE (Fig. 6E), both of
which were reported to exploit Cys273 and Cys288 to modify
Keapl activity (15, 16, 34), resulted in the accumulation of Nrf2 in
both wild-type and Keap1““***/“*%%* macrophages.

To our surprise, PGA, induced Nrf2 accumulation in
Keap]288E/C288E macrophages (Fig. 6F), demonstrating that
PGA, apparently utilizes cysteine residues other than Cys288 to
stabilize Nrf2. The observation that PGA, utilizes distinct cys-
teine residues of Keapl from that utilized by 15d-PG]J,, i.e.,
Cys288, for the induction of Nrf2 is particularly intriguing,
since PGA, is a member of the prostaglandin family and shares
similar structural features with 15d-PGJ,. These results thus
demonstrate that 9-OA-NO,, 4-HNE, and PGA, utilize cys-
teine residues other than Cys288.
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Three Major Sensor Cysteine Residues of Keap1

Simultaneous substitution of three major cysteine residues.
As for the specificity of the three major reactive cysteine residues,
i.e., Cys151, Cys273, and Cys288, against various Nrf2-inducing
chemicals, there is some confusion. We surmise two plausible rea-
sons for this. One is that these cysteine residues may act redun-
dantly, and the other is that some of the inducers may bind and
utilize other cysteine residues of Keap1l. To address this issue, we
generated Keap]©'?156C273W&CSE \MERg that expressed Keapl
harboring all three major cysteine mutations (Fig. 7A). We se-
lected MEF clones expressing levels of Keap]©!?1S&C273W&C85E
protein comparable to those of the control Keap1™" protein (Fig.
7B). Importantly, simultaneous substitutions of these three major
cysteine residues could repress Nrf2 accumulation in the basal
unstressed conditions, indicating that the substitution did not af-
fect Keap1’s ability to promote the proteasomal degradation of
Nrf2 (see Fig. 7C and subsequent panels).

Exploiting the triple substitution mutant, we first examined
whether the Nrf2-inducing activity of various chemical Nrf2
inducers was affected in the Keap1©'>1S%C273W&C288E N TERg For
this purpose, we examined Nrf2 accumulation in the
Keap]C!315%C273WEC2SE N [EES upon treatment with 9-OA-NO,,
4-HNE, NaAsO,, SNAP, CDDO-Im, PGA,, ZnCl,, CdCl,, Dex-
Mes, and H,O, (Fig. 7C to L). We found that these Nrf2 inducers
are classified into two groups; one resulted in weakened Nrf2 ac-
cumulation in Keap]©'®!S&C273W&C28E NIEES compared to that
observed in Keap1™" MEFs, while the other resulted in a level of
Nrf2 accumulation in Keapl©'?!S%C273W&C288E NIEEg similar to
that in Keap1"'" MEFs.

Nrf2 accumulation in Keap]©!?1S&C273W&C288E N TREq was sig-
nificantly decreased in response to 9-OA-NO,, 4-HNE, NaAsO,,
SNAP, and CDDO-Im (Fig. 7Cto G), indicating that part or all the
three cysteine residues are important for Nrf2 accumulation in
response to these inducers. In contrast, Nrf2 accumulation by
PGA,, ZnCl,, CdCl,, Dex-Mes, and H,0O, was not affected in
Keap] C1o15&C273WEC288E \[EES (Fig, 7H to L), indicating that these
three cysteine residues are dispensable for Nrf2 activation in re-
sponse to this group of inducers.

Fine dissection of three major cysteine residues. We then ex-
amined the Nrf2 inducers that failed to accumulate Nrf2 in
Keap] C1915&C273WEE28E \[EES in detail. Using the newly gener-
ated Keap1©'*'S and Keap1“*">"V&C285E MEFs, we sought to deter-
mine whether one residue or all three—Cys151, Cys273 and
Cys288 —are required for the response to these inducers (Fig. 8A).
Again, we selected stable clones that expressed Keap1©'®'S and
Keap1“?7*W&C288E bhroteins at a level comparable to that of control
Keap Fig. 8B). The accumulation of Nrf2 in response to
DEM, SEN, and tBHQ, which are Cys151-preferring inducers, was
indeed decreased in Keap1<'>'S MEFs (Fig. 8C to E). These results
are consistent with our previous studies (14, 22), confirming the
credibility of our Keap1<'*'® systems.

