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The transcription factor NF-E2 p45-related factor 2 (Nrf2), a master
regulator of cytoprotective genes, is controlled by dimeric Kelch-
like ECH associated protein 1 (Keap1), a substrate adaptor protein
for Cullin3/RING-box protein 1 ubiquitin ligase, which normally
targets Nrf2 for ubiquitination and degradation but loses this abil-
ity in response to electrophiles and oxidants (inducers). By using
recombinant proteins and populations of cells, some of the gen-
eral features of the regulation of Nrf2 by Keap1 have been out-
lined. However, how the two proteins interact at a single-cell level
is presently unknown. We now report the development of a quan-
titative Forster resonance energy transfer-based system using mul-
tiphoton fluorescence lifetime imaging microscopy and its application
for investigating the interaction between Nrf2 and Keap1 in single
live cells. By using this approach, we found that under homeostatic
conditions, the interaction between Keap1 and Nrf2 follows a cycle in
which the complex sequentially adopts two distinct conformations:
"open,” in which Nrf2 interacts with a single molecule of Keap1,
followed by “closed,” in which Nrf2 binds to both members of the
Keap1 dimer. Inducers disrupt this cycle by causing accumulation of
the complex in the closed conformation without release of Nrf2. As
a consequence, free Keap1 is not regenerated, and newly synthe-
sized Nrf2 is stabilized. On the basis of these findings, we propose
a model we have named the “cyclic sequential attachment and
regeneration model of Keap1-mediated degradation of Nrf2.” This
previously unanticipated dynamism allows rapid transcriptional
responses to environmental changes and can accommodate multi-
ple modes of regulation.

sulforaphane | FRET | FLIM | protein-protein interactions

he transcription factor NF-E2 p45-related factor 2 (Nrf2) is
a master regulator of the expression of large networks of genes
that make up more than 1% of the human genome and encode
detoxification, antioxidant, and anti-inflammatory cytoprotective
proteins (1). Under homeostatic (basal) conditions, monomeric
Nrf2 binds to two distinct sites on its major negative regulator,
homodimeric Kelch-like ECH-associated protein 1 (Keapl)
(Fig. 14), which forms a RING E3-ubiquitin ligase with Cullin-3/
Rbx1 and continuously targets the transcription factor for ubig-
uitination and proteasomal degradation (2-4). In response to
electrophiles and oxidants (termed inducers), which recognize and
chemically modify specific cysteine residues of Keapl (5), ubig-
uitination of Nrf2 is inhibited; as a consequence, Nrf2 accumulates
and activates gene transcription (6, 7). Functionally, the products
of Nrf2-dependent genes are extraordinarily versatile and, via
mechanisms that include direct antioxidant activity, obligatory 2-
electron reduction reactions, conjugation with endogenous ligands,
and the recognition, repair, and removal of damaged proteins, these
cytoprotective proteins detoxify numerous endogenous and exoge-
nous damaging agents and facilitate their elimination.
Dysregulation (either down- or upregulation) of Nrf2 activity
is causally associated with susceptibility to chronic degenerative
diseases, including cancer, cardiovascular disease, and neurode-
generative conditions, and Nrf2 is now widely recognized as a drug
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target (8). Indeed, induction of Nrf2-dependent genes is a highly
effective strategy for protection against oxidants and carcinogens
and has protective effects in numerous animal models of carcino-
genesis of the stomach, bladder, lung, breast, prostate, pancreas,
liver, colon, and skin; however, persistent activation of Nrf2 is fre-
quently exploited by cancer cells and promotes their survival and
resistance to chemotherapy (6). Mutations in KEAPI or NRF2 that
abrogate formation of the complex and lead to Nrf2 accumulation
and constitutive activation of the pathway have been detected in
several types of human cancer (9, 10). A recent comprehensive
genomic characterization study conducted by the Cancer Genome
Atlas Research Network has identified the occurrence of mutations
in NRF2, KEAPI, or CUL3 in 34% of 178 human lung squamous
cell carcinomas (11). Thus, a detailed mechanistic understanding
of the intricate regulation of the activity of Nrf2 is critical.

There are more than 600 genes in the human genome that en-
code RING or RING-like E3 ligases, only a subset of which have
been investigated in detail (12). Although studies to date using
purified recombinant proteins or populations of cells have given
insights into some general features of the regulation of Nrf2 by
Keapl, understanding the precise details of how the two proteins
interact at a single-cell level is currently lacking. Our aim was to
investigate the dynamic interaction between Keapl and Nrf2 in
single live cells in real space and time. This type of analysis offers
several advantages over techniques that analyze average cell
populations at individual times, including detailed information on
rapid and dynamic spatial and temporal changes that can be precisely
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We have developed a quantitative Forster resonance energy
transfer-based methodology using multiphoton fluorescence
lifetime imaging microscopy to investigate in single live cells
the interaction between the substrate adaptor protein Kelch-
like ECH associated protein 1 (Keap1) and transcription factor
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much more dynamic than previously anticipated, whereby
Keap1 utilizes a unique cyclic mechanism to target Nrf2 for
ubiquitination and proteasomal degradation, which also leads
to Keap1 regeneration. The nature of this mechanism allows
rapid transcriptional responses to environmental changes and
is capable of accommodating multiple modes of regulation.
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Fig. 1. Cartoon representations and fluorescence lifetime data for Keap1-
Nrf2 complexes. (A) Complex of wild-type Nrf2 with Keap1, in which Nrf2 is
bound to Keap1 through both its high-affinity ETGE and low-affinity DLG
motifs. (B) Complex of Nrf2ADLG mutant with Keap1, in which Nrf2 interacts
with the Keap1 dimer only through the high-affinity ETGE motif. (C) Com-
plex of Nrf2-doubleETGE mutant with Keap1, in which Nrf2 interacts with
Keap1 through two high-affinity ETGE motifs. (D) Fluorescence lifetime data
for cells transfected with EGFP-Nrf2 wild-type and mutant fusion proteins.

quantified. By using this approach, we found that the Keap1-de-
pendent E3-ligase uses a unique cyclic mechanism to target its
substrate Nrf2 for ubiquitination and proteasomal degradation.

Results

Keap1-mCherry and EGFP-Nrf2 Fusion Proteins Faithfully Represent
the Functional Endogenous Proteins. We first designed constructs
encoding fusion proteins of Nrf2 and Keapl with the donor/ac-
ceptor Forster resonance energy transfer (FRET) pair EGFP
and mCherry, respectively (Fig. 14). The single-particle electron
microscopy-generated structure of the Keapl dimer (13) in-
dicated that its C terminus is significantly closer to the Nrf2-
binding site than the N terminus. Although there is currently no
crystal structure available for Nrf2, it is known to bind to Keap1
through its Neh2 domain at the N terminus (14), suggesting that
a fluorescent protein fused here may be in close proximity to the
C terminus of Keapl. On the basis of these considerations, we
engineered constructs encoding proteins of mCherry fused to the
C terminus of Keapl and of EGFP fused to the N terminus of
Nrf2. To overcome the possibility that a fluorescent protein
fused to the C terminus of Keapl may interfere with its function,
we added the sequence AEAAAKEAAAKA between the C
terminus of Keap1 and mCherry, which forms an a-helix with two
twists (15), thus separating the mCherry from Keapl and al-
lowing both proteins to maintain their function. Correct ex-
pression of the fusion proteins was verified by Western blotting
after transfection of the plasmids into human embryonic kidney
(HEK) 293 cells (Fig. S1A4). Critically, addition of the fluo-
rophores did not affect the interaction between Keapl and Nrf2
(Fig. S1B) or the transcriptional activity of Nrf2 (Fig. S1C), nor
did it influence the ability of Keapl to target Nrf2 for degrada-
tion or to respond to inducers or proteasomal inhibition (Fig.
S1D). The normal subcellular localization of Nrf2 and Keapl
was also unaffected by the presence of the fluorescent proteins
(Fig. S1 E and F). Thus, Keapl-mCherry and EGFP-Nrf2
faithfully replicate the functional endogenous proteins.

In the Basal State, the Keap1-Nrf2 Complex Forms Two Distinct Con-
formations. We then transfected the Keapl-mCherry and EGFP-
Nrf2 expression vectors into HEK293 cells and looked for a
FRET interaction. In control cells, in which Keapl-mCherry is not
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present, the fluorescence lifetime of EGFP is 2,375 ps (n = 13; Figs.
1D and 24). When Keapl-mCherry is coexpressed with EGFP-
Nrf2, the EGFP mean lifetime is reduced to 2,155 ps (n = 14; P <
0.0001; Figs. 1D and 2B), indicating that when EGFP is fused to
the N terminus of Nrf2, and mCherry to the C terminus of
Keapl, the fluorophores are sufficiently close to each other and
in the correct orientation for FRET to occur. A system in which
to study the direct interaction between Keapl and Nrf2 in real
space and time in single live cells was thus established.
Fluorescence lifetime changes can be indicative of alterations in
the conformation of protein complexes, which in turn can be
monitored by quantifying the FRET efficiency (E-FRET) (16).
We quantified E-FRET for EGFP-Nrf2 in the presence and ab-
sence of Keapl-mCherry. As expected, in the absence of Keapl-
mCherry, the value for E-FRET is close to 0 across the cell (n = 13;
Fig. 2C). In contrast, in the cytoplasm of EGFP-Nrf2 + Keapl-
mCherry cotransfected cells, E-FRET > 0 (n = 14). Surprisingly,
the data for E-FRET revealed the presence of two distinct pop-
ulations of interacting fluorophores; that is, two distinct peaks of
E-FRET: one centered at 13%, and the other at 21% (Fig. 2D,
graph). This pattern was highly reproducible, and although the
relative areas of the peaks varied among cells, both populations
were always present, and their distribution was uniform through-
out the cytoplasm (Fig. 2D, image). This unexpected finding im-
plied that in live cells, the Keapl-Nrf2 complex exists in two
distinct conformations in the basal state and suggested that the
system may be much more dynamic than previously anticipated.

Assignment of the Two Conformations of the Keap1-Nrf2 Complex.
Monomeric Nrf2 binds to a Keapl dimer through two distinct
motifs (Fig. 14): a high-affinity ETGE motif and a low-affinity
DLG motif (17, 18). Our first approach in determining the
identity of the two E-FRET populations was to use an Nrf2-de-
letion mutant lacking the DLG motif (Fig. 1B). EGFP-Nrf2ADLG
was able to bind to Keapl-mCherry and generate a FRET signal.
In the presence of free mCherry, the lifetime of EGFP-Nrf2ADLG
was 2,382 ps (n = 8), whereas when Keapl-mCherry was expressed
in place of mCherry, the mean lifetime was significantly reduced
to 2,227 ps (n = 11; P < 0.0001; Fig. 1D and Fig. S2 4 and B).
Interestingly, in the presence of the EGFP-Nrf2ADLG mutant
(n = 11), the mean fluorescence lifetime decrease is still signif-
icant (P < 0.0001) but is less pronounced than with the wild-type
EGFP-N1f2 (2,227 ps vs. 2,155 ps; Fig. 1D), suggesting that this
difference in lifetime is correlated to a change in the interaction
between Nrf2 and Keapl in the absence of the DLG motif.
Quantification of E-FRET for EGFP-Nrf2ADLG + Keapl-
mCherry (n = 11) revealed that compared with wild-type EGFP-
Nrf2 + Keapl-mCherry, the interaction at 13% was maintained,
whereas the 21% FRET efficiency population was absent
(compare Fig. 2 D and F). Thus, the 13% E-FRET population
represents Nrf2 bound to Keapl through its ETGE motif alone.
These data also indicate that the 21% E-FRET population
represents Nrf2 bound to Keapl through its DLG and ETGE
motifs simultaneously, as this conformation cannot be formed by
the Nrf2ADLG mutant, and in Nrf2ADLG-transfected cells, the
21% E-FRET population was not seen. As both the 13% and
the 21% FRET efficiency populations are present in wild-type
EGFP-Nrf2 + Keapl-mCherry-transfected cells, these data suggest
that Keapl and Nrf2 form two distinct complexes, both of which
are present within the same cell at the same time in the basal state.

