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The expression of the phase 2 detoxification enzymes and antioxidant proteins is induced at the transcrip-
tional level by Nrf2 and negatively regulated at the posttranslational level by Keap1 through protein-protein
interactions with and subsequent proteolysis of Nrf2. We found that the Neh2 domain of Nrf2 is an intrinsically
disordered but biologically active regulatory domain containing a 33-residue central �-helix followed by a mini
antiparallel �-sheet. Isothermal calorimetry analysis indicated that one Neh2 molecule interacts with two
molecules of Keap1 via two binding sites, the stronger binding ETGE motif and the weaker binding DLG motif.
Nuclear magnetic resonance titration study showed that these two motifs of the Neh2 domain bind to an
overlapping site on the bottom surface of the �-propeller structure of Keap1. In contrast, the central �-helix
of the Neh2 domain does not have any observable affinity to Keap1, suggesting that this region may serve
as a bridge connecting the two motifs for the association with the two �-propeller structures of a dimer
of Keap1. Based on these observations, we propose that Keap1 recruits Nrf2 by the ETGE motif and that
the DLG motif of the Neh2 domain locks its lysine-rich central �-helix in a correct position to benefit
ubiquitin signaling.

Bodies are inevitably and constantly insulted by different
environmental stresses caused by toxic chemicals, free radicals,
carcinogens, and xenobiotic metabolites, which can induce the
pathogenesis of many diseases, including cancer, diabetes, ath-
erosclerosis, Alzheimer’s disease, and arthritis (3, 29, 51, 53).
The expression of an array of antioxidant and phase 2 drug-
metabolizing enzymes protects cells from various oxidative
stresses (2, 5, 12, 16, 17, 43, 44). The induction of these cyto-
protective genes is regulated at the transcriptional level by a
specific cis-acting element, the antioxidant/electrophile re-
sponse element (ARE/EpRE) found in the promoter regions
of these genes (21, 39, 40). Nrf2 (nuclear factor E2-related
factor 2) has been found to be the central transcription factor
that interacts with the ARE/EpRE to transactivate cytoprotec-
tive gene expression constitutively or to induce the expression
in response to oxidative stress signals (19, 21, 42).

Nrf2 belongs to the Cap’n’Collar (CNC) family of transcrip-
tion factors that contain a conserved basic region-leucine zip-
per structure (19, 38). By comparing the human and chicken
Nrf2 amino acid sequences, six highly homologous regions
have been defined in Nrf2 (Neh1 to Neh6 domains) (20). Of
these Neh domains, Neh1, Neh3, and Neh6 locate in the C-
terminal half of Nrf2. Neh1 contains a CNC-type basic-leucine
zipper DNA binding motif, and Neh6 contains a serine-rich
conserved region. In the N-terminal half, there are two acidic
transactivation domains, Neh4 and Neh5, which have been shown

to interact with the KIX and CH3 domains of CBP for transac-
tivation (24). Neh2 locates at the N terminus of Nrf2 and acts as
the regulatory domain for cellular stress response. Neh2 interacts
with a cytoplasmic protein Keap1 (Kelch-like ECH-associated
protein 1) (20). Keap1 possesses four functional domains: BTB
(Broad complex, Tramtrack, and Bric-a-Brac) (4), IVR (interven-
ing region), DGR (double glycine repeat or Kelch repeat) (1, 60),
and CTR (C-terminal region). The BTB domain, like some of its
structural homologs (54), has been shown to serve as a dimeriza-
tion domain, and dimerization of Keap1 appears to be important
for effective function of Keap1 (64).

Being a substrate adaptor of the Cul3-based E3 ligase ma-
chinery (6, 14, 30, 61) and an oxidative stress sensor (8, 57),
Keap1 utilizes the DGR and CTR domains to interact with the
Neh2 domain of Nrf2. This intermolecular interaction allows
Keap1 to regulate the rate of Nrf2 protein turnover through
ubiquitin signaling and proteasomal proteolysis. Oxidative/
electrophilic stress signals are transduced by modification of
the sulfhydryl groups of reactive cysteines within the IVR do-
main (8, 57), which attenuates both polyubiquitination and
proteasomal degradation of Nrf2 (30) and results in an en-
hanced nuclear accumulation of Nrf2 for transactivating ARE-
dependent cellular protective enzymes (17), such as heme ox-
ygenase 1 and NAD(P)H-quinone oxidoreductase 1.

On the other hand, there are two evolutionarily conserved
motifs within the Neh2 domain among the CNC protein family.
The DLG motif, which locates at the N-terminal region, has
been reported to be important for ubiquitination and degra-
dation of Nrf2 (25, 36), while the ETGE motif is essential for
interacting with Keap1 (32). In addition, seven lysine residues
of the Neh2 domain, which reside upstream of the ETGE
motif, have been shown to be indispensable for Keap1-depen-
dent polyubiquitination and degradation of Nrf2 (61).
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Recently, X-ray crystal structures of human and mouse
Keap1 including the DGR and CTR domains were reported
(35, 47, 47a). The DGR and CTR domains of Keap1 (hereafter
Keap1-DC) form a six-bladed �-propeller conformation with
high symmetry. Analogous to the substrate recognition mode
reported for the Skp-Cdc4-CPD complex (45), a short ETGE
peptide (76LDEETGEFL84) containing the conserved ETGE
motif binds to Keap1-DC at the entrance of the central cavity
on the bottom side of the �-propeller (47a). Although this
crystal structure has provided the molecular basis of substrate
recognition for this protein adaptor of the E3 ligase holoen-
zyme, further analysis of the entire Neh2 domain and its in-
teraction with Keap1 may provide insights into the biological
switch for mediating ubiquitin signaling and the cellular re-
sponse against oxidative stress.

In this paper, we present biophysical studies using nuclear
magnetic resonance (NMR) and isothermal calorimetry (ITC)
on the mouse Neh2 domain and its interaction with the Keap1-
DC. Based on the results of these analyses, we propose that
Keap1 recruits Nrf2 by recognizing the ETGE and DLG motifs
within the Neh2 domain and positions the lysine residues of
the Neh2 domain in a correct orientation to facilitate ubiquitin
signaling for protein turnover.

MATERIALS AND METHODS

Plasmids. A gene fragment encoding mouse Neh2 (Met-1 to Gly-98) or
Neh2[�1-33] (Arg-34 to Gly-98) was inserted into pET15b prokaryotic expres-
sion vector (Novagen) via the NdeI and BamHI sites, resulting in pET15b-Neh2
or pET15b-Neh2[�1-33], respectively. The 79ETGE82 deletion (�ETGE) and the
double deletion (�1-33, �ETGE) mutants of Neh2 were constructed by ampli-
fying the corresponding DNA fragments from pCMVNrf2�ETGE (30) and
inserting them into pET15b via NdeI and BamHI sites. The construct that
expresses mouse Keap1-DC (Thr-309 to Cys-624) as the Mxe intein/chitin bind-
ing domain fusion protein was made as described previously (47). Constructs
expressing arginine point mutants of Keap1-DC were prepared by the PCR
overlap extension method, and resulting DNA fragments were inserted into the
pET21a expression vector via NdeI and XhoHI sites. pET21a-Keap1 encoding
Met-1 to Arg-614 of mouse Keap1 was constructed by inserting the correspond-
ing DNA fragment via NdeI and XhoHI into the expression vector.

Protein expression and purification. All Neh2 or Keap1-DC constructs were
expressed in Escherichia coli BL21 Codon Plus (DE3)-RIL (Stratagene). Unla-
beled or uniformly 15N- or 15N/13C-labeled protein samples of mouse Neh2 and
its mutants were prepared by expressing the proteins in modified minimal M9
medium supplemented with [15N]ammonium chloride or [15N]ammonium chlo-
ride/13C6-D-glucose (Cambridge Isotope Laboratory and Isotec, Inc.) as sole
nitrogen and carbon sources. Preparation of the growth medium and expression
protocols for preparing proteins isotopically labeled with different selective
amino acids, 15N- or 15N/13C-Gln, Arg, Lys, or Leu (Cambridge Isotope Labo-
ratory), are described elsewhere (K. I. Tong, M. Yamamoto, and T. Tanaka,
submitted for publication). His-tagged Neh2, Neh2 mutants, Keap1-DC arginine
mutants, and the full-length Keap1-DC were purified using Ni-nitrilotriacetic
acid beads (QIAGEN). N-terminal His tags of Neh2 and Neh2 mutants were
removed by thrombin (Calbiochem). All proteins were further purified with
MonoQ and Superdex S75 16/60PG or S200 26/60PG column chromatography
(Pharmacia). Mouse Keap1-DC was expressed and purified as previously de-
scribed (47). All proteins were near homogeneity, as judged by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. NMR samples were prepared in the
range of 0.25 to 1.2 mM in 20 mM sodium phosphate, 100 mM NaCl, 10 mM
[2H10]dithiothreitol (Cambridge Isotope Laboratory), 1 mM 4-(2-aminoethyl)-
benzenesulfonyl-fluoride (Roche), and 90% H2O-10% 2H2O (Isotec Inc.), pH 8.0,
or in 20 mM [2H11]Tris(hydroxymethyl)methylamine (Cambridge Isotope Lab-
oratory) at pH 8.2 in place of the sodium phosphate buffer. The DLG peptide
(Met-17 to Val-36, 82% in purity) containing the DLG motif of the Neh2 domain
was purchased from Genosys, Sigma.

NMR data acquisition. All NMR spectra were acquired at 25°C on a Varian
UNITY INOVA 500 or a Bruker AVANCE DRX 800 spectrometer equipped
with a triple resonance pulse field gradient probe. Two-dimensional (2D) 1H, 15N

heteronuclear single-quantum correlation (HSQC) spectra (27) were recorded
with the following numbers of complex points and acquisition times: 15N(F1) 256,
128 ms; 1H(F2) 1,024, 102 ms (64 transients) on a 500 MHz spectrometer;
15N(F1) 256, 102 ms; 1H(F2) 1,024, 92 ms (80 transients) on an 800 MHz
spectrometer. All transverse relaxation optimized spectroscopy-type 2D 1H, 15N
HSQC spectra (hereafter TROSY-HSQC) (48) were recorded on an 800 MHz
spectrometer. The following numbers of complex points and acquisition times
were used: 15N(F1) 256, 102 ms; 1H(F2) 1,024, 92 ms (80 transients).

The 15N-{1H} nuclear Overhauser effect (NOE) was measured as described
previously (11) using the uniformly 15N-labeled Neh2. Two sets of spectra with
and without the NOE were recorded on a 500 MHz spectrometer with the
following numbers of complex points and acquisition times: 15N(F1) 256, 128 ms;
1H(F2) 1,024, 102 ms (32 transients). Resonance intensities were used to deter-
mine the NOE values, and the average values of results from two experiments
were calculated. Homonuclear 2D or three-dimensional (3D) 15N-edited nuclear
Overhauser effect spectroscopy (NOESY) experiments (22, 62) were performed
on unlabeled or uniformly 15N-labeled Neh2, respectively, with an NOE mixing
time of 100 ms or 200 ms and using an 800 MHz spectrometer to detect protons
within a distance of 5 Å. The following numbers of complex points and acqui-
sition times were used: 1H(F1) 256, 22 ms; 1H(F3) 1,024, 88 ms (64 transients) for
homonuclear 2D NOESY; 1H(F1) 256, 22 ms; 15N(F2) 32, 13 ms; 1H(F3) 1,024,
88 ms (16 transients) for 3D 15N-edited NOESY. Triple-resonance 3D spectra of
the uniformly or selective amino acid 15N/13C-labeled Neh2 were recorded with
the following numbers of complex points and acquisition times: HNCO, 13CO
(F1) 64, 43 ms; 15N (F2) 32, 16 ms; 1H (F3) 1,024, 102 ms (8 transients);
CBCA(CO)NH, 13C�/� (F1) 44, 6 ms; 15N (F2) 32, 16 ms; 1H (F3) 1,024, 102 ms
(16 transients); HNCACB, 13C�/� (F1) 96, 12 ms; 15N (F2) 32, 16 ms; 1H (F3)
1,024, 102 ms (16 transients) (41).

NMR data processing and analysis. All spectra were processed and displayed
using NMRPipe and NMRDraw (7) and analyzed by Pipp (15). Sequential
resonance assignments for backbone 1HN, 13C�, 13C�, 13CO, and 15N nuclei of
Neh2 were generated from 3D HNCO, CBCA(CO)NH, and HNCACB data sets
(52). The secondary structure of Neh2 was characterized using chemical shift
indexes (CSI) based on C� and C� chemical shifts (37, 58) and NOE connectivity
patterns.

Mouse Keap1-DC titration. Neh2 or Neh2 mutants (0.25 mM) uniformly
labeled with 15N or [15N]Leu were titrated with an increasing molar ratio (1:0.25
to 1:2) of unlabeled Keap1-DC. [15N]Arg-labeled Keap1-DC (0.3 mM) was
titrated with unlabeled Neh2, Neh2[�1-33], Neh2[�ETGE], Neh2[�1-33,
�ETGE], or the DLG peptide (0.1 mM to 0.6 mM for deletion mutants of the
Neh2 domain and 0.1 mM to 1.5 mM for the DLG peptide).

Analytical ultracentrifugation. All analyses were carried out at 25°C using a
Beckman Optima XL-I analytical ultracentrifuge monitoring at 280 nm. Data
sets were collected at a rotor speed of 60,000 rpm and a protein concentration of
155 �M in the sedimentation velocity experiments. Results were analyzed by the
van Holde-Weischet method (56). Data sets of sedimentation equilibrium anal-
yses for the Neh2 domain were collected at a rotor speed of 32,000 rpm and three
protein concentrations of 77.5, 124, and 155 �M. Those for the full-length Keap1
were collected at a rotor speed of 12,000 rpm and concentrations of 3, 4.3, and
8.5 �M. The resulting data were subjected to global fitting, and the molecular
weight was calculated using a nonlinear least-squares technique (23).

ITC titration experiments. ITC titration experiments were performed at 25°C
on a VP-ITC system (MicroCal, Inc.). All proteins were extensively dialyzed
against 60 mM sodium phosphate buffer containing 1 mM Tris(2-carboxyethyl)-
phosphine hydrochloride (Sigma) at pH 8.1. All samples and buffers were filtered
and degassed before use. In a typical experiment, 5-�l aliquots of 0.326 mM
Neh2 or Neh2 mutants were injected 56 times at 4-min intervals from a stirring
syringe (300 rpm) into the sample cell containing 1.40 ml of 0.046 mM Keap1-
DC. For the titration of Keap1-DC or its arginine mutants against a 9-residue
ETGE peptide (Leu-76 to Leu-84; Promega) of the Neh2 domain, 10-�l aliquots
of 0.400 mM peptide solution were injected 28 times into 1.40 ml of 0.040 mM
of Keap1-DC or its mutants. The heat changes in binding of the last 5 injections
after saturation were averaged and used to correct the heat of protein dilution.
All runs were done in triplicate. Binding data were analyzed using the computer
program Origin, version 5.0, supplied by MicroCal, Inc. The binding stoichiom-
etry (n), the enthalpy change (�H) and binding constant (Ka) upon protein-
protein interaction can be obtained directly from the experimental titration curve
(see lower panels of Fig. 3 and 5). Gibbs energy change (�G � �RTlnKa) and
the entropy change [�S � (��G ��H)/T] of the association were calculated
from the Ka and �H with T (the absolute temperature) and R (the gas constant).
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RESULTS

The Neh2 domain is intrinsically disordered with local ele-
ments of secondary structure. Keap1 negatively regulates trans-
activation activity of Nrf2 through physical intermolecular
interaction, followed by ubiquitination and proteasomal deg-
radation of Nrf2 (21, 30). Since Keap1 represses the Nrf2
activity through binding to the Neh2 domain, in this study, we
examined the structure of the Neh2 domain and its interaction
with Keap1-DC using solution NMR spectroscopy and ITC
analysis. The TROSY-HSQC spectrum of unbound Neh2 ex-
hibited limited chemical shift dispersion (Fig. 1A) (backbone
amide protons resonate between 7.7 to 8.7 ppm around the
random coil region of 8.0 to 8.5 ppm) (58), a feature typical of
intrinsically disordered polypeptides (10, 55). As the N-termi-
nal half of Nrf2 (Nrf2-NT), comprised of Neh2 and two trans-
activation domains, Neh4 and Neh5 (Fig. 2A), has been shown
to be physiologically active in luciferase reporter assays (24),
we tested whether the disordered nature of Neh2 is intrinsic or
due to immature truncation. The TROSY-HSQC spectrum of
the Nrf2-NT (data not shown) showed resonances of limited
dispersion in the amide proton dimension similar to that of
Neh2. In addition, we noticed in the spectrum of the Nrf2-NT
construct the same chemical shift values as those present in the
spectrum of the Neh2 domain (Fig. 1A). These results suggest
that the disordered nature of Neh2 is intrinsic.

Since some of the unstructured but biologically active
polypeptides retