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Nrf2 is the regulator of the oxidative/electrophilic stress response. Its turnover is maintained by Keapl-
mediated proteasomal degradation via a two-site substrate recognition mechanism in which two Nrf2-Keapl
binding sites form a hinge and latch. The E3 ligase adaptor Keap1 recognizes Nrf2 through its conserved ETGE
and DLG motifs. In this study, we examined how the ETGE and DLG motifs bind to Keapl in a very similar
fashion but with different binding affinities by comparing the crystal complex of a Keapl-DC domain-DLG
peptide with that of a Keap1-DC domain-ETGE peptide. We found that these two motifs interact with the same
basic surface of either Keap1-DC domain of the Keapl homodimer. The DLG motif works to correctly position
the lysines within the Nrf2 Neh2 domain for efficient ubiquitination. Together with the results from calori-
metric and functional studies, we conclude that different electrostatic potentials primarily define the ETGE and
DLG motifs as a hinge and latch that senses the oxidative/electrophilic stress.

The timely removal of transcription factors or their regula-
tors is essential for regulated gene expression to react to dif-
ferent environmental stresses, including oxidative/electrophilic
attacks, inflammation, and hypoxia (17, 19, 21, 40). The ubig-
uitous proteasomal degradation pathway determines the con-
centrations of various proteins in cells via programmed proteo-
lysis to control both cellular quality and activity (4). Although
there is only one type of proteasome in humans, there are
numerous substrate recognition patterns for labeling target
proteins for destruction with multiple ubiquitins, hence dis-
criminating one cellular process from another (34). Nrf2 is the
transcription factor for cytoprotective enzymes that counteract
oxidative and electrophilic attacks (11, 27). The cellular con-
centration of Nrf2 remains low in homeostatic or unstressed
conditions due to a rapid turnover modulated by Keapl
(Kelch-like ECH-associating protein 1) and proteasomal deg-
radation (13). Unlike IkB and HIF1a, the regulators of inflam-
matory and hypoxic responses (1, 35, 36), Nrf2 is constitutively
recognized by its substrate adaptor Keapl and recruited to the
Cul3 (Cullin 3)-based E3 ligase for subsequent ubiquitination
and proteasomal degradation (7, 9, 12, 20, 45). Constitutive
substrate recognition is achievable in the case of the Nrf2-
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Keapl system, since no posttranslational modification of the
substrate protein is required (33, 40). In contrast, in the cases
of IkB and HIFla, stimuli-induced phosphorylation or hy-
droxylation of the recognition signal of the substrate is needed
for ubiquitination and degradation to follow (17, 35).

The target proteins of programmed proteolysis often need to
be phosphorylated before they are recognized by their respec-
tive proteasomal degradation machineries (5, 17, 43). For in-
stance, B-catenin (10), IkB (17), Gli3 (38), and Sicl (37) are
phosphorylated before being presented for ubiquitination. In
some cases, double serine residues are phosphorylated to form
the substrate recognition signal (B-catenin and IkB), while in
other cases, phosphorylation of a serine or threonine residue at
multiple sites within the substrate (Sicl and Gli3) is required
for efficient recruitment to the degradation machinery. Indeed,
a minimum of six of the nine Cdc4-phosphodegron (CPD) sites
in Sicl need to be phosphorylated to form multiple suboptimal
binding sites (30). This regulatory mechanism helps to set a
higher phosphorylation threshold for controlling premature
proteolysis of Sicl and hence a higher precision of entry into S
phase (29). It is also believed that B-TrCP (B-transducin re-
peat-containing protein [25]), a WD40 repeat-containing F-
box protein of SCFPT"? recognizes a doubly phosphorylated
destruction sequence or degron in its target proteins (38, 44).
However, exceptions were recently identified in that B-TrCP
also recognizes nonphosphorylated binding motifs, such as
those in the cell cycle regulators Xenopus Cdc25A (15) and
Weel (42). In both cases, one or two serine residues in the
B-TrCP-binding motif are substituted with serine phosphomi-
metic residues (e.g., aspartate or glutamate), albeit depen-
dency on phosphorylation for substrate recognition still re-
mains. Alanine mutation of any of these single acidic residues
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within Cdc25A results in attenuation of B-TrCP binding and
SCF?T“P_dependent ubiquitination (15). Hence, the compo-
sition of either phosphorylation-prone serine/threonine resi-
dues or conserved acidic residues within the substrate recog-
nition motif plays a major role in efficient recruitment of the
target proteins for proteasomal degradation.

Recently, a two-site substrate recognition hinge-and-latch
model was proposed to be the key regulatory mechanism for
the oxidative/electrophilic stress response (39, 40). A similar
model referred to as a tethering mechanism has also been
proposed (26). In this model, a Keapl homodimer enlists Nrf2
via the evolutionarily conserved DLG and ETGE motifs within
the regulatory Neh2 domain of Nrf2 (18, 22). Unlike other
examples of stimuli-inducible protein degradation, constitutive
substrate recruitment to Keapl occurs through recognition of
the primary sequences of the DLG and ETGE motifs and does
not require posttranslational modification of the destruction
signals (33, 39, 40). Here, we attempted to validate this model
by analyzing a crystal complex of Keapl-DC (double glycine
repeat domain [DGR] plus the C-terminal region of Keapl)
and a 15-residue-long peptide comprised of the DLG motif of
Nrf2 (DLG peptide) (Keapl-DC-DLG peptide complex). We
also studied the Keapl-DC-DLG peptide complex by isother-
mal calorimetry, in vivo ubiquitination assays, protein stability
tests, and luciferase reporter assays. The results demonstrated
that the binding nature of the Keapl-DC-DLG peptide com-
plex is similar to that of the Keapl-DC-ETGE peptide com-
plex (24, 33), yet there exist critical differences that contribute
to the establishment of the hinge and latch system. This study
clearly highlights the importance of the DLG motif as the latch
to lock and unlock Nrf2 for ubiquitination.

MATERIALS AND METHODS

Plasmid construction. Gene fragments bearing different alanine substitution
mutations in either the DLG or ETGE motif of mouse Neh2 were prepared by
a PCR overlap extension method utilizing pET15b-Neh2(AETGE) or pET15b-
Neh2(A1-33) (39) as the template, respectively. The resulting Neh2 mutant PCR
products were inserted into pET21a (Novagen) via Ndel and Xhol sites. A gene
fragment encoding mouse Keapl-DC (Thr-309 to Cys-624) was inserted into
pET21a via Ndel and Xhol sites. Single point substitutions of Gln26Ala,
Asp27Ala, and Asp29Ala were introduced into the mammalian expression plas-
mid pcDNAmNrf2 by a QuikChange site-directed mutagenesis kit (Stratagene).
Keapl1 in the pcDNA3 vector is as described previously (16).

Protein expression and purification. The mouse Keapl-DC domain was ex-
pressed in Escherichia coli, purified, and crystallized as described (32). Prokary-
otically expressed His-tagged Neh2 mutants and Keap1-DC were expressed and
purified as described previously (39).

Crystallization and data collection. The best crystals were obtained in a drop
containing 0.8 M lithium sulfate, 0.5 M ammonium sulfate, and 0.1 M sodium
citrate, pH 5.2, at 20°C. For cocrystallization of the protein with the DLG peptide
(*ILWRQDIDLGVSREV?®, mouse Nrf2), purchased from Promega, the pep-
tide and protein solutions were mixed (10:1 molar ratio) and incubated at 4°C for
about 1 day before setting up the crystallization experiment. Diffraction data
were collected under cryogenic conditions, using a Rigaku RA-Micro7 Cu Ko
rotating-anode X-ray generator, operated at 40 kV and 20 mA and equipped
with a Rigaku RAXIS IV"™" imaging plate area detector and an X-stream
low-temperature system. The data were integrated and scaled with HKL2000
(31). The results of the data reduction statistics are summarized in Table 1.

Determination and refinement of the structure. The structure of the Keapl-
DC-DLG peptide complex was determined by the molecular replacement
method, employing the Keap]1 structure (33) as a search model and the program
Molrep from the CCP4 suite (6). It gave a distinct peak with an R factor (residual
factor or reliability factor) and correlation coefficient of 0.363 and 0.690, respec-
tively, at a resolution between 20 A and 3.0 A. The model was refined with CNS
(Crystallography & NMR System) (2), and several rounds of manual fitting and
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TABLE 1. Summary of data collection and refinement statistics

Value for the Keapl-

Statistic DC-Neh2 peptide
complex?
Data collection statistics
Source .... RAXIS IV*H
Wavelength (A). 1.5418
Space group 2 ...P6;
Unit cell dimensions (A) a=>b=103.13,¢c =
i 56.14, y = 120°
Resolution (A) ..c.cveceveieeevicerreceeeeeeeeeens 20.0-1.9
Completeness (%) 98.2 (88.0)
Redundancy ..8.6 (3.6)
Rinerge (%) ..8.6 (39.8)
Refinement statistics
No. of complex molecules
(asymmetric unit) .1
Resolution limit (A) ..20.0-1.9
Sigma cutoff........ccoevvvieiiiiniice 0
No. of reflections 25,143
R factor/Ry,.. (%)° 17.2/21.1

No. of protein residues.... ..295
No. of peptide residues. 6
No. of SO, ions.............. 7
No. of water molecules.... ...307
rms deviations?
Bond lengths (A) 0.016
Bond angles (%) ..coveeevnieienieeeeeeennne 1.55

“ Numbers in parentheses are the values for the highest resolution shell.

 Rerge = 2 opg — <I>I/X <I> summed over all observations and reflec-
tions, where I, is observed intensity and </> is the mean intensity.

¢ The crystallographic R factor (Rerys) = 2 IFops = Fearel/Z Fops, Where Fpq is
observed structure factors and F,. is calculated structure factors. Ry.. was
calculated with 5% of data omitted from refinement.

4 rms, root mean square.

refitting were carried out using the program O (14) with careful inspection of the
2Fo-Fc and Fo-Fc difference Fourier maps and omit electron density maps.
During the final stage of refinement, Refmac5 (28), which is incorporated into
the CCP4 suite, was used for refinement of the structure. The current refined
model consists of 301 residues, 7 SO, ions, and 307 water molecules, with a final
R or and Ry, of 17.2% and 21.1%, respectively, at a resolution of 1.9 A. The
electron densities of 15 residues at the N terminus and 11 residues at the C
terminus were absent. The stereochemistry of the Keapl-DC complex was
excellent, as checked with PROCHECK (23). The refinement statistics are
summarized in Table 1.

ITC titration experiments. Isothermal calorimetry (ITC) titration experiments
were performed at 25°C on a VP-ITC system (MicroCal Inc.). All proteins were
prepared as previously described (39). In a typical experiment, 10-pl aliquots of
0.35 mM Neh2 or Neh2 mutants were injected 28 times at 4-min intervals from
a stirring syringe (300 rpm) into the sample cell containing 1.45 ml of 0.04 mM
Keap1-DC. The heat changes in binding of the last five injections after saturation
were averaged and used to correct the heat of protein dilution. All runs were
performed in triplicate. Binding data were analyzed using the computer program
Origin version 5.0, supplied by MicroCal Inc. Data processing was carried out as
reported previously (39).

In vivo ubiquitination assay. 293T cells were transfected, using Lipofectamine
(Invitrogen), with His-tagged ubiquitin (0.5 ng) and 1 pg of wild-type or mutant
(GIn26Ala, Asp27Ala, or Asp29Ala) Nrf2 plasmids, either in the absence or
presence of Keap1 expression vector (0.5 wg). The extent of Nrf2 ubiquitination
was evaluated by Western blotting using a monoclonal anti-Nrf2 antibody (41).
Input controls were examined by anti-Nrf2 and monoclonal anti-Keapl (41)
using total cell extracts. The in vivo ubiquitination assay was performed as
previously described (20).

Nrf2 in vivo stabilization analysis. Eukaryotic expression vectors expressing
wild-type Nrf2 or Nrf2 mutants (GIn26Ala, Asp27Ala, or Asp29Ala; 1 pg each)
were transfected into Cos7 cells, using FuGENE 6 transfection reagent (Roche),
either with or without full-length Keap1 expression vector (0.75 pg). A plasmid
of enhanced green fluorescent protein (EGFP), pEGFP-N1 (25 ng), was also
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FIG. 1. Overall tertiary structure of mouse Keap1-DC (mKeap1-DC) complexed with the DLG peptide. (A) Schematic diagram of the Neh2
domain depicting the secondary structures and the two conserved DLG and ETGE motifs. The sequences of mouse Nrf2 (mNrf2), mouse Nrfl
(mNrfl), chicken Nrf2 (cNrf2), zebra fish Nrf2 (zNrf2), and Cap ‘n’ collar isoform C (CncC) are shown. The green bar represents a 33-amino-
acid-long o-helix, and the two pink arrows denote B-strands. The ETGE motif is located in the loop region of the antiparallel B-sheet. The DLG
motif is N terminal to the a-helix. Within these two motifs, residues that have a direct intermolecular interaction with Keap1 are shown in blue.
The distribution of the seven lysines in the o-helical region of Neh2 is shown by the helical wheel. Regions corresponding to the DLG and ETGE
motifs of the CNC protein family are aligned, and the residues in red are conserved. (B) The ribbon model of the tertiary structure of the
mKeapl-DC B-propeller domain (blue to red) and the DLG peptide (magenta) was generated with PyMOL (http://pymol.sourceforge.net/).
(C) Stereo view of a portion of the refined peptide in the protein-bound form showing Gln-26, Asp-27, and Asp-29. The final 2mF, — DF,
difference Fourier map is contoured at 1 o. (D) Close-up view of the peptide-binding region. The backbone and side chains of the bound peptide
are shown as a pink tube and sticks, respectively. (E and F) Close-up view of the interface between mKeapl-DC and the DLG peptide, showing
interfaces close to GIn26 (E) and Asp27 (F) of the DLG peptide. Residues potentially interacting between Keapl-DC (green) and the DLG
peptide (pink) are in ball-and-stick representation. Nitrogen and oxygen atoms are shown in dark blue and red, respectively. The rest of the ribbon
model for the backbone of Keapl-DC is colored as described above for panel A) Hydrogen bonds are represented by dashed lines. Potential
structural water molecules are depicted as red circles.

Protein structure accession number. The atomic coordinates have been de-
posited in the Protein Data Bank with the accession code 2DYH.

transfected as the transfection efficiency control. Cells were lysed 36 h after
transfection and boiled in Laemmli sample buffer in the presence of 2-mercap-
toethanol (final concentration of 2%). Cell extracts were then subjected to
immunoblot analysis using anti-Nrf2, anti-Keapl, and anti-EGFP (Molecular
Probes) antibodies.

Cycloheximide chase analysis. 293T cells were transfected, using Lipo-
fectamine, with eukaryotic expression vectors of wild-type Nrf2 or Nrf2 mutants
(GIn26Ala, Asp27Ala, or Asp29Ala; 1 pg each), Keapl (0.5 ug), and pEGFP-N1

RESULTS

Structure of Keapl-DC complexed with DLG peptide. The
newly proposed hinge-and-latch model for Nrf2 activation/de-

(25 ng) as the transfection control. Cells were treated with 35 wg/ml of cyclo-
heximide at 24 h following transfection. Cells were then harvested at 0, 15, 30,
and 45 min after chemical addition and boiled in Laemmli sample buffer. Protein
levels were monitored by immunoblot analysis using anti-Nrf2 and anti-EGFP
antibodies. Anti-a-tubulin (Sigma) antibody was used as an input control.
Luciferase reporter assay. Cos7 cells were transfected with 100 ng of wild-type
Nrf2 or Nrf2 mutant (GIn26Ala, Asp27Ala, or Asp29Ala) plasmids either in the
absence or presence of Keapl expression vector (10 ng). After 24 h, cells were
treated with either dimethyl sulfoxide or diethyl maleate (DEM) for 12 h. The
luciferase reporter assay was performed as previously published (16).

repression has deciphered the roles of the two Nrf2 motifs, the
ETGE and DLG motifs, in the interaction of Nrf2 with Keapl
(39, 40). The crystal structure of the Keapl-DC-ETGE pep-
tide complex conforms to this model (33). To gain further
insight into this model, we performed cocrystallization and
structural analysis of Keapl-DC in complex with a peptide
containing the DLG motif. This peptide contains Ile-22 to
Val-36 of mouse Nrf2 (Fig. 1A). The structure of this complex
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was solved by the molecular replacement method using the apo
form of the Keap1-DC structure (33) at 2.5-A resolution. The
difference Fourier map clearly showed the electron density at
the peptide-bound region. Although we used a peptide 15
amino acids long (Ile-22 to Val-36), the electron density was
visible for only six amino acids, from Trp-24 to Asp-29. The
Trp-24 and Ile-28 residues were truncated to Ala, as the elec-
tron densities of the side chains were not visible. Since the
electron density of the side chain atoms after C° was not visible
in Arg-25 either, these atoms were not included in refinement
of the structure. The final R factor and Ry, values were 17.2%
and 21.1%, respectively, for the 301 residues, 7 sulfate ions,
and 307 water molecules, refined to a resolution of 1.9 A
(Table 1).

As is the case for the ETGE peptide (33), the DLG peptide
binds to Keap1-DC at the bottom side of the six-bladed B-pro-
peller (Fig. 1B and C), which is highly basic and mainly occu-
pied by arginine residues (Fig. 1D). The exposed region of the
DLG peptide in the protein complex is surrounded by Tyr-334,
Asn-382, Arg-483, Tyr-525, Tyr-572, and Phe-577, while in the
buried region, the peptide is surrounded by Arg-415, Ser-508,
Gly-509, Ser-555, Ala-556, and Gly-603 of Keapl (Fig. 1E and
F). Although the DLG peptide is positioned close to the
fourth, fifth, and sixth blades of the Keapl-DC domain, the
peptide interacts with residues from almost all of the six
blades.

The DLG peptide possesses a tight four-residue B-hairpin
conformation comprised of the residues Arg-25, GIn-26, Asp-
27, 1le-28, and Asp-29 (Fig. 1E and F). The structure of this
peptide is stabilized by two intramolecular hydrogen bonds.
The carbonyl group of Arg-25 accepts a hydrogen bond from
the amino group of Ile-28, which has a left-handed helical
conformation. In addition, the carboxyl group of Trp-24 con-
tributes to an electrostatic interaction with the amino group of
Asp-29. The formation of such a B-hairpin conformation in the
peptide allows the residues of the DLG motif to interact firmly
with the residues of Keapl-DC.

The Keapl-DC-DLG peptide complex generates eight po-
tential intermolecular electrostatic interactions between the
residues of the DLG peptide and the Keapl-DC domain, as
opposed to the 13 electrostatic interactions found in the
Keapl-DC-ETGE peptide complex (33). Gln-26 of Neh2 is a
conserved residue within the CNC (cap ‘n’ collar) protein
family (Fig. 1A) (18) and has significant intermolecular inter-
actions with Ser-508, Arg-415, Arg-483, and Ser-555 of
Keapl-DC (Fig. 1E). For instance, the side chain of GIn-26 is
wedged between Arg-415 and Arg-483. Furthermore, the O
of GIn-26 makes hydrogen bonds with Ser-508 and Arg-415.
The N#* atom of GIn-26 is firmly positioned through an elec-
trostatic interaction with the side chain atom of Arg-483. In
addition to these side chain interactions, the main-chain car-
bonyl group of GIn-26 interacts electrostatically with the side
chain of Ser-555.

Asp-27 of the DLG motif interacts with multiple residues,
such as Ser-602, Gly-603, and Arg-415, of Keap1 (Fig. 1F). The
O®' atom of Asp-27 supplies hydrogen bonds to the side chain
of Ser-602, while the other side chain atom O®? of Asp-27
interacts electrostatically with the guanidinium group of Arg-
415. In addition, the carbonyl group of Asp-27 is also hydrogen
bonded to the side chain atom of Ser-602. On the other hand,
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the side chain of the next residue, Ile-28, which adopts a left-
handed helical conformation, was absent in the structure.
However, this residue is nicely positioned in a hydrophobic
pocket produced by Tyr-572 and Phe-577. Moreover, Asp-29,
the last residue visible in the electron density map of the DLG
peptide, contributes to an electrostatic interaction with Asn-
382 of Keapl (Fig. 1F).

DLG and ETGE peptides bind to Keapl-DC in a similar
manner. Structural comparison of the Keapl-DC-DLG pep-
tide complex and the Keap1-DC-ETGE peptide complex (33)
revealed that both DLG and ETGE interact with Keap1 (Fig.
2A and B) in a very similar manner by binding through the
bottom region of the B-propeller structure (Fig. 1B and D).
Superimposition of the structures of these two complexes over
the main chain atoms revealed that the overall structure of
Keap1-DC in these two complexes is nearly the same (0.23-A
root mean square deviation; Fig. 2C). However, a small vari-
ation was observed in the loop connecting strands B2 and 3 of
the second blade of the Keapl-DC domain. At the binding
interface, the side chains of the Keap1-DC residues have a very
similar conformation within the two complexes, except for Arg-
415, Arg-483, and Asn-382 (Fig. 2C).

Although both peptide structures are quite flexible, they
adopt a similar kind of tight B-turn conformation and also
orientate in essentially the same manner with respect to the
Keapl-DC structure (Fig. 2C). The binding profiles of Gln-26,
Asp-27, and Asp29 of the DLG peptide are similar to those of
Glu-79, Thr-80, and Glu-82 of the ETGE peptide with the
equivalent residues in Keapl-DC. In spite of their conforma-
tional similarity, the ETGE peptide possesses a comparatively
higher number of electrostatic interactions with Keapl-DC
than with the DLG peptide: approximately 13 in the ETGE
peptide complex versus 8 in the DLG peptide complex. Fur-
thermore, the ETGE peptide is substantially embedded into
the Keapl-DC binding cleft compared to the DLG peptide.
For example, the side chain of Glu-79 in the ETGE is deeply
buried in the pocket, whereas the equivalent residue in the
DLG, GIn-26, is only partially entrenched (Fig. 2D). These
results thus demonstrate that the nature of binding of the DLG
and ETGE peptides to Keapl-DC is similar, yet critical differ-
ences exist. Especially, the differential negative electrostatic
potential may play a role in generating the distinct binding
affinities of the ETGE and DLG motifs to Keap1-DC.

Acidic residues define the differential binding affinities of
the ETGE and DLG motifs. To gain further insight into the
differential binding affinities shown by the ETGE and DLG
motifs, we carried out systematic point mutations and ITC
analysis. The results unveiled a trend in acidic residue utiliza-
tion as the destruction signal of Nrf2. Previous calorimetric
analysis (39) showed that the DLG motif has a binding con-
stant of 1 X 10° M~! when interacting with Keap1-DC,
whereas the ETGE motif has a higher-affinity binding constant
of 2 X 108 M~ ', However, mutating Asp-27 or Asp-29 to alanine
within an ETGE deletion mutant construct [Neh2(AETGE,D27A)
and Neh2(AETGE,D29A), respectively] resulted in no observable
affinity to Keap1-DC (Fig. 3A and B). The raw isotherms of the
protein titration resembled the heat of buffer dilution (data not
shown). Although GIn-26 was found to interact extensively
with Keap1-DC, alanine substitution did not have a large effect
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FIG. 2. Superimposition of the DLG peptide complex with the ETGE peptide complex. (A) Close-up view of the interface between mouse
Keapl-DC (mKeapl-DC) and the DLG peptide. The backbone and side chains of the bound peptide are shown as a pink tube and sticks,
respectively. The side chains of the interacting residues from Keap1-DC are shown as blue sticks. Dashed lines indicate intermolecular hydrogen
bonding. Residues showing intermolecular interaction are labeled. (B) Close-up view of the interface between mKeap1-DC and the ETGE peptide.
The backbone and side chains of the bound peptide are shown as a yellow tube and sticks, respectively. The side chains of the interacting residues
from Keapl-DC are shown as blue sticks. Dashed lines indicate intermolecular hydrogen bonding. (C) Close-up view of the superimposed
protein-peptide interfaces. Some of the residues of Keap1-DC (shown as sticks) potentially interacting with ETGE and DLG are shown in blue
and cyan, respectively. The rest of the B-propeller domain is illustrated by a blue ribbon in the case of the ETGE peptide complex and blue to red
as described in the legend to Fig. 1 in the case of the DLG peptide complex. Backbone and interacting residues of the ETGE peptide are displayed
as yellow ribbons and sticks, respectively, whereas those of the DLG peptide are pink. Nitrogen and oxygen atoms are shown in dark blue and red,
respectively. (D) Electrostatic surface potential of mKeap1-DC in the mKeap1-DC peptide complexes. Surface acidic, basic, and neutral residues

are in red, blue, and white, respectively. The protein-bound ETGE (yellow) and DLG (pink) peptides are shown as sticks.

on the binding affinity (Table 2; Fig. 3D). Similarly, alanine
mutations in Ile-28, Arg-25, and Asp-21, which are not con-
served within the CNC family, did not attenuate the function of
the DLG motif (Table 2). Leu-30 is a conserved residue, and a
Leu-30 mutation modestly decreased the affinity (Table 2). On
the other hand, although the side chain of Trp-24 was not seen
in the crystal structure, when the Trp-24 was mutated to Asp or
Glu, no binding affinity to Keap1-DC was observed (Table 3
and raw data not shown). ITC analysis of Leu-30 and Trp-24
suggests that the conservation of these two residues is impor-
tant for the binding of the DLG motif to Keapl.

A parallel analysis was also performed using a DLG de-
letion mutant construct lacking the first 33 amino acids
(A1-33) of Neh2 [Neh2 (A1-33)]. Alanine substitution mu-
tation of conserved acidic residues within the ETGE motif,
such as Asp-77 and Glu-79, reduced the binding capacity by
at least 2 to 3 orders of magnitude; the binding capacity of
wild-type ETGE was 2 X 10® M, whereas the binding
capacities of Neh2(A1-33,D77A) and Neh2(A1-33,E79A)

were 1.7 X 10° and 2 X 10> M~ ', respectively (Table 4; Fig.
3E and F). A double point mutation, Asp77Ala and
Glu79Ala, totally diminished the affinity of the ETGE motif
to Keapl-DC (Fig. 3C). A mutation in Thr-80 also ac-
counted for a decrease in the binding affinity (Table 4),
presumably due to its intramolecular bonding with Asp-77
and Glu-82 for stabilizing the conformation of the B-turn
and its direct interaction with Keapl-DC at the binding
interface (24, 33). Alanine substitution of Glu-82 also atten-
uated the binding affinity to a magnitude of 10° M~* (data
not shown), while mutating Glu-78, a residue not conserved
among the CNC family, did not affect the affinity (Table 4).
Conversely, alanine substitution of single or double hydrophobic
residues (Leu76Ala or Leu76Ala and Phe83Ala), believed to be
involved in stabilizing the antiparallel B-sheet structure of the
native or Keapl-unbound Neh2 domain (39), induced a modest
reduction in the binding affinity (Table 4). These results suggest
that acidic residues define the differential binding affinities of the
ETGE and DLG motifs.
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FIG. 3. Different acidic residue concentrations account for the

differential binding affinities of the ETGE and DLG motifs to Keapl.

Representative ITC titration profiles of the titration of Keap1-DC with Neh2(AETGE,D27A) (A), Neh2(AETGE,D29A) (B), Neh2(A1-33,D77A/
E79A) (C), Neh2(AETGE,Q26A) (D), Neh2(A1-33,D77A) (E), and Neh2(A1-33,E79A) (F). The top graphs represent the raw ITC thermograms,
and the bottom graphs represent the fitted binding isotherms. The integrated binding isotherms are plotted against the molar ratio of different

mutants of Neh2 to Keapl-DC.

The DLG motif regulates Nrf2 ubiquitination and protein
stability. To explore the roles played by the DLG motif in
regulating Keapl-mediated ubiquitination of Nrf2, we corre-
lated the binding affinities of DLG mutants with their abilities
to direct Keapl-dependent ubiquitination and Nrf2 stability in
cells. To this end, in vivo Nrf2 ubiquitination was evaluated
in 293T cells. While wild-type Nrf2 was highly ubiquitinated in
the presence of Keapl, all three DLG mutants (GIn26Ala,
Asp27Ala, and Asp29Ala) showed reduced levels of Nrf2 ubiq-
uitination (Fig. 4A). In particular, mutation of the acidic res-
idue Asp-27 or Asp-29 provoked a strong repression of Nrf2

ubiquitination. While GIn26Ala had only a moderate effect on
Keapl-DC association in the calorimetric binding assay, this
mutation clearly reduced Nrf2 ubiquitination, although com-
paratively to a lesser extent. This observation suggests that the
effect of this DLG mutation may be augmented in the in vivo
context compared to that in the in vitro binding assay. Simi-
larly, when one of these three residues was mutated in the
DLG motif, Nrf2 was highly stable compared to wild-type Nrf2
(Fig. 4B).

Cycloheximide chase analysis was also performed to exam-
ine more closely how DLG mutations affect the Nrf2 protein

TABLE 2. Thermodynamic parameters for binding of DLG mutants to Keapl-DC at 25°C*

Alanine

mutation n K, (10°M™1) AH (kcal/mol) TAS (kcal/mol) AG (kcal/mol)
D21A 0.92 = 0.03 1.1 0.0 —4.4 =00 +3.8 £0.1 —-82=x0.0
R25A 0.97 £ 0.00 48 0.1 -84 x0.0 +0.7 £ 0.0 -92=x0.0
Q26A 0.96 = 0.02 09=*=0.1 —44 =02 +3.7+02 —-81x0.0
128A 0.84 £ 0.01 1.3*£0.1 —-5.6*02 +2.7*03 -83x0.0
L30A 0.84 = 0.01 0.4 =0.0 =54 *0.0 +23+0.1 =7.6 0.0

“n is the stoichiometry, and K, is the binding constant. AH, AS, and AG are the change in binding enthalpy, entropy, and Gibbs energy, respectively. —RT InK, =
AG = AH — TAS, where T and R are the absolute temperature and gas constant, respectively. Values are shown as means = standard deviations from triplicate runs.
The ETGE motif was deleted from all mutants.
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TABLE 3. Neh2 mutants that showed no observable Keap1-DC
binding affinities in ITC analysis

Modification of

Neh2 construct Modification of DLG

ETGE
Neh2(AETGE,W24D) Trp24 to Asp ETGE deletion
Neh2(AETGE,W24E) Trp24 to Glu ETGE deletion
Neh2(AETGE,D27A) Asp27 to Ala ETGE deletion
Neh2(AETGE,D29A) Asp29 to Ala ETGE deletion

Neh2(A1-33,D77A/E79A)  N-terminal deletion
(amino acids

1 to 33)

Asp77 to Ala and
Glu79 to Ala

stability. Both Asp27Ala and Asp29Ala mutants were stabi-
lized significantly (Fig. 4C, D27A and D29A). GIn26Ala was
also more stable than wild-type Nrf2 (Fig. 4C, Q26A), but it
was less stable than the other two Asp-Ala mutants. Whereas
all three DLG mutations (i.e., GIn26Ala, Asp27Ala, and
Asp29Ala) resulted in attenuated Keapl-mediated ubiquitina-
tion (Fig. 4A) and a subsequent increase in Nrf2 stability (Fig.
4B and C), the GIn26Ala case is clearly distinguishable from
the Asp27Ala and Asp29Ala cases. The latter two mutations
almost completely abolished the affinity to Keapl (Fig. 3A and
B), but the GIn26Ala mutant still retained the affinity to
Keapl-DC (Fig. 3D), albeit it was less than that of wild-type
Nrf2 (Table 2). We surmise that the alanine substitution of
GIn-26 gives rise to the reduction of the affinity and alteration
of the conformation of the bound DLG motif with Keapl in
such a way that it affects the orientation of the downstream
lysines for efficient ubiquitination. These results thus demon-
strate the importance of the DLG motif in the efficiency of
binding of Nrf2 to Keapl and consequently in the Keapl-
mediated ubiquitination and rapid turnover of Nrf2.
Importantly, the activity of transactivation of these Nrf2-
DLG mutants no longer appeared to be suppressed by Keapl
(Fig. 4D). Unlike wild-type Nrf2, these DLG mutants did not
respond to DEM, an electrophilic Nrf2 inducer (Fig. 4D). The
GIn26Ala mutant showed a severe reduction in the sensitivity
to Keapl in this transactivation-repression assay. These results
strongly support our contention that the hinge-and-latch mech-
anism is regulating Nrf2 activation upon exposure to electro-
philes. Since Nrf2 with point mutations in its DLG motif loses
its binding affinity to Keapl (latch unlocked), it cannot be
ubiquitinated by Keap1-Cul3 E3 ligase efficiently, even if the
Keapl-ETGE binding (hinge) is preserved (Fig. SA and B).
Thus, the mutant Nrf2 is released from the repressive control
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of Keapl and is free to activate the expression of cellular
defense enzymes.

DISCUSSION

We recently proposed the hinge-and-latch model for the
interaction between Nrf2 and Keapl and the induction of
cellular defense enzymes (39, 40). The Keapl homodimer re-
cruits its substrate, Nrf2, by binding to the evolutionarily con-
served DLG and ETGE motifs within the Neh2 domain of
Nrf2 (18, 22). The structural plasticity of its Neh2 domain
allows Nrf2 to link two Keapl molecules in tandem on either
side of the central Neh2 a-helix, thereby presenting the lysines
of Nrf2 for E2-catalyzed ubiquitination. Our previous nuclear
magnetic resonance chemical shift perturbation study sug-
gested that both DLG and ETGE interact with an overlapping
binding surface on Keap1-DC composed of conserved arginine
residues (39). The present crystal data enable us to visualize
the binding interface between the weaker binding DLG motif
and Keapl. Superimposition of the ETGE and DLG peptides
in complex with Keapl-DC revealed striking similarities in
terms of the substrate binding interface and the backbone
B-hairpin turn of the two Keapl-bound Neh2 motifs. None-
theless, critical differences exist in the recognition signal se-
quences between the Keapl-DC-ETGE complex and the
Keap1-DC-DLG complex. Differential negative electrostatic
potentials participate in recruitment of the ETGE and DLG
motifs. Thus, this study has revealed the importance of the
DLG motif in ubiquitination and modulation of cellular Nrf2
activity as the latch that locks and unlocks Nrf2.

Calorimetric binding analysis demonstrated that acidic res-
idues are utilized as the destruction signals. GIn-26 of the DLG
motif interacts more extensively with Keapl residues at the
interface than Asp-27 or Asp-29 does. However, a single point
mutation in either of the latter two acidic residues induced a
marked decrease in the intermolecular interaction of DLG
with Keapl-DC, whereas a GIn26Ala mutant showed only a
modest reduction in this binding assay. One plausible explana-
tion for this observation is that Keap1 recruits Nrf2 via a basic
patch on the surface by recognizing the two acidic aspartates of
the flexible DLG motif. Docking of the aspartates on the
binding surface of Keapl allows GIn-26 to form an extensive
hydrogen bond network with the Keap1 residues and anchor its
side chain between two arginine residues (Arg-415 and Arg-
483). By removing either of the two conserved aspartic acids,
the substrate recognition signal may become weaker and hence

TABLE 4. Thermodynamic parameters for binding of ETGE mutants to Keap1-DC at 25°C*

Alanine

mutation n K, (10°M™1) AH (kcal/mol) TAS (kcal/mol) AG (kcal/mol)
L76A 0.77 = 0.00 8795 —264 +0.1 —15.6 0.2 —10.8 £ 0.0
D77A 0.96 = 0.00 1.7=0.1 —-139x05 -54%0.6 -85*0.0
E78A 1.03 = 0.03 113 = 1.6 —19.8 £ 0.5 —-8.8 * 0.6 —11.0 £ 0.0
E79A 0.85 = 0.04 02=*0.0 9205 -1.9%+0.6 =73 x0.1
T80A 1.00 = 0.01 05 *00 -37x0.1 +4.0 £ 0.1 -77x0.1
L76A F83A 1.03 = 0.01 59 =45 —-21.9+0.0 -11.3+0.1 —10.6 = 0.0

“n is the stoichiometry, and K, is the binding constant. AH, AS, and AG are the change in binding enthalpy, entropy, and Gibbs energy, respectively. —RT InK* =
AG = AH — TAS, where T and R are the absolute temperature and gas constant, respectively. Values are shown as means = standard deviations from triplicate runs.
The first 33 residues of Neh2, including the DLG motif, were deleted from all mutants.
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FIG. 4. The DLG motif facilitates the Keapl-mediated ubiquitination and protein turnover of Nrf2. (A) Keapl-mediated ubiquitination of
wild-type (wt) Nrf2 (lanes 2 and 3) and GIn26Ala (Q26A), Asp27Ala (D27A), and Asp29Ala (D29A) mutants of Nrf2 were examined in the
absence (—) or presence (+) of Keap1 by an in vivo ubiquitination assay in 293T cells. Lane 1 is a negative control without Nrf2 input (—). Modified
Nrf2 was retrieved by nickel beads (Ni precipitation [Ni ppt]) and monitored by anti-Nrf2 antibody (aNrf2). The protein inputs for Nrf2 and Keap1
were detected by immunoblotting using anti-Nrf2 (aNrf2) and anti-Keapl (aKeapl) antibodies, respectively. (B) The protein stabilities of
wild-type Nrf2 (wt) or mutant Nrf2 (Q26A, D27A and D29A) in steady state were evaluated by immunoblotting in the absence (—) or presence
(+) of Keapl (aNrf2). Keap1 protein input in Cos7 cells and transfection efficiency controls using EGFP plasmid (anti-EGFP antibody [« EGFP])
are shown in the middle and bottom blots, respectively. (C) Protein stability of wild-type (Wt) and mutant Nrf2 after cycloheximide (35 pg/ml)
treatment was monitored in 293T cells at 0, 15, 30, and 45 min. Transfection efficiency (EGFP) and protein input (a-Tubulin) controls are as shown.
(D) The transactivation activities of wild-type and mutant Nrf2 (as indicated under the bar graph) in Cos7 cells were studied using a luciferase
reporter assay in the absence (yellow bars) or presence (red and blue bars) of Keapl. Cells were treated with (blue bars) or without (red bars) the

phase II enzyme inducer DEM. The leftmost bar (—) is a negative control with vehicle only.

may attenuate the drive for an intermolecular interaction be-
tween DLG and Keap1-DC. Therefore, acidic residues seem to
serve as the recognition signals for the recruitment of Nrf2 to
Keapl via both the DLG and ETGE motifs. On the other
hand, the side chain of Arg-25 was found exposed to solvent in
the crystal structure. Indeed, replacement of this nonconserved
positive residue with a negative residue did not affect the
binding affinity to Keapl (data not shown).

When correlating reduced binding affinity to physiological
functions, we found that all three single DLG mutations
(GIn26Ala, Asp27Ala, and Asp29Ala) resulted in attenuated
Keapl-mediated ubiquitination and a subsequent increase in
Nrf2 stability. This is consistent with the calorimetric binding
assay except for GIn26Ala. To our surprise, GIn26Ala still
retained an affinity to bind Keap1-DC, although it is enfeebled.
However, by cycloheximide analysis, GIn26Ala is much more
stable than wild-type Nrf2. This suggests that both proper

atomic intermolecular interaction and solid binding affinity
between the DLG motif and Keapl may be essential for the
efficient Nrf2 protein turnover. We surmise that the difference
seen in GIn26Ala may be due to conformational changes at the
DLG region of the Keapl-bound GIn26Ala Nrf2 mutant in the
functional assays. Since the region N terminal to the central
a-helix of native Neh2 is flexible in nature (39), the tight
four-residue B-hairpin structure of the DLG motif in the
Keap1-DC-DLG complex is presumed to acquire a conforma-
tion that is induced by its binding with Keapl. Removal of a
long polar side chain of the glutamine in the GIn26Ala Nrf2
mutant may disable anchorage of the DLG region deep in the
binding pocket and may affect the formation of a stable B-hair-
pin loop in the bound form of the DLG motif. The plausible
absence of a stably anchored B-hairpin loop may alter the
angle or orientation of downstream residues, including posi-
tioning of the lysine residues in one side of the a-helix of Neh2
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FIG. 5. Alanine mutation in the DLG motif mimics oxidative stress conditions. (A) Schematic diagram showing the two-site substrate
recognition model. Keap1 is composed of BTB (yellow ovals), intervening region (IVR) (light violet bars), and DGR/CTR (Keap1-DC; green
hexagons) domains. Some of the important reactive cysteines are labeled. Keapl homodimer binds with one Neh2 domain (magenta hockey stick)
of Nrf2. The middle magenta cylinder represents the a-helix, and the magenta arrowheads represent the B-strands of Neh2. All seven lysines (7Ks)
of Neh2 are located within the a-helical region. The multiple ubiquitin (Ub) units are shown as red ovals. Neh2 binds to Keap1-DC via both the
ETGE and DLG motifs under unstressed conditions. This complex configuration facilitates efficient ubiquitination of the lysines in the a-helix of
Neh2. (B) Alanine mutations in the DLG motif reduce its affinity to Keapl as well as debilitate Keapl-mediated ubiquitination of Nrf2, which
mimics conditions of oxidative stress. The DLG motif, therefore, acts as a latch to lock and unlock the lysines of Neh2 in an appropriate spatial
orientation for targeting ubiquitin transfer by the E2 enzyme in different cellular redox states.

(39). These multiple lysines in the Neh2 domain have been
shown to be the major target for Keapl-mediated Nrf2 ubig-
uitination (45). Since a defined and correct orientation of these
ubiquitin-targeted lysines is crucial for their presentation to
the catalytic pocket of the E2 enzyme (30), any deviation may
lead to a lower efficiency in ubiquitination. Therefore, the
weaker Keapl-binding motif could be highly sensitive to
changes in its binding conformation or affinities to the Keapl
homodimer.

In agreement with this notion, previous studies suggest that
oxidative/electrophilic stress modifies redox-sensitive reactive
cysteines in the intervening region of Keap1 (8). These stimuli-
induced modifications seem to trigger conformational change
in Keapl and the modular arrangement of the entire Cul3-
based E3 ligase enzyme relative to the substrate Nrf2. Oxida-
tive/electrophilic stress modification of Keapl is believed to
activate Nrf2 by hampering Keapl-mediated Nrf2 ubiquitina-
tion (21, 39, 40). Hence, the vulnerability of the DLG motif to
changes reflects its important role for derepression/activation
of Nrf2 in the oxidative/electrophilic stress response. Interest-
ingly, an Nrf2 mutant containing GIn26Ser, Asp29Ala,
Leu30Gly, and Gly31Glu substitutions simultaneously was
found stable in Cosl cells (26). The present study has dissected
each of these important residues into specific and distinct
roles.

Unlike the DLG motif, the ETGE motif possesses a higher
concentration of acidic residues ("’DEETGE®?). Among the
four acidic residues, only Glu-78 is not conserved among the
CNC family factors. Except for Glu-78, alanine mutation in any
of the other conserved aspartate and glutamate residues
showed a reduction of the binding affinity of at least 2 orders

of magnitude. In addition, Asp-77 seems to be important for
substrate recognition. Asp-77 was suggested to participate in
intramolecular bonding with Glu-79, Thr-80, and Gly-81 in the
Keapl-bound form of the ETGE peptide (24, 33), and this
residue also makes contacts with Keapl via water molecules
(24). On the other hand, analysis using single and double
mutations of the hydrophobic residues (Leu76Ala or Leu76Ala
and Phe83Ala), which were believed to play a role in stabilizing
the antiparallel B-sheet conformation of native or Keapl-un-
bound Neh2 (39), showed a very modest reduction in binding
affinity. Analogously, Arg-25 and Ile-28 in the DLG region also
form intramolecular bonding with each other in the protein-
peptide complex, but alanine mutation of either one of these
two residues did not decrease the binding affinity of DLG to
Keapl. These results suggest that multiple conserved acidic
residues have a stronger driving force in substrate recognition,
although there may still be some contribution by the pre-
formed B-hairpin structure in the native Neh2 (39) to the
binding of the ETGE motif with Keapl.

Mutation of any of the three conserved acidic residues (Asp-
77, Glu-79, and Glu-82) converts the binding capacity of the
ETGE motif close to that of the DLG motif, with an associa-
tion constant of a similar or lower order, i.e., 10° to 10° M~ L.
Similarly, concurrent mutation of two acidic residues (Asp-77
and Glu-79) totally abolished the binding. This coincides nicely
with the results of mutagenesis studies performed on the DLG
motif, where a single aspartate residue (Asp-27 or Asp-29 for
DLG and Glu-82 for ETGE) was insufficient for promoting
interaction of the DLG with Keapl, albeit the simultaneous
presence of GIn-26 in DLG (or Thr-80 in the ETGE motif).

The high-affinity ETGE motif allows efficient recruitment of
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Nrf2 to the Cul3-based E3 ligase. As summarized in Fig. 5, the
ETGE motif remains attached to Keapl in the event of an
electrophilic stress (21, 40), acting as a hinge of the Keapl
repression gate. On the other hand, the DLG motif seemingly
functions as a latch to lock and unlock the lysines in space for
targeting them to the catalytic pocket of the E2 enzyme (39,
40). By hampering the affinity or altering the binding confor-
mation of the DLG motif to Keapl, the system may switch to
mimic stress conditions. Indeed, single point mutation of
Asp-27 or Asp-29 almost totally debilitates Keapl-dependent
ubiquitination of Nrf2 and elevates Nrf2 stability in cells. Not
only were these mutants free from Keapl repression, they
simultaneously failed to respond to phase II enzyme inducers,
as they are no longer under the control of the redox sensor.
Mutation of GIn26 also enforced similar phenomena. Taken
together, these data demonstrate that the DLG motif is truly a
factor in the regulation of Keapl-mediated ubiquitination and
stability of Nrf2. The hinge-and-latch mechanism provides a
sensitive and rapid response to oxidative stress, since any stress
signal is transduced directly to the protein adaptor of the E3
ligase.

Recognition of substrates by means of negatively charged
moieties seems to be common in other B-propeller-like sub-
strate adaptors, such as B-TrCP for B-catenin (10), human
Cdc25A (3), and Gli3 (38) degradation or Cdc4 for Sicl deg-
radation (37). SCF*™"“? can recognize both phosphorylated
and nonphosphorylated degrons. Phosphorylation of serine
and threonine residues in the recognition sequences or the
presence of phosphomimetic aspartic and glutamic acids
(DpSGX,_4pS versus DDGX,D or DEGX,E, etc.) are the
essential criteria for substrate recruitment (15, 42, 44). Re-
moval of the conserved serines or alanine substitution in either
one of the phosphomimetic negatively charged residues within
the targeting consensus considerably deflated substrate associ-
ation with the basic binding pocket in B-TrCP (10, 15). On the
other hand, at least six out of the nine CPDs of Sicl must be
phosphorylated for Cdc4 recognition. Of these phosphode-
grons, there are some suboptimal binding sequences due to the
presence of basic residues flanking the recognition signals.
These basic residues may have diluted the negative charge
potential of the phosphate moieties of the phosphorylated
serines or threonines and led to electrostatic repulsion against
the basic region in and around the CPD binding pocket in
Cdc4 (30). Therefore, a negative electrostatic potential, pro-
duced by acidic residues or phosphorylated serines and
threonines, may play an important role in substrate recognition
by the conserved basic substrate-binding pocket in B-propeller
structures, as demonstrated in the present study.

In contrast to our findings, a 2:2 binding stoichiometry be-
tween Keapl and Nrf2 was recently suggested by means of
ectopically expressed Keapl and Nrf2 or their mutants (24).
The same study also proposed that the ETGE motif is self-
sufficient for binding to Keapl. As shown clearly in our previ-
ous study using a DLG deletion mutant (39), ETGE alone is
sufficient for Nrf2 to bind to Keapl and the binding affinity is
similar to the higher affinity of wild-type Neh2. Since ETGE
has a much higher binding affinity compared to the binding
affinity of DLG, a mixture of an equal molar ratio of Neh2 and
Keap1 will result in a 1:1 or 2:2 binding stoichiometry, primar-
ily due to competition of the higher binding affinity ETGE site.

MoL. CELL. BIOL.

This competitive effect, however, will be titrated out as Keapl
increases. At a 1:2 (Neh2:Keap1-DC) ratio, both ETGE and
DLG were found to interact with Keapl. Since the two-site
binding is very sensitive to the competitive effect of the ETGE
motif, these experiments were performed with good control
over the concentrations of Keapl and Neh2 or Neh2 mutants
(39). Furthermore, there may be other examples of the two-site
binding mechanism (26), and our present data have provided a
solid demonstration that the DLG motif is indispensable to
Keapl-mediated ubiquitination and Nrf2 stability. As the cel-
lular concentrations of the ectopically expressed Keapl, tagged
Neh2, and tagged Nrf2 could not be well defined, the estimated
2:2 stoichiometry might be biased by the competitive effect of
ETGE (24). In living cells, however, Keapl levels should ex-
ceed Nrf2 due to the short-lived nature of the transcription
factor. It has been shown that endogenous Nrf2 concentration
is lower than that of endogenous Keapl in either mouse liver
homogenates or mouse embryonic fibroblast cells under ho-
meostatic conditions (41). Therefore, two-site binding is most
probable in real cell conditions.

Taken together, the present study has revealed the determi-
nants for defining the differential affinities of the two Keapl-
binding motifs in Nrf2 and their respective roles in the regulation
of Keapl-dependent Nrf2 ubiquitination and degradation in the
electrophilic stress response. Combining these results with struc-
tural information will aid in the rational design of small com-
pounds to manipulate the transactivation activity of Nrf2 for ther-
apeutic treatments of stress-related diseases.
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