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Recognition and repair of cellular damage is crucial if organisms are
to survive harmful environmental conditions. In mammals, the
Keap1 protein orchestrates this response, but how it perceives
adverse circumstances is not fully understood. Herein, we implicate
NO, Zn2þ, and alkenals, endogenously occurring chemicals whose
concentrations increase during stress, in this process. By combining
molecular modeling with phylogenetic, chemical, and functional
analyses, we show that Keap1 directly recognizes NO, Zn2þ, and
alkenals through three distinct sensors. The C288 alkenal sensor
is of ancient origin, having evolved in a common ancestor of bila-
terans. The Zn2þ sensor minimally comprises H225, C226, and C613.
The most recent sensor, the NO sensor, emerged coincident with an
expansion of the NOS gene family in vertebrates. It comprises a
cluster of basic amino acids (H129, K131, R135, K150, and H154)
that facilitate S-nitrosation of C151. Taken together, our data
suggest that Keap1 is a specialized sensor that quantifies stress
by monitoring the intracellular concentrations of NO, Zn2þ, and
alkenals, which collectively serve as second messengers that
may signify danger and/or damage.

Organisms in all kingdoms of life respond to environmental
insults by up-regulating expression of cytoprotective genes

encoding drug-metabolizing enzymes and antioxidant and repair
proteins (1). This classic adaptation has been designated the
environmental stress response (ESR) (2). The physiological sig-
nificance of the ESR is profound; by minimizing cellular damage,
it influences lifespan (3), plays a role in tumor suppression (4),
and decreases susceptibility to degenerative diseases (5). Yet, the
mechanisms by which mammalian cells recognize stress in order
to initiate the ESR are still not fully understood.

The mammalian ESR is orchestrated primarily through two
components, Kelch-like ECH-associated protein 1 (Keap1), a
broad complex, tramtrack, bric-a-brac (BTB)-Kelch adaptor
protein, and nuclear factor-erythroid 2-related factor 2 (Nrf2),
a cap’n’collar (CNC) basic-region leucine zipper (bZIP) tran-
scription factor that controls the expression of genes containing
an electrophile response element (EpRE),* in their regulatory
regions. Together, these two proteins form a negative-feedback
loop, in which Keap1 acts as a stress sensor, whereas Nrf2 serves
as the effector of the ESR. Thus, in the absence of stress, Keap1
represses Nrf2 by promoting its ubiquitylation upon the Cul3-
Rbx1 ubiquitin ligase holoenzyme (6) but when Keap1 perceives
stress, its ability to ubiquitylate and turnover Nrf2 is reduced,
allowing the CNC-bZIP factor to accumulate and initiate the
ESR (7).

The outstanding question regarding the function of Keap1
remains: How does it recognize environmental stress? The diffi-
culty in answering this question lies in the number of stimuli that
provoke the ESR. It has long been known that this response is
stimulated by exposure to many electrophiles and heavy metals
(8). Much less appreciated is the fact that the ESR is also initiated
in response to physical insults, including heat, UV, and shear
stress (9–11), and biotic stimuli, such as bacterial and viral infec-

tions (12, 13). The problem this diversity of stimuli presents for
Keap1 has not been widely acknowledged because the protein is
frequently viewed solely as a sensor of xenobiotic electrophiles. It
has therefore been thought that the ability of such chemicals to
covalently modify thiol groups provides a satisfactory explanation
for the action of Keap1 (14). However, although it is true that
most thiols in Keap1 become adducted when it is exposed to
electrophiles in vitro (reviewed in ref. 15), it is unclear whether
these modifications occur to a significant extent in vivo. More-
over, the hypothesis that Keap1 reacts directly with xenobiotic
electrophiles fails to explain its responsiveness to physical and
biotic stimuli or to heavy metals.

We sought a principle other than broad reactivity with electro-
philes to explain how Keap1 perceives environmental stress.
We postulated that Keap1 might have evolved to recognize
macromolecular breakdown products or other endogenous chemi-
cals that accumulate in stressed cells. Herein, we substantiate this
idea by revealing that Keap1 possesses three sensors, one for each
of the endogenous, stress-associated chemicals, nitric oxide
(NO), Zn2þ, and alkenals (a class of α, β-unsaturated carbonyls
produced by lipid peroxidation).

Results
Evolution of Keap1 and Neofunctionalization. It was previously
reported that two paralogous families of Keap1 proteins exist,
Keap1a and Keap1b (16). We extended this earlier work by ex-
amining a larger number of genomes (listed in Table S1), which
revealed that Keap1 evolved in a common ancestor of bilateran
organisms, and that the gene duplication event that produced the
Keap1b paralogue occurred on the stem leading to vertebrates
(Fig. S1 A and C). Crucially, our analysis has also revealed that
the Keap1b family of proteins has gained a unique stress sensor
(see later).

Selection of Chemicals to Investigate Stress Recognition by Keap1.
Our conclusions about how Keap1 perceives environmental
stress in general were reached after studying how it recognizes
in particular a select panel of five electrophiles (Fig. 1A) and four
inorganic compounds (Fig. 1B). Five chemicals [Sulforaphane
(Sul), tert-butylhydroquinone (tBHQ), Cd2þ, As3þ, and Se4þ]
are exogenous in origin. The remaining four chemicals [two
alkenals—acrolein (Acro) and 4-hydroxy-2-nonenal (4HNE)—
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NO, and Zn2þ] occur endogenously and accumulate in stressed
cells (17–19). With the exception of Se4þ, all chemicals chosen for
study were previously shown to stimulate Nrf2 activity (8, 20–23),
and we found that they all caused endogenous Nrf2 protein to
accumulate in mouse fibroblasts [Fig. 1C (Zn2þ) and Fig. S2,
remaining chemicals, except NO (see later)].

In Vivo Modification of Mouse Keap1b at Two Sites. We devised a
mass-spectrometry assay, described in SI Text, section 1, to exam-
ine whether Keap1 cysteine thiols are modified in vivo by the
selected compounds. The data for ectopic mouse (m)Keap1b
purified from COS1 cells exposed to four electrophiles (Sul,
tBHQ, Acro, 4HNE) and one nonelectrophile (Cd2þ) are sum-
marized in Fig. S3. Precursor ions derived from peptides covering
60% of the protein were identified by mass fingerprinting and
sequenced.

Stress-elicited cysteine modifications were confined to two
residues of mKeap1b (peptide sequencing data supporting this
conclusion are provided in Fig. S4). First, C151 in the BTB do-
main of mKeap1b was altered in cells exposed to the electrophiles
tBHQ, Acro, and 4HNE but not the heavy metal Cd2þ. The iso-
thiocyanate Sul also modified C151, though the product was too
unstable to be detected by mass spectrometry. Instead, a biotin-
switch technique (BST) was used to convert unstable cysteine
adducts to stable biotin-cysteine adducts, and by precipitating
biotinylated mKeap1b with streptavidin beads (Fig. S5A), we
confirmed that mKeap1b was adducted in cells exposed to Sul;
substitution of C151 with Ser suggested this single residue to
be a major site of modification (Fig. S5B). Second, the alkenals,
but not Sul or tBHQ, were also capable of modifying C288, a
residue present in the BACK domain of mKeap1b.

Based on these chemical data, we hypothesized that C151 may
sense several types of electrophile, whereas C288 regonizes only
alkenals. As inorganic Cd2þ modified neither C151 nor C288, we
surmised that it is sensed through some other mechanism. These

inferences are summarized in the model of Keap1 sensing, shown
in Fig. 1D, which is explored below.

Molecular Basis for the Reactivity of C151 with Electrophiles in Vivo.
Although only confirmed for 4HNE, several observations suggest
that all four tested electrophiles directly adduct to C151 (SI Text,
section 2). We modeled amino acids 1–240 of mKeap1b and
found that C151 was adjacent to H129, K131, R135, K150, and
H154 (Fig. 2 A and B). This model suggests the reactivity of C151
is due to these proximate basic amino acids reducing the pKa of
its thiol group through coulombic interactions, enabling it to exist
as an anion at physiological pH.

C151 and its five adjacent basic amino acids jointly comprise a
sensor that is required for Keap1 to detect some—but not all—
electrophiles. For example, as anticipated from previous work
(24), mKeap1bC151S did not recognize Sul or tBHQ, and the
mutant protein continued to turnover mNrf2-V5 in the presence
of these electrophiles (Fig. 2C). Moreover, the ability of
mKeap1bKRK (mKeap1b with K131, R135, and K150 replaced
by Met residues) to sense both electrophiles was blunted in com-
parison with the wild-type protein (Fig. 2D and E), even though it
retained C151. In contrast, however, mKeap1bC151S remained
fully responsive to Acro (Figs. 2C), as was mKeap1bKRK (Fig. 2F).
Finally, inorganic Cd2þ inactivated Keap1 regardless of the
presence or absence of C151 and its adjacent basic residues
(Fig. 2 C and G).

The modeled structure of the mKeap1b BTB domain suggests
the protein fold surrounding C151 might be relatively unstable
because of charge repulsion between the proximate basic resi-
dues. The thiolate anion presumably stabilizes this protein
fold through its energetically favorable interactions with these
cations. It follows that removal of the negative charge, via adduc-
tion of C151 with electrophiles, is likely to lead to local structural
changes in mKeap1b that might prevent ubiquitylation of Nrf2.
Consistent with this model, we found that replacing C151 with
an Ala (which, unlike Ser, cannot engage the surrounding basic

Fig. 1. Chemical analysis of mKeap1b. Structures and concentrations of electrophiles (A) and inorganic compounds (B) used to treat cells. The chemical tBHQ is
shown in equilibrium with its quinone derivative. Endogenously occurring chemicals are highlighted in yellow. (C) Samples prepared from mouse embryonic
fibroblasts treated with the indicated doses of ZnCl2 for 2 h were blotted for Nrf2 and actin. D, A cartoon of mKeap1b indicating its BTB, BACK and Kelch
domains, the three sensors identified in this paper, and the chemicals that trigger them. Although it is likely that Acro and 4HNE trigger the C151-based sensor,
this conjecture remains to be formally proven.
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residues in coulombic interactions) generates a nonfunctional
mKeap1b molecule that fails to destabilize mNrf2-V5 in
Keap1b−∕− fibroblasts (Fig. S6A). This failure occurred despite
mKeap1bC151A being able to homodimerize, interact with Cul3,
and recruit the CNC-bZIP factor (Fig. S6 B–D). We conclude that
a thiolate anion at position 151 in mKeap1b is essential for Nrf2
turnover, though a partial negative charge also appears to suffice.
Elimination of this negative charge by chemical adduction inac-
tivates mKeap1b.

Nitric Oxide is an Endogenously Produced Trigger for the C151-Based
Sensor. We found that acetoxymethylated diethylamine-NONO-
ate (DEA-NO/AM), a cell-permeable NO donor molecule,
produced a dose-dependent increase in the level of Nrf2 protein
in wild-type fibroblasts but not in Keap1b−∕− fibroblasts (Fig. 3A).
Although mass spectrometry failed to reveal any modified
mKeap1b thiol groups after treatment of COS1 cells with

DEA-NO/AM, use of the BSTrevealed an unstable modification
of C151 (Fig. S5B). Although the ability of the BST to discrimi-
nate between S-nitrosothiols and other thiol modifications has
been questioned (25), these data are most simply explained by
the suggestion that mKeap1b perceives NO through S-nitrosation
of C151. Consistent with this hypothesis, we found that mNrf2-V5
failed to accumulate in response to DEA-NO/AM in cells
expressing mKeap1bC151S (Fig. 3B) or mKeap1bKRK (Fig. 3C).
S-nitrosation of C151 presumably proceeds by transnitrosation,
possibly via dinitrosyliron complexes (26).

C151-Based Sensor Evolved in Vertebrates to Sense NO. Although
C151 in mKeap1b reacts with Sul, tBHQ, Acro, 4HNE, and
NO, two separate lines of evidence suggest that it evolved to
sense NO rather than electrophiles in general.

Firstly, NO is a more specific trigger of the C151-based sensor
than is Sul, as it forms adducts with C151 without modifying other

Fig. 2. Characterization of the C151-based sensor. (A) Homology model of amino acids 59–240 of mKeap1b. (B) A scaled-up view of C151 (yellow) highlighting
its juxtaposition with H129, K131, R135, K150, and H154 (blue). (C–G) A plasmid expressing wild-type mKeap1b (WT), mKeap1bC151S (C151S), or mKeap1b
bearing triple K131, R135, and K150 to Met substitutions (KRK) was cotransfected into COS1 cells with plasmids expressing mNrf2-V5 and β-galactosidase
(β-gal) (a control for transfection efficiency). Blotting for mNrf2-V5 was performed 2 h after chemical treatment. The blots shown are typical of n ≥ 3 inde-
pendent experiments. (H) Sequence alignment of Keap1 homologues highlighting the amino acid signature of the C151-based sensor. Keap1b paralogues are
named in pink. The remaining sequences are of Keap1a proteins. (I) An empty plasmid (−) or one expressing either mKeap1b (M) or zKeap1a (Z) was co-
transfected into Keap1b−∕− mouse embryonic fibroblast cells with plasmids expressing mNrf2-V5 and β-gal. Blotting for mNrf2-V5 was performed 2 h after
chemical treatment (n ¼ 2 independent experiments).
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cysteines in mKeap1b or in other proteins (Fig. S5 B and C). In
contrast, adduction of C151 by Sul was accompanied by modifi-
cation of many other cysteines, not only in mKeap1b but in nu-

merous other proteins, also (Fig. S5 B and C). Moreover, the
environment surrounding C151 in mKeap1b shows evidence of
selection to facilitate specifically S-nitrosation of the thiol; the
ability of NO—but not Sul or tBHQ—to trigger the C151-cen-
tered sensor was absolutely dependent upon the presence of
K131, R135, and K150 (compare Fig. 2 D and E with Fig. 3C).

Secondly, the set of amino acids that collectively form the
C151-based sensor is only found in Keap1b proteins (Fig. 2H),
suggesting that it is absent from the more ancient Keap1a family.
This hypothesis was confirmed for zKeap1a, which did not per-
ceive Sul or tBHQ (Fig. 2I) or NO (Fig. 3D). The C151-based
sensor is therefore a recent evolutionary adaptation that is unli-
kely to have evolved to sense electrophiles in general, because
such chemicals have existed in the environment since long before
the sensor first appeared. Instead, the origin of this sensor coin-
cides with a vertebrate-specific expansion of the neuronal nitric
oxide synthase (nNOS) gene (Fig. S1 B and C). As expansion of
the NOS family was accompanied by a more pervasive role for
NO as a signaling molecule (18), we suggest that the C151-based
sensor evolved specifically to recognize NO. Therefore, we refer
to it as the NO sensor.

Keap1 is a Zn2þ Sensor. The existence of a second sensor in
mKeap1b dedicated to recognizing certain metal(loid)s is clear
from our finding that C151 is not required for the protein to sense
Cd2þ, As3þ, Se4þ, and Zn2þ (Fig. 4A). It was previously reported
that the protein coordinates Zn2þ in a 1∶1 complex (27), suggest-
ing to us that Keap1 contains a single Zn2þ sensor. Three-dimen-
sional reconstruction from single particle EM images has
revealed that Keap1’s BACK and Kelch domains form a single
globular structural unit (28). We identified a center for coordina-
tion chemistry within this unit by systematically substituting
noncoordinating amino acids (Fig. 4B) for each of the Cys and
His residues in both domains. As expected, this procedure yielded
a number of inactive mutants, mKeap1bC249S, mKeap1bC273S

Fig. 3. NO is an endogenous trigger of the C151-based sensor. (A) WT or
Keap1b−∕− (ko) mouse embryonic fibroblast (MEF) cells were exposed to
DEA-NO/AM for 2 h before blotting for Nrf2 or actin. (B and C) A plasmid
expressing mKeap1b (WT), mKeap1C151S (C151S), or mKeap1b bearing triple
K131, R135 and K150 to Met substitutions (KRK) was cotransfected into COS1
cells with plasmids expressing mNrf2-V5 and β-galactosidase (β-gal). Cells
were treated with DEA-NO/AM for 2 h before blotting for mNrf2-V5.
(D) An empty plasmid (−) or one expressing mKeap1b or zKeap1a was co-
transfected into Keap1b−∕− MEF cells with plasmids expressing mNrf2-V5
and β-gal. Blotting for mNrf2-V5 was performed 2 h after DEA-NO/AM
treatment. All blots are typical of n ≥ 3 independent experiments, except
for blot D where n ¼ 2.

Fig. 4. The Zn2þ sensor. (A) An empty plasmid (−) or one expressing mKeap1b (WT), or mKeap1bC151S (m) was cotransfected into COS1 cells with plasmids
expressing mNrf2-V5 and β-galactosidase (β-gal). Blotting for mNrf2-V5 was performed 2 h after chemical treatment. (B) Amino acid substitutions introduced
into the BACK and Kelch domains of mKeap1b. (C) An empty plasmid (−) or one expressingmKeap1b (WT), mKeap1bC273S (C273S), or mKeap1bC288S (C288S) was
cotransfected into Keap1b−∕− mouse embryonic fibroblast cells with plasmids expressingmNrf2-V5 and β-gal. Blotting was performed 24 h later. Two lanes have
been cropped from the middle of these blots, indicated by the vertical line, as they are not relevant to this paper. (D and E) An empty plasmid (−) or one
expressing either mKeap1b (WT), or amutated form ofmKeap1b (m) was cotransfected into COS1 cells with plasmids expressingmNrf2-V5 and β-gal. Cells were
treated with chemicals for 2 h before blotting for the stated proteins. Three separate substitutions were evaluated (H225Y, C226S, and C613S). (F) The amino
acid signature of the Zn2þ sensor is highlighted in red. All immunoblots shown are representative of n ≥ 3 independent experiments.
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(Fig. 4C), mKeap1bC288S (Fig. 4C), and mKeap1bH311Y, which
were uninformative. However, characterization of the remaining
substituted proteins (Fig. 4D and Fig. S7) revealed three residues,
H225, C226 and C613, that were individually required for
mKeap1b to sense Cd2þ, As3þ, Se4þ, and Zn2þ (Fig. 4D), but
not Sul nor tBHQ (Fig. 4E). The H225/C226 dyad is represented
in red in our partial model of mKeap1b (Fig. 2A), where the two
residues are only 3 �Å apart. Although this dyad and C613 cannot
be located precisely within the Keap1 EM structure, they must
exist in close proximity as an intramolecular disulfide bond forms
between C226 and C613 when cells are treated with hydrogen
peroxide (29).

Our data define a previously unrecognized metal(loid) sensor
in mKeap1b that minimally comprises the H225/C226 dyad
and C613. It enables mKeap1b to recognize Cd2þ, As3þ, Se4þ,
and Zn2þ, presumably through coordination chemistry. Because
Zn2þ is endogenous to cells, it is the most likely trigger of this
sensor, for which reason we designate it the Zn2þ sensor. Phylo-
genetic data (Fig. 4F) suggest the Zn2þ sensor evolved prior to
the appearance of the Keap1b family; it thus predates the NO
sensor and this hypothesis was confirmed by demonstrating that
zKeap1a recognizes Cd2þ (Fig. 2I).

Alkenal Sensor.Mutational ablation of the NO sensor, either alone
(Fig. 5A) or in conjunction with the Zn2þ sensor (Fig. 5B), had
no impact upon the ability of mKeap1b to recognize Acro and
4HNE, suggesting the BTB-Kelch protein possesses a third sen-
sor. C288 was previously implicated in stress-sensing by Keap1
(30) and we now suggest that it is an alkenal sensor because it
was found to be modified specifically by this class of chemical
(Figs. S3 and S4).

It is not possible to assess directly what impact chemical
modification of C288 in mKeap1b has on Nrf2 turnover, because
replacing this amino acid with a Ser inactivates the protein
(Fig. 4C). Nevertheless, the fact that genetic modification of this
residue prevents Nrf2 turnover by Keap1 suggests that chemical
modification of C288 should do so also. This assertion is justified
by the finding that mKeap1C288S folds correctly; it is indistinguish-
able from the wild-type protein in terms of its ability to dimerize
and interact with both Nrf2 and Cul3 in cell lysates (Fig. 5 C–E).

We conclude that chemical modification of C288 suffices to
prevent Nrf2 turnover. For this reason, we refer to it herein as
the C288 alkenal sensor. Its importance is underscored by its
early appearance in an ancestor of all bilaterans, and its retention
in the Keap1 proteins of nearly all descendents examined
(Fig. 5F).

Discussion
In this paper, we propose a general solution to the problem of
how Keap1 perceives environmental stress, which involves alke-
nals, Zn2þ and NO serving as second messengers for cell damage
or danger. Collectively, these three chemicals are well placed to
serve such a role for the simple reason that their accumulation is a
quasi-universal occurrence in cells exposed to environmental in-
sults. For example, alkenals are produced upon lipid decomposi-
tion, which is an unavoidable consequence of cell stress (17).
Similarly, free Zn2þ levels become elevated in cells following
exposure to numerous chemical stressors (19), and when cells
are exposed to physical and biotic stimuli (31). The source of this
free Zn2þ appears to be oxidation and degradation of Zn2þ-con-
taining proteins (19). Lastly, NO is purposely produced by cells in
response to a select set of stressful stimuli, such as bacterial in-
fection or shear stress (18). We propose, therefore, that Keap1
quantifies environmental stress by monitoring and integrating
the intracellular concentrations of NO, Zn2þ, and alkenals.

Importantly, we have shown that Keap1 is equipped with a
minimum of three sensors, one for each of the three chemically
distinct signaling molecules. The C288 alkenal sensor appears to

have arisen in an ancestor of all bilateran species and would have
conferred upon Keap1 a broad capacity to sense environmental
stress. The subsequent evolution of the Zn2þ sensor (H225/C226
and C613) would have enhanced the sensitivity of Keap1 proteins
to such stress. Finally, the NO sensor (i.e., C151 along with H129,
K131, R135, K150, and H154) emerged in the vertebrate-specific
Keap1b family coincident with an expansion of the NOS protein
family. Acquisition of this third sensor is likely to have benefited
organisms because NO could then be used to initiate preemptive
adaptation to certain sources of stress prior to the onset of
cellular damage.

In order to gauge to what extent Keap1 is likely to rely upon
NO, Zn2þ, and alkenals to perceive environmental stress, it is
helpful to consider two extreme scenarios. (i) Did the three
sensors in Keap1 evolve specifically to recognize NO, Zn2þ,
and alkenals? (ii) Are these sensors promiscuous and their ability
to recognize the three signaling molecules simply coincidental?
We believe the weight of evidence favors the former scenario over
the latter. For example, we have already remarked upon the ap-
parent coevolution of the NO sensor with the expansion of the
NOS gene family. Moreover, the alkenal sensor does not display
promiscuity, as it failed to recognize either of the two xenobiotic

Fig. 5. The alkenal sensor. (A) An empty plasmid (−) or one expressing
mKeap1b (WT), or mKeap1bC151S (C151S) was cotransfected into COS1 cells
with plasmids expressing mNrf2-V5 and β-galactosidase (β-gal). Blotting for
mNrf2-V5 was performed 2 h after treatment of cells with chemicals. (B) An
empty plasmid (−) or one expressing mKeap1bC151S (m) or mKeap1bC151S

bearing an additional second substitution (2 m) was cotransfected into
COS1 cells with plasmids expressing mNrf2-V5 and β-gal. Blotting for
mNrf2-V5 was performed after cells had been treated with the stated che-
micals for 2 h; the second substitution utilized in each experiment is identi-
fied to the right of each blot. (C–E) The indicated combinations of proteins
were expressed in COS1 cells and EGFP-tagged or V5-tagged material was
immunoprecipitated. Immunoprecipitates (IP) and input samples were
blotted with the indicated antibodies. (F) C288 is highlighted in this sequence
alignment. All immunoblots shown are representative of n ≥ 3 independent
experiments.
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electrophiles, Sul and tBHQ. There is also a sound theoretical
reason for believing that the evolution of Keap1 was driven
primarily by endogenous chemicals rather than xenobiotics.
Furthermore, this reasoning can be extended to account for
why Keap1 recognizes directly certain commonly encountered
xenobiotics (see SI Discussion).

Although the present paper has introduced alkenals, Zn2þ,
and NO in the context of adaptation to stress, NO and Zn2þ
act as second messengers in healthy cells also. For example,
NO is produced in response to diverse physiological stimuli
(32). Zn2þ too is an important signaling molecule in normal cells
and its concentration can also be purposely altered by up-regu-
lating the expression of Zn2þ import proteins (33). These consid-
erations imply that Keap1-Nrf2 signaling might play a role in
healthy as well as stressed cells. One plausible candidate role for
the Keap1-Nrf2 pathway in healthy cells might be to act as a
master orchestrator of redox cell signaling (34), via its ability
to control the cell’s redox tone. Although speculative, such a role
resonates with a growing literature indicating that genetic pertur-
bation of Nrf2 activity in healthy cells affects cell differentiation
and proliferation (see, for example, refs. 35 and 36), processes
that are controlled in part by redox signaling networks (34).

In summary, we have described the structure, function, and
evolution of a NO sensor within Keap1b proteins. We have also

revealed the existence of two additional sensors, for Zn2þ and
alkenals, within Keap1. The discovery that Keap1 acts as a
hub for multiple second messengers provides a theoretical frame-
work within which the ability of Keap1 proteins to perceive harm-
ful conditions can be rationalized. It also hints at a crucial role for
Keap1 in healthy cells.

Materials and Methods
Cell Culture, Transfections, Chemical Challenge, and β-Galactosidase Assay.
COS1 and mouse embryonic fibroblast cells were cultured and transfected
as described previously (37). Cells were challenged with chemicals not less
than 24 h after plating. Sul was obtained from LKT laboratories. Acro, tBHQ,
Cd2þ, Zn2þ, As3þ, and Se4þ were obtained from Sigma chemicals. 4HNE was
purchased from Cayman Chemicals. Diethylamine-NONOate and diethyla-
mine-NONOate/AM were obtained from Calbiochem. The β-galactosidase
assay was carried out as described previously (7).

Addition Techniques. Analysis of mKeap1b by liquid chromatography-MS/MS,
use of the BST, plasmids, immunoblots and immunoprecipitations, bioinfor-
matics analyses, and molecular modeling can be found in SI Material and
Methods (see also Fig. S8).
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