One caveat to this conclusion is that because the Keapl dimer
contains two mCherry fluorophores, it is possible for the EGFP-
Nrf2, which is bound to Keapl through the DLG and ETGE
motifs, to “FRET” with both fluorophores simultaneously. Thus,
a single conformation of the Keap1-Nrf2 complex may be able to
give rise to two FRET interactions leading to two different
E-FRET populations. To test this hypothesis, a second mutant of
Nrf2 was used that binds to Keapl more tightly as a result of the
replacement of the DLG motif with a second ETGE motif (Fig. 1C).
If the two E-FRET populations come from a single conformation of
the Keapl-Nrf2 complex, then the tighter binding of EGFP-Nrf2-
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Fig. 2. The Keap1-Nrf2 complex exists in two distinct conformations. HEK293 cells were transfected with wild-type EGFP-Nrf2 + mCherry (A and C), EGFP-
Nrf2ADLG + mCherry (E), EGFP-Nrf2-doubleETGE + mCherry (G), EGFP-Nrf2 + Keap1-mCherry (B and D), EGFP-Nrf2ADLG + Keap1-mCherry (F), or EGFP-Nrf2-
doubleETGE + Keap1-mCherry (H) and then imaged 24 h later. (Left) Pictorial representations of the EGFP lifetime (A and B) or the E-FRET (C-H), in which the
color of the cell corresponds with the lifetime of EGFP, ranging from 1.9 to 2.6 ns, or to the E-FRET, ranging from 0% to 30%. (Right) Lifetime (A and B) or
E-FRET (C-H) data from each pixel of the image, plotted on a graph. The lifetime of EGFP-Nrf2 in the presence of mCherry alone (A) is significantly longer than
in the presence of Keap1-mCherry (B), indicating there is a FRET interaction between the two fusion proteins. This lifetime difference is seen in the images, in
which A is blue and B is yellow. The E-FRET in wild-type or mutant EGFP-Nrf2 and mCherry cotransfected cells (C, E, and G) is 0, corresponding to the blue color
of the cells. In EGFP-Nrf2 and Keap1-mCherry cotransfected cells (D), the E-FRET graph shows two distinct peaks (one centered at 13% and the other at 21%),
suggesting there are two different FRET interactions between the EGFP and mCherry fluorophores within the Keap1-Nrf2 complex. These different E-FRET
populations are shown pictorially (D, Left), where the green and yellow colors are distributed evenly across the cell. In EGFP-Nrf2ADLG and Keap1-mCherry
cotransfected cells (F), the E-FRET graph shows one peak at 13%, indicating there is a single FRET interaction between the EGFP and mCherry fluorophores
within the Keap1-Nrf2ADLG complex. This E-FRET population is shown pictorially in the image, in which the green color is distributed evenly across the cell. In
EGFP-Nrf2-doubleETGE and Keap1-mCherry cotransfected cells (H), the E-FRET graph shows two peaks (a small one at 13% and a larger one at 21%), sug-
gesting there is one major FRET interaction between the EGFP and mCherry fluorophores within the Keap1-Nrf2-doubleETGE complex. The distribution of the
two E-FRET populations is shown pictorially in the image, in which the predominant color is yellow (corresponding to the 21% population), along with a small
amount of green (corresponding to the 13% population). (Scale bar, 10 pm.)

doubleETGE will have no effect on the E-FRET when transfected
along with Keapl-mCherry. However, if the two E-FRET pop-
ulations represent two distinct conformations of the Keapl-Nrf2
complex, one in which only the ETGE motif is bound to a Keapl
dimer and the other in which both the ETGE and DLG motifs are
bound, then the addition of a second ETGE motif should increase
the abundance of the complex in which both motifs are bound.
When EGFP-Nrf2-doubleETGE was transfected along with
Keapl-mCherry, a FRET signal characterized by a reduction in
EGFP fluorescence lifetime was measured (n = 13; P < 0.0001).
Interestingly, the mean lifetime of this doubleETGE mutant was
even shorter than the lifetime of the wild-type EGFP-Nrf2 (2,093
ps vs. 2,155 ps; Fig. 1D and Fig. S2 C and D) and corresponded to
an increase in the protein interaction at 21% E-FRET (Fig. 2H).
The subsequent use of a Keapl mutant, which is unable to di-
merize, termed Keapl-mono-mCherry, cotransfected with EGFP-
Nrf2ADLG resulted in the complete loss of the higher E-FRET
population at 21% (n = 8; Fig. S2 G and H) and firmly established

Baird et al.

that the lower E-FRET population at 13% represents FRET be-
tween EGFP and the Keapl-mCherry protein, which is bound to
the ETGE motif of Nrf2 (i.e., FRET in cis). Together, these
experiments demonstrate that the Keap1-Nrf2 complex is found
in two distinct states, one in which only the ETGE motif of Nrf2 is
bound to Keapl (the open conformation), corresponding to the
lower 13% E-FRET population, and another in which both the
DLG and ETGE motifs of Nrf2 are bound (the closed confor-
mation), corresponding to the higher 21% E-FRET population
(Fig. 2D, cartoons).

Inducers Promote the Closed Conformation of the Keap1-Nrf2 Complex.
To determine whether inducers altered the conformation of the
Keapl-Nrf2 complex, we quantified the E-FRET in the induced
state and compared it with the basal state by imaging the same cell
under both basal and induced conditions. In response to inducers,
Nrf2 accumulates within 1 h (19, 20), and we chose this as the time
at which to study the Keap1-Nrf2 interaction in the induced state.

PNAS Early Edition | 3 of 6
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In uninduced EGFP-Nrf2 + Keapl-mCherry cotransfected cells,
the EGFP lifetime was stable during this period (n = 6; P > 0.05;
Fig. S3 A4, B, and E). Importantly, the E-FRET distribution was
also unaffected by repeated imaging (Fig. S3 C and D). When
EGFP-Nrf2 + Keapl-mCherry cotransfected cells were imaged
before and 1 h after treatment with the inducer sulforaphane
(SEN), the fluorescence lifetime of EGFP-Nrf2 was shorter
compared with the basal state (n = 6; P = 0.009; Fig. S44), cor-
responding to a reduced lifetime in the induced state. This means
that the EGFP and mCherry fluorophores are closer together in
the induced state. Although it has been previously shown bio-
chemically that inducers do not cause dissociation of Nrf2 from
Keapl (21), our result was surprising because it suggested that
SEN causes a conformational change in the complex, resulting in
a tighter interaction between the two proteins. Most importantly,
the reduction in lifetime on SFN treatment was coupled with a
change in E-FRET that dramatically shifted from being equally
distributed in the open (13% E-FRET) and closed (21% E-FRET)
conformations at the basal state (Fig. 34) to favoring almost ex-
clusively the closed conformation in the induced state (Fig. 3B).
This shift was not restricted to the Cys-151-targeting inducer SFN
(22), as sulfoxythiocarbamate alkyne (STCA), which targets Cys-
273, Cys-288, and Cys-613 of Keapl (23), produced comparable
results (n =4; P =0.019; Fig. 3 C and D and Fig. S4B). In contrast to
cells transfected with EGFP-Nrf2 + wild-type Keapl-mCherry,
addition of SFN did not cause a significant reduction in fluorescence
lifetime in cells cotransfected with EGFP-Nrf2 + mutant Cys151Ser
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Keapl-mCherry (n =7; P > 0.5; Fig. S5), confirming that Cys-151 is
the primary target of SFN. The absence of change in fluorescence
lifetime also implies there is no conformational change in the
Cys151Ser Keap1-Nrf2 complex on treatment with SFN.

The Interaction Between Keap1 and Nrf2 Follows a Cycle. The data so
far show that in the basal state, the Keap1-Nrf2 complex is found
in both an open and a closed conformation. However, it is unclear
whether these two states are in equilibrium with one another or
represent two phases of a cycle in which one conformation is
formed first and then progresses to the second, thereby allowing
ubiquitination of Nrf2. Inducers promote the formation of the
closed conformation; however, this could occur by either a change
in the equilibrium dynamics or an alteration in the binding cycle,
both of which could manifest themselves as an increase at 21% E-
FRET. To distinguish between these two possibilities, we used the
proteasomal inhibitor MG132, which, to our knowledge, does not
bind to Keapl but stabilizes Nrf2 by blocking its degradation by
the proteasome. We reasoned that if the two conformations are in
equilibrium with one another, MG132 will not alter the relative
ratio between them. However, if the two states of the complex
represent two phases on a cycle, then blocking the cycle by
inhibiting the degradation of Nrf2 will lead to the accumulation
of the complex at the later point of the cycle. After treatment
with MG132, there was a reduction in the lifetime of EGFP-Nrf2
(n =7; P =0.0003; Fig. S4C) coupled with an increase in the E-
FRET distribution at 21% (Fig. 3 E and F). Similarly, blocking
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Fig. 3. E-FRET in EGFP-Nrf2—transfected cells imaged before and after treatment with inducers, a proteasomal inhibitor (MG132), and an inhibitor of the
protein synthesis (cycloheximide; CHX). HEK293 cells were transfected with EGFP-Nrf2 + Keap1-mCherry, and the E-FRET was quantified for individual cells
that were imaged twice: once in the basal state (A, C, E, and G) and once again after a 1-h treatment with 5 pM SFN (B), 10 pM STCA (D), or 10 pM MG 132 (F) or
after a 15-min treatment with 10 uM CHX (H). (Left) Pictorial representations in which the color of the cell corresponds with the E-FRET, ranging from 0% to
30%. (Right) E-FRET from each pixel of the image plotted on a graph. The graphs show that the E-FRET distribution is altered by both inducers, as well as by
inhibition of the proteasome or the protein synthesis, whereby there is an increase in the interaction at 21% E-FRET. This can be also seen in the images in the
left columns, in which there is an increase in the amount of yellow relative to green in response to all treatments. (Scale bar, 10 um.)
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entry into the cycle by inhibiting new translation of Nrf2 should
also lead to the accumulation of the complex at the later stage of
the cycle. Indeed, inhibition of protein synthesis by cyclohexi-
mide had a similar effect to that of MG132 treatment (n = 3; P =
0.049; Fig. 4 G and H and Fig. S4D). Importantly, none of the
inducer or inhibitor treatments affected the lifetime of EGFP in
cells cotransfected with EGFP-Nrf2 and free mCherry (n = 5-13;
P > 0.05; Fig. S4E). Together, these results strongly suggest that
the interaction between Keapl and Nrf2 follows a cycle in which
the 21% E-FRET population (closed conformation) is the later
phase in the cycle and the 13% population (open conformation)
represents the initial phase of the cycle.

Discussion

The cyclic model of Keap1l-mediated degradation of Nrf2 is shown
in Fig. 4. Newly translated Nrf2 binds first through its high-affinity
ETGE motif to a single member of a free Keap1 dimer to form the
open conformation. It has been shown that when the ETGE motif
alone is bound to Keap1, Nrf2 is not targeted for ubiquitination by
the E3-ubiquitin ligase (17), and therefore, while in the open
conformation, Nrf2 is not ubiquitinated. After a period in the open
conformation, the cycle progresses to form the closed conforma-
tion through the binding of the low-affinity DLG motif to the other
member of the Keapl dimer. In the closed conformation, Nrf2 is
polyubiquitinated and then subsequently released for degradation
by the proteasome. The regenerated free Keap1 dimer is then able
to bind to newly synthesized Nrf2, and the cycle begins again. We
have named this model the “cyclic sequential attachment and re-
generation model of Keapl-mediated degradation of Nrf2.” In-
hibition of the proteasomal degradation of Nrf2 blocks the cycle,
leading to the accumulation of the Keap1-Nrf2 complex in the
closed conformation. Inducers function to inhibit the ubiquitina-
tion of Nrf2, but crucially, in the absence of new translation, Nrf2 is
not stabilized in the induced state, and Nrf2-target genes are not
upregulated (24, 25), suggesting it is the de novo translated Nrf2
which translocates to the nucleus, whereas the existing population
of Nrf2 remains bound to Keapl.

Our data show that, at first glance paradoxically, inducer ac-
tivity is coupled with the formation of the closed conformation of
the Keapl-Nrf2 complex, the same conformation that in the
basal state is associated with the ubiquitination of Nrf2. How can
these two seemingly contradictory facts be reconciled? We sug-
gest that the closed conformation in the basal and induced states
are not identical or, more accurately, they are identical with
respect to the relationship between the Nrf2-binding (Kelch)
domain of Keapl and Nrf2 but not with respect to Nrf2 with the
rest of the Keap1-dependent E3-ubiquitin ligase. In the basal state,
the closed conformation orientates the lysine residues of Nrf2 so
that they can be ubiquitinated by the E2 ubiquitin-conjugating
enzyme that is bound to the E3. The binding of inducers to reactive
cysteine residues of Keapl leads to conformational changes in
Keapl (26) such that, although Nrf2 is still bound to Keapl
through both its ETGE and DLG motifs, it is no longer correctly
aligned with the E2 ubiquitin-conjugating enzyme, and thus ubig-

Fig. 4. The cyclic sequential attachment and
regeneration model of Keap1-mediated degra-
dation of Nrf2. In the basal state, newly trans-
lated Nrf2 (yellow) binds sequentially to a free @ —o—=ewe = —>
Keap1 dimer (blue), first through the ETGE motif ‘/'
to form the open conformation (7) and then
through the DLG motif, to form the closed con-
formation (2). Once in the closed conformation,
Nrf2 can be targeted for ubiquitination by the
Keap1-dependent E3-ubiquitin ligase (3). Ubig-
uitinated Nrf2 is released from Keap1 and de-
graded by the proteasome. The free Keap1 dimer
is regenerated and able to bind to newly trans-

Basal state

DLGCETGE
Proleasome <

=%

uitination does not occur. This results in the Keap1-Nrf2 complex
accumulating in the closed conformation, in which, without ubig-
uitination, Nrf2 is effectively trapped and cannot be released by the
Keapl dimer. Interestingly, in human tumors, gain-of-function
mutations have been found in both the ETGE and DLG motifs
of Nrf2 (9). This correlates well with our model, in which the
loss of either motif will lead to stabilization of Nrf2 because of
the inability of the complex to form the closed conformation and
allow the cycle to proceed.

The model suggests that the Keap1-Nrf2 complex spends some
of its time in the open conformation. This is consistent with other
types of regulation of the pathway, such as by p21 in the case of
p53 activation (27) or p62 in the case of autophagy inhibition
(28). p21 and p62 bind to Nrf2 and Keapl, respectively, and,
interestingly, to the same motifs exposed in the open confor-
mation. Therefore, we propose that the Keapl-Nrf2 complex
forms the open conformation to allow multiple modes of regu-
lation, beyond electrophiles and oxidants. Consistent with our
model, the responsiveness of the Keap1-Nrf2 pathway appears to
be fine-tuned by the relative levels of Keapl and Nrf2 proteins
within the cell. Thus, in pancreatic cancer, a modest (<twofold)
K-Ras—dependent upregulation in Nrf2 transcription causes an
increase in Nrf2 protein levels and Nrf2-dependent transcription
(29). This implies that in the basal state, the Nrf2 cycle operates
at a level close to saturation and that any increase in Nrf2
overloads Keapl, which in turn allows newly translated Nrf2 to
turn on expression of target genes. Conversely, a reduction in the
level of Keapl also leads to an increase in Nrf2 protein levels
(30), which reinforces the idea that the system has little spare
capacity. This “tipping point” state and lack of buffering capacity
allows the pathway to respond exceedingly quickly to the cellular
environment by the rapid upregulation of cytoprotective genes.

Materials and Methods

Chemicals and Inducers. All chemicals were from Sigma unless specified.
Inducers and compounds added to cells for the microscopy experiments were
sourced as follows: SFN (LKT Laboratories Inc.), STCA (a gift from Young-Hoon
Ahn and Philip A. Cole, Johns Hopkins University, Baltimore, MD), cyclo-
heximide (Sigma), and MG132 (InSolution, Merck).

Cloning. The pEGFP-C1 and pmCherry-N1 were from Clontech. The mouse
Keap1, Nrf2, Nrf2ADLG, and Nrf2-doubleETGE ¢cDNA vectors were kind gifts
from Michael McMahon and John D. Hayes (University of Dundee, Dundee,
United Kingdom). The Nrf2 mutant vectors contain the following mutations:
Nrf2ADLG (D29A:L30G:G31E) and Nrf2-doubleETGE (128E:D29E:L30T:V32E)
(17). Both the Keap1-mono and Cys151Ser Keap1 plasmids were kind gifts
from Masayuki Yamamoto (Tohoku University, Sendai, Miyagi, Japan). The
Keap1-mono plasmid encodes full-length Keap1 with the following muta-
tions: HI6A:K97A:VI8A:V99A:L100A (31). The Cys151Ser Keap1 plasmid also
encodes full-length Keap1 with the following mutation: C151S (32). The
general cloning strategy was the same for all constructs. The cDNA encoding
the gene of interest was amplified using PCR to introduce the restriction
enzyme consensus sequences. The primer sequences are shown in Table S1.
The PCR product was gel purified and the DNA was extracted and digested,
along with the destination vector. After gel purification, the two were
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lated Nrf2 (4), and the cycle begins again. In the induced state, the formation of the closed conformation is uncoupled from ubiquitination (2). As a consequence,
Nrf2 is not released from Keap1 (3), free Keap1 is not regenerated, and newly translated Nrf2 accumulates and turns on the expression of cytoprotective genes (4).
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ligated and transformed into competent bacteria. Transformed colonies
were picked and grown overnight in 5-mL minicultures. From them, the
plasmids were purified and sequenced.

Cell Culture. HEK293 cells were grown in a-MEM supplemented with 10% heat-
inactivated FBS (both from Gibco) on gelatin-coated plastic dishes (0.1% gel-
atin dissolved in water for 30 min). They were allowed to grow until they were
confluent and then were split using a one-fifth dilution factor twice a week.
For microscopy experiments, 200,000 cells were seeded onto Willco glass-
bottom dishes. Cells were washed with PBS and imaged in 2 mL phenol red free
CO,-independent DMEM supplemented with 10% FBS (Gibco). For experi-
ments with inducers, 1 mL media was removed from the dish and transferred
to an Eppendorf tube. To this, 2 uL of a 1,000x stock of inducer was added, and
the solution was thoroughly mixed and then added back to the cells.

Transfections. For each Willco dish, 100 pL opti-MEM was added to two
Eppendorf tubes. To the first tube, DNA was added (0.75 pg EGFP-Nrf2 or
0.5 pg mCherry or Keap1-mCherry). To the second dish, 3.75 pL Lipofectamine
2000 (Invitrogen) was added. After a 12-min incubation at room temperature,
the contents of the tubes were mixed and incubated for a further 15 min, and
200 pL of the final solution was added to the cells in 1.5 mL Opti-MEM (Invi-
trogen). After 4.5 h, the Opti-MEM was replaced with complete media.

Fluorescence Lifetime Imaging Microscopy/FRET Imaging. Fluorescence lifetime
imaging microscopy (FLIM)/FRET imaging was performed as described (16),
using an inverted multiphoton laser-scanning microscope (Bio-Rad Radiance
2100MP) with a 60x oil immersion NA 1.4 Plan-Apochromat objective
(Nikon) and Lasersharp 2000 software. The microscope was equipped with
a Solent Scientific incubation chamber to maintain the cells at 37 °C. Two-
photon excitation of EGFP was achieved using a Chameleon laser at 900 nm.
The FLIM capability was provided by time-correlated single photon-counting
electronics (SPC-830, Becker & Hickl). The two-photon laser power was ad-
justed to give a mean photon count rate of 10°~10° photons per second.
FLIM measurements were carried out over a 256 x 256 pixel area for 90 s.
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FLIM Lifetime. The .sdt file was imported into the SPCImage software (Becker
& Hickl), and a region of interest was drawn around the area of the cell to be
analyzed (corresponding to either the nucleus or the cytoplasm). The “bin”
parameter was increased to 3, the “shift” parameter was fixed at 0, and all
other parameters were left at the default unchecked positions (threshold =
5, scatter = unfixed, offset = unfixed). The image was analyzed using a sin-
gle-component exponential decay model. The spatial distribution of the
mean fluorescence lifetime of the EGFP donor is displayed using a continu-
ous pseudocolor scale ranging from 1,900 to 2,600 ps.

FLIM/ FRET Efficiency. The FRET efficiency was calculated using the SPCimage
software (Becker & Hickl) for the same region of interest defined to calculate
the mean fluorescence lifetime. The “bin” parameter was increased to 3,
and all other parameters were left at the default unchecked positions. The
image was analyzed using a two-component exponential decay model. To
do this, the t2 (noninteracting proteins lifetime from control experiments in
the absence of FRET) was fixed at 2,375 ps, whereas the t1 value (lifetime of
the donor population that was interacting with the acceptor) was left un-
checked. The spatial distribution of FRET efficiency (%) is displayed using
a continuous pseudocolor scale ranging from 0% to 30%.

Statistical Analysis. Averages and SD and P values were calculated using Excel
(Microsoft). The P values for the EGFP lifetime data were calculated using
two-tailed Student t test. For experiments in which the lifetime of EGFP was
calculated in the same cell before and after addition of inducers, P values
were calculated using two-tailed paired t test.
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S| Materials and Methods

Preparation of Cell Lysates and Western Blotting. The dish of cells
was placed on ice, the media was removed, and each well was
washed three times with 2 mL PBS. The PBS was aspirated, and
200 pL of radioimmunoprecipitation assay (RIPA) buffer was
added to the cells. The cells were then scraped from the dish
manually, transferred to an Eppendorf tube, and lysed on an
orbital rotator at 4 °C for 30 min. The debris was then removed
by centrifugation at 15,000 x g for 5 min at 4 °C, and the su-
pernatant was collected and transferred to a new tube. From the
supernatant, 10 pL was aliquoted for use in the bicinchoninic
acid (BCA) protein assay, and to the remainder, protein loading
buffer [5x solution: 100 mM Tris-Cl at pH 6.8, 4% (wt/vol) SDS,
20% (vol/vol) glycerol, 3.6 M p-mercaptoethanol, 0.05% bromo-
phenol blue] was added. The tubes were then heated to 90 °C for
3 min. Protein concentrations were determined by the BCA as-
say, and equal protein amounts were loaded onto SDS/PAGE
gels. Proteins were resolved by SDS/PAGE and transferred to
PVDF membrane (Immobilon-P, Millipore). The membranes
were washed with PBS-T (PBS + 0.1% Tween), blocked in 5%
(vol/vol) milk for 2 h at room temperature, and incubated
overnight with 5 mL of the primary antibody solution at 4 °C.
The membranes were then incubated with the appropriate second-
ary antibody (conjugated to HRP) for 1 h at room temperature. The
signal was visualized using an HRP-dependent chemiluminescence
reaction and was developed on a photographic film. The following
primary antibodies (and dilutions) were used: anti-NF-E2 p45-
related factor 2 (Nrf2) (1:1,000) (1), anti-Kelch-like ECH asso-
ciated protein 1 (Keapl) (1:2,000) (2), anti-GFP (1:1,000, Abcam
6556), and anti-mCherry (1:1,000, Clontech 632543).

1. McMahon M, Itoh K, Yamamoto M, Hayes JD (2003) Keap1-dependent proteasomal
degradation of transcription factor Nrf2 contributes to the negative regulation of
antioxidant response element-driven gene expression. J Biol Chem 278(24):21592-21600.

2. McMahon M, Thomas N, Itoh K, Yamamoto M, Hayes JD (2006) Dimerization of
substrate adaptors can facilitate cullin-mediated ubiquitylation of proteins by a
“tethering” mechanism: A two-site interaction model for the Nrf2-Keap1 complex. J
Biol Chem 281(34):24756-24768.
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Coimmunoprecipitation Lysis and Pull-Down. Cell lysates were gen-
erated according to the protocol given earlier, with the following
modification: Cells were lysed in 400 pL. modified RIPA buffer,
without SDS or Nonidet P-40. To create the bait, 150 ng GFP
antibody was incubated with 40 pL Dynabeads Protein G (In-
vitrogen) in 300 pL PBS-T. This solution was mixed for 90 min at
room temperature on an orbital rotator, after which the antibody-
conjugated beads were purified using a MagnaRack (Invitrogen).
The cell lysate (350 uL) was incubated with the antibody-conjugated
Dynabeads for 1 h at room temperature on an orbital rotator. The
cell lysate was then removed, and the captured proteins were eluted
from the Dynabeads by incubating them in 50 pL 2.5 X protein
loading buffer for 20 min at room temperature, followed by heating
the samples to 70 °C for 10 min.

NQO1 Assay. RL34 cells (150,000 cells per well of a six-well plate)
were grown in DMEM supplemented with 10% (vol/vol) FBS
(Gibco). Cells were transfected with the specified plasmids, and
48 h later they were lysed in 200 pL digitonin (0.8 g/L in 2 mM
EDTA at pH 7.8) and incubated at room temperature for 1 h
with constant agitation. The cell lysate was centrifuged at 5,000 x g
for 4 min, after which the supernatant was collected. Aliquots of
the supernatant (25 and 50 pL) were loaded onto the wells of a
96-well plate. The assay buffer was constructed according to es-
tablished protocols, and the enzyme activity of NQO1 was de-
termined by using menadione as a substrate in the presence or
absence of the potent inhibitor dicumarol (3, 4). Averages and
SD and P values (determined by a two-tailed Student ¢ test) were
calculated using Excel (Microsoft).

w

. Prochaska HJ, Santamaria AB (1988) Direct measurement of NAD(P)H:quinone
reductase from cells cultured in microtiter wells: A screening assay for anticarcinogenic
enzyme inducers. Anal Biochem 169(2):328-336.

4. Fahey JW, Dinkova-Kostova AT, Stephenson KK, Talalay P (2004) The “Prochaska”

microtiter plate bioassay for inducers of NQO1. Methods Enzymol 382:243-258.
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Fig. S1. Keap1-mCherry and EGFP-Nrf2 fusion proteins faithfully represent the functional endogenous proteins. (A) Identification of the fusion proteins.
Human embryonic kidney (HEK) 293 cells were transfected with the indicated combination of plasmids, and cell lysates were generated 24 h later. An equal
amount of protein was loaded on each lane, and proteins were resolved by SDS/PAGE and probed with specific antibodies. The blots show that the Keap1-
mCherry plasmid encodes a protein consisting of both Keap1 and mCherry, whereas the EGFP-Nrf2 plasmid encodes Nrf2 in-frame with EGFP. (B) EGFP-Nrf2 and
Keap1-mCherry bind to each other in cells. HEK293 cells were transfected with the indicated plasmids, and cell lysates were generated 24 h after transfection.
The lysate was split into two parts: one for the immunoprecipitation (IP) and one for the input. The IP sample was generated by treating the lysates with anti-
GFP conjugated Dynabeads to pull-down any proteins that interact with EGFP-Nrf2. The pulled-down lysates and untreated input samples were loaded onto

Legend continued on following page
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SDS/PAGE gels, which were probed with the specified antibodies. (C) EGFP-Nrf2 is transcriptionally active, and its transcriptional activity is negatively regulated
by Keap1-mCherry. RL34 cells were transfected with the specified plasmids, and 48 h later, cell lysates were generated. In these lysates, the activity of the Nrf2-
dependent enzyme quinone reductase 1 (NQO1) was determined. The enzyme activity (n = 6 per plasmid combination) was normalized for total protein
content to obtain the specific activity. The graph shows that expression of EGFP-Nrf2 increases NQO1 activity by 2.5-fold and that coexpression of Keap1-
mCherry with EGFP-Nrf2 represses this increase to control levels (*P = 2.67 x 10~"" when comparing mCherry with EGFP-Nrf2 + mCherry; P=7.82 x 10" when
comparing EGFP-Nrf2 + mCherry with EGFP-Nrf2 + Keap1-mCherry). (D) EGFP-Nrf2 is stabilized by inducers and by inhibition of the proteasome. HEK293 cells
were transfected with the indicated combination of plasmids and then treated with either 10 uM inducer sulfoxythiocarbamate alkyl (STCA) or 10 uM pro-
teasomal inhibitor MG132. After 4 h of treatment, cell lysates were generated. Proteins were separated on SDS/PAGE gels and probed with the antibodies
specified earlier. In the absence of Keap1-mCherry, EGFP-Nrf2 is not degraded and is readily detectable (lane 2). When Keap1-mCherry is coexpressed along
with EGFP-Nrf2, the level of EGFP-Nrf2 within the cell is low (lane 4) but can be increased through either the addition of the inducer STCA (lane 5) or the
inhibition of the proteasome (lane 6). Together, these data show that the Keap1 and Nrf2 fusion proteins function in the same way as the endogenous system.
(E) Subcellular localization of Nrf2- and Keap1-fusion proteins. HEK293 cells were transfected with the specified expression plasmids, and the localization of
the resulting fluorescence was monitored using confocal microscopy. The EGFP channel (Left) and the mCherry channel (Right) are both shown. In the absence
of Keap1, EGFP-Nrf2 is localized mainly in the nucleus, with free mCherry dispersed throughout the cell. When Keap1-mCherry is coexpressed with EGFP-Nrf2, it
alters the localization of the mCherry fluorescence to the cytoplasm and also sequesters EGFP-Nrf2, changing its localization from nuclear to mainly cyto-
plasmic. (Scale bar, 10 pm.) (F) Subcellular localization of Nrf2 and Keap1 fusion proteins in response to MG132. HEK293 cells were transfected with expression
plasmids encoding EGFP-Nrf2 and Keap1-mCherry, and the localization of the resulting fluorescence was monitored in the same cluster of cells both in the
basal and induced state, using confocal microscopy. In the basal state, EGFP-Nrf2 (Upper left) and Keap1-mCherry (Lower left) are both localized predominantly
in the cytoplasm. After 2 h of treatment with 10 uM of the proteasomal inhibitor MG132, the cellular distribution of EGFP-Nrf2 changes, and it becomes
localized throughout both the cytoplasm and nucleus (Upper right), whereas the Keap1-mCherry localization is unaffected (Lower right). The dotted lines
indicate the area of the nucleus. All images are representative of three independent experiments. (Scale bar = 10 pm.)
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Fig. S2. Fluorescence lifetime imaging of EGFP-Nrf2 mutants in the presence of mCherry, Keap1-mCherry, or Keap1-mono-mCherry. HEK293 cells were co-
transfected with EGFP-Nrf2ADLG + mCherry (A), EGFP-Nrf2ADLG + Keap1-mCherry (B), EGFP-Nrf2-doubleETGE + mCherry (C), EGFP-Nrf2-doubleETGE + Keap1-
mCherry (D), or EGFP-Nrf2ADLG + Keap1-monomCherry (E-H). (A-F, Left) Pictorial representation of the EGFP lifetime in which the color of the cell corresponds
with the lifetime of EGFP, ranging from 1.9 to 2.6 ns, as indicated on the legend beneath the image. (Right) Lifetime data from each pixel of the image plotted
on a graph, with lifetime on the x axis and frequency on the y axis. (G and H, Left) Pictorial representation of the Forster resonance energy transfer (FRET)
efficiency in which the color of the cell corresponds with the FRET efficiency, ranging from 0% to 30%, as indicated on the legend beneath the image. (Right)
FRET efficiency from each pixel of the image plotted on a graph, with FRET efficiency on the x axis and frequency on the y axis. (Scale bar = 10 pm.) (/)
Fluorescence lifetime data for cells transfected with EGFP-Nrf2ADLG + mCherry or EGFP-Nrf2ADLG + Keap1-mCherry fusion proteins.
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Fig. S3. Fluorescence lifetime imaging of EGFP-Nrf2 + Keap1-mCherry cotransfected cells imaged twice during a 1-h period. HEK293 cells were transfected
with EGFP-Nrf2 + Keap1-mCherry, and both the lifetime (A and B) and FRET (C and D) efficiency was calculated. (A and B) Fluorescence lifetime data from
a single cell imaged twice, with the second image being taken 1 h after the first. (Left) Pictorial representation of the EGFP lifetime in which the color of the cell
corresponds with the lifetime of EGFP, ranging from 1.9 to 2.6 ns, as indicated on the legend beneath the image. (Right) Lifetime data from each pixel of the
image plotted on a graph, with lifetime on the x axis and frequency on the y axis. The graphs clearly show that the lifetime of EGFP-Nrf2 is stable during a 1-h
period in the basal state. (C and D) FRET efficiency data for a single EGFP- Nrf2 + Keap1-mCherry cotransfected cell that was imaged twice, with the second
image being taken 1 h after the first. (Left) Pictorial representation of the FRET efficiency in which the color of the cell corresponds with the FRET efficiency,
ranging from 0% to 30%, as indicated on the legend beneath the image. (Right) FRET efficiency from each pixel of the image plotted on a graph, with FRET
efficiency on the x axis and frequency on the y axis. The FRET efficiency graphs show that the FRET efficiency distribution in the basal state is stable during a 1-h
period. The FRET efficiency distributions are shown pictorially (C and D, Left), where the green and yellow colors are distributed evenly across the cell. (Scale
bar = 10 pm.) (E) Lifetime data for EGFP-Nrf2 in individual cells imaged twice, 1 h apart. HEK293 cells were cotransfected with EGFP-Nrf2 and Keap1-mCherry
and imaged 24 h later. The table shows the lifetime of EGFP fluorescence in cells imaged twice in the basal state, with 1 h between images. The data show that
the EGFP-Nrf2 lifetime is very stable during a 1-h time period and is unaffected by repeated imaging (P > 0.05).
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A Basal SFN Induced B Basal STCA Induced
Lifetime (ps) Lifetime (ps) Lifetime (ps) Lifetime (ps)

Cell 1 2215 2103 Cell 1 2152 2089

Cell 2 2138 2089 Cell 2 2138 2103

Cell 3 2152 2110 Cell 3 2117 2096

Cell 4 2198 2173 Cell 4 2117 2075

Cell 5 2166 2117 AVERAGE 2131 2091

Cell 6 2131 2096 SD 17 12

AVERAGE 2167 2115 Paired T-test p=0.019

sD 34 30

Paired T-test p=10.009

C Basal MG132 Treated D Basal CHX treated
Lifetime (ps) Lifetime (ps) Lifetime (ps) Lifetime (ps)

Cell 1 2180 2103 Cell 1 2166 2082

Cell 2 2145 2117 Cell 2 2201 2145

Cell 3 2173 2124 Cell 3 2138 2117

Cell 4 2145 2068 AVERAGE 2168 2115

Cell 5 2166 2089 SD 32 32

Cell 6 2152 2138 Paired T-test p=0.049

Cell 7 2173 2103

AVERAGE 2162 2106

SD 14 21

Paired T-test p = 0.000324

E Inducer Lifetime (ps) N SD

EGFP-Nrf2 + mCherry None 2375 13 12

EGFP-Nrf2 + mCherry 5 uM SFN 2385 7 30

EGFP-Nrf2 + mCherry 10 uM STCA 2370 7 18

EGFP-Nrf2 + mCherry 10 M MG132 2379 5 18

EGFP-Nrf2 + mCherry 10 uM CHX 2376 6 23

Fig. S4. Lifetime of EGFP-Nrf2 in individual cells imaged before and after treatment with inducers, a proteasome inhibitor, and a protein synthesis inhibitor.
HEK293 cells were cotransfected with EGFP-Nrf2 and Keap1-mCherry and imaged 24 h later. The tables show the lifetime of EGFP fluorescence in cells imaged
in the basal state, and again after a 1-h treatment with 5 pM sulforaphane (SFN) (A), 10 pM STCA (B), 10 uM MG132 (C), or after a 15-min treatment with 10 uM
cycloheximide (CHX) (D). The data show that all treatments lead to a significant reduction in the EGFP-Nrf2 lifetime (P < 0.05). (E) HEK293 cells were co-
transfected with EGFP-Nrf2 and free mCherry and imaged 24 h later. The table shows the lifetime of EGFP fluorescence in cells imaged after treatment with
SFN, STCA, MG132, or CHX. The data show that none of the treatments affect the lifetime of EGFP-Nrf2 in the absence of Keap1-mCherry (P > 0.05).
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Fig. S5. Lifetime of EGFP-Nrf2 in individual cells imaged before and after treatment with SFN. HEK293 cells were cotransfected with EGFP-Nrf2 + mCherry (n =
14), EGFP-Nrf2 + Keap1-mCherry (n = 11), or EGFP-Nrf2 and mutant Cys151Ser-Keap1-mCherry (n = 10) and imaged 24 h later. The fluorescence lifetime of
EGFP-Nrf2 was quantified for individual cells which were imaged twice, once in the basal state and once again after a 1-h treatment with 5 pM SFN. The bar
graph shows mean values + SE **P < 0.0001; *P = 0.006; ns, P = 0.571.
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Table S1. Primer sequences used for cloning Nrf2 into pEGFP-C1 and Keap1 into pmCherry-N1

Primer Sequence

Nrf2 into pEGFP-C1 FORWARD TCCGCTCGAGCAATGATGGACTTGGAGTTGCCACCGCCAG

Nrf2 into pEGFP-C1 REVERSE TCCTCGTCGACCTAGTTTTTCTTTGTATCTGGCTTCTTG

Keap1 into pmCherry-N1 FORWARD ATTGGTACCATGCAGCCCGAACCCAAGCTTAG

Keap1 into pmCherry-N1 REVERSE ATGAAGACCGGTGCTTTTGCTGCTGCCTCTTTAGCGGCTGCTTCTGCGCAGGTACAGTTTTGTTGATC
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