Importantly, upon treatment with 9-OA-NO,, 4-HNE, and
NaAsO,, Nrf2 accumulated significantly both in Keap1©'*'S and
in Keap1“?7*W&C288E \[EFs (Fig. 8F to H). Considering the results
derived from Keap1©'?15&C273W&C288E N[ that Nrf2 accumula-
tion is markedly decreased in response to 9-OA-NO,, 4-HNE, and
NaAsO, (Fig. 7C to E), these results indicate that all three cysteine-
residues—Cys151, Cys273, and Cys288—are indispensable for
Keap1’s ability to sense 9-OA-NO,, 4-HNE, and NaAsO,.

In contrast to the former type of inducers, we found that Nrf2
accumulation upon exposure to SNAP and CDDO-Im was nota-
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by Western blotting.

bly reduced in Keap1<'*'® MEFs but not in Keap]©?/?W&C285E
MEFs (Fig. 8I and J). This observation was in contrast to our
previous observations (22). We repeated the analysis three times
and also repeated similar experiments four times utilizing other
lines of Keap1©'*'S and Keap1©“*"*"V&<285E MEFs, and the results
were reproducible. Therefore, we conclude that Cys151 of Keapl
is a critical sensor for SNAP and CDDO-Im. To further validate
this conclusion, we decided to challenge the generation of the
germ line mutant mice, as described below.

Generation and analyses of Keap1°'*'S knock-in mice. We
generated Keap1“'®'® knock-in mice by exploiting the CRISPR/
Cas9 genome editing technology (Fig. 9A), as was the case for the
generation of Keap1“**** knock-in mice (Fig. 6). Details of the
knock-in mouse preparation were as described in Materials and
Methods. Genomic substitution with Keap1<''® was confirmed
by genome sequencing.

We obtained thioglycolate-elicited peritoneal macrophages
from Keap1©'*'S knock-in (Keapl“'>'/'*!5) and wild-type
mice (Fig. 9A) and first challenged them with DEM, as DEM is
a well-known Cys151-dependent inducer of Nrf2 accumula-
tion. Showing very good agreement with previous (14, 22) and
current (Fig. 8C) results, DEM-mediated accumulation of Nrf2
was abrogated substantially (Fig. 9B). We also challenged the
cells with 15d-PGJ, and PGA,, since our study with mutant
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MEFs proved that 15d-PG]J, was a Cys288-preferring inducer
(Fig. 5C) and that PGA, was a Cys151/Cys273/Cys288-inde-
pendent inducer (Fig. 7H), respectively. Supporting our con-
clusion from the mutant MEFs, Nrf2 was accumulated in
Keap1©'?1/“151S macrophages to a similar extent as in wild-
type macrophages upon treatment with 15d-PGJ, (Fig. 9C) and
PGA, (Fig. 9D). These results clearly indicate that the
Keap1<'°'S knock-in mouse macrophages provide a stable and
reliable ex vivo system for evaluating the necessity of Cys151 for
the stress sensing function of the Keap1-Nrf2 pathway.

Finally, we challenged Keapl<'**¥“!>!S macrophages with
SNAP and CDDO-Im. Consistent with the results derived from
Keap1©'>'S MEFs, we found that Nrf2 accumulation by the
SNAP treatment in the Keapl“'>'¥“'*!S macrophages was
markedly decreased compared to that in wild-type macro-
phages (Fig. 9E), conclusively demonstrating that SNAP is a
Cys151-preferring inducer. Similarly, the CDDO-Im treat-
ment resulted in a markedly decreased accumulation of Nrf2 in
the Keapl“'>'S/“'*!S macrophages compared to that in wild-
type macrophages (Fig. 9F), but in this case marginal accumu-
lation of Nrf2 was observed, indicating that CDDO-Im is a
Cysl51-preferring inducer but may also interact weakly with
certain other cysteine residues.
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DISCUSSION

To date, it has not been technically feasible to test the require-
ments of Cys273 and Cys288 for Nrf2 induction in response to
chemical inducers. In order to conduct a functional evaluation of
the Keapl cysteine activity, it is a mandatory prerequisite for
Keapl mutants to retain the Nrf2 ubiquitination activity that re-
presses Nrf2 accumulation; otherwise, the loss of Keapl activity
automatically promotes Nrf2 accumulation, and the activity of
chemical Nrf2 inducers is easily masked. In the present study, we
conducted systematic substitution studies of Keapl Cys273 and
Cys288 and successfully identified the amino acid substitutions
that preserve Keap!’s ability to ubiquitinate and degrade Nrf2.
The C273W and C288E substitution mutants have enabled us to
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examine the necessity of Cys273 and Cys288 in response to vari-
ous chemical Nrf2 inducers. Our analyses with the stable
Keap1“***F MEF lines and peritoneal macrophages from
Keap1“#**¥ knock-in mice revealed that Keapl Cys288 acts as a
functional sensor for 15d-PG]J,, an important mediator in the res-
olution of inflammation. Our results also revealed that three ma-
jor cysteine residues, i.e., Cys151, Cys273, and Cys288, function
collaboratively for sensing of 9-OA-NO,, 4-HNE, and NaAsO,.
Our analyses also provide convincing lines of evidence to suggest
that SNAP and CDDO-Im are Cys151-preferring inducers. In
contrast, PGA,, CdCl,, ZnCl,, Dex-Mes, and H,O, appear to be
Cys151/Cys273/Cys288 independent. Thus, as shown in Fig. 10,
we propose, based on this study, that the chemical inducers of
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or 0, 10, or 30 nM CDDO-Im (J) for 3 h were examined by Western blotting.

Nrf2 be categorized into at least four classes:class I (Cys151 pre-
ferring), class II (Cys288 preferring), class III (Cys151/Cys273/
Cys288 collaboration preferring), and class IV (Cys151/Cys273/
Cys288 independent).

Our comparison of Cys273 and Cys288 among KLHL family
members (shown in Fig. 2) suggests that KLHL proteins, in-
cluding Keapl, likely possess a similar structure surrounding
Cys288, which may be required in order to function as an ubiq-
uitin ligase (33). In light of this information, we conclude that
electrophilic modification of Cys273 and Cys288 disrupts the
specific conformation of Keap1, which is critical for its ubiqui-
tin ligase activity. In this regard, we first generated cysteine
substitution mutants of Keap1 utilizing serine and alanine res-
idues (18, 19, 21). However, in the case of Cys273/Cys288,
replacements of the cysteine residues with serine or alanine
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result in the loss of Keap1’s ability to ubiquitinate and degrade
Nrf2. In contrast, we found here that Keapl mutants retain the
ability to repress Nrf2 accumulation if Cys273 of Keapl is re-
placed with either methionine or tryptophan and Cys288 is
changed to either glutamate, asparagine, or arginine. Since all
of these substituted amino acid residues exhibit bulky charac-
teristics, electrophilic modification of Cys273 and Cys288
which results in Keap1 inactivation may be independent from
the simple space-filling thiol modification model that has been
proposed for Cys151 (20). In addition, methionine and tryp-
tophan are hydrophobic residues, whereas glutamate, aspara-
gine, and arginine are hydrophilic, suggesting that in un-
stressed conditions Cys273 and Cys288 are found in
hydrophobic and hydrophilic states, respectively. We surmise
that these characteristics of Cys273 and Cys288 are critical for
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the overall structure of the Keap1 protein, allowing it to main-
tain its function as a ubiquitin ligase. However, but conclusive
insight into these structural requirements awaits the elucida-
tion of the structure surrounding the intervening region (IVR)
that includes Cys273 and Cys288.

One of the most important findings that emerged from this study
is how distinct cysteine residues recognize each Nrf2-inducing chem-
ical. We verified that NO and CDDO-Im are Cys151-preferring in-
ducers (class I above), whereas 15d-PGJ, is a Cys288-preferring in-
ducer (class II). These two groups of Nrf2-inducing chemicals are
apparently recognized by the specific cysteine residue of Keapl. On
the other hand, recognition of 9-OA-NO,, 4-HNE, and NaAsO, re-
quires all three major cysteine residues, i.e., Cys151, Cys273, and
Cys288 (class I1I), indicating that the preference of these inducers for
Keapl cysteine residues is relatively ambiguous. Of note, although
both 15d-PGJ, and PGA, belong to the prostaglandin family and
share similar structural characteristics in relation to their interaction
with Keap1, 15d-PGJ, and PGA, display class II and class IV specific-
ities, respectively. These observations support our contention that the
simple chemical structure of Nrf2 inducers may not be the critical
factor in determining which Keap1 sensor cysteine residues they react
with. We surmise that combinations of size, shape, and electrophilic-
ity en bloc contribute to the determination of which cysteine resi-
due(s) the Nrf2-inducing chemicals recognize.

Mass spectrometry of the Keapl protein treated with elec-
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trophilic reagents in vitro demonstrates that different electro-
philic reagents give rise to different patterns of cysteine residue
modification of Keapl (10-12). Based on these observations,
we have proposed the cysteine code hypothesis, wherein each
electrophile prefers a specific set of cysteine residues of Keapl
(21). However, this hypothesis has been obscure, because stud-
ies on the structure-function relationships have not been tech-
nically feasible, as described here. The present study provides
for the first time reliable and solid evidence that Keap1 func-
tionally utilizes a distinct set of cysteine residues for the sensing
of Nrf2-inducing chemicals. It should be noted that, even when
all three cysteine residues (Cys151, Cys273, and Cys288) were
replaced, certain Nrf2 inducers (i.e., CdCl,, ZnCl,, Dex-Mes,
and H,0,) still induced Nrf2 accumulation. This suggests that
there are cysteine residues other than the three residues dis-
cussed here that are critical for Keapl sensor activity. Indeed,
Cys226, Cys434, and Cys613 have been suggested to be impor-
tant for Nrf2 activation (35, 36), although further biological
investigations utilizing an evaluation system similar to the one
used here are necessary to confirm this.

An important but remaining issue is how these Keap1 cys-
teine modifications provoked by the Nrf2-inducing chemicals
actually cause the stabilization and accumulation of Nrf2. An
important finding for the Cys273 and Cys288 case is that these
cysteine residues are in the IVR domain, which is located near
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the Kelch-DGR domain, so that the modifications of these res-
idues by class II chemicals likely affects Keap1 binding to Nrf2
and ceases the ubiquitination of Nrf2. This model has been
referred to as the “hinge and latch” mechanism and has been
firmly supported by wide-ranging observations (37—40). For
instance, the IVR domain was found to surround the Kelch
domain in our electron microscope analysis (37), and the prox-
imity between the IVR and Kelch-DGR domains supports the
notion that the modification of Cys273 and Cys288 is conveyed
as a conformational distortion to the Kelch domain where Nrf2
binds (38, 39). Further structural, kinetic, and thermodynamic
analyses of the Keap1-Nrf2 interaction (39), as well as somatic
mutations analyses of Keapl and Nrf2 in human cancers (40),
also provide convincing lines of evidence that support this
model. Thus, our conclusion for the consequence of Cys273
and Cys288 modification is that the conformational change in
Keapl elicited by the cysteine modification disrupts or distorts
the Keap1-Nrf2 interaction and results in Nrf2 stabilization.
As for the question of how Cys151-preferring class I inducers
induce Nrf2 accumulation, a model based on the disruption of
Keap1-Cul3 interaction has been proposed (41-43). We found in
the present study that Cys151 in the Keapl BTB domain is impor-
tant for Nrf2 activation in response to CDDO-Im, which supports
the idea based on cocrystal analysis of CDDO and BTB domain of
Keapl that CDDO interferes with the Keapl-Cul3 interaction
(44). In light of the cocrystal analysis, the class I inducers need to
be relatively large for the inhibition of Keap1-Cul3 interaction.
However, it seems unlikely that relatively small Cys151-preferring
inducers, such as NO and DEM, dissociate the Keap1-Cul3 inter-
action. Indeed, conflicting results against the Keap1-Cul3 dissoci-
ation hypothesis have been proposed, showing that Keapl and
Cul3 do not dissociate upon exposure to the chemicals (45, 46).
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Thus, a full description of the mechanisms by which Cys151-pre-
ferring class I inducers stabilize Nrf2 must await further studies.
Similarly, the molecular mechanisms underlying the activities of
9-OA-NO,, 4-HNE, and NaAsO,, which attack redundantly these
three cysteine residues, remain to be clarified.

In conclusion, we have approached a long-lasting question as
to how the body senses oxidative and electrophilic stresses, and we
have uncovered important lines of evidence that enable us to cat-
egorize Nrf2-inducing chemicals into four classes based on the
necessity of Cys151, Cys273, and Cys288. Our findings also pro-
vide insights into the multiple sensing mechanisms for the detec-
tion of various environmental stimuli.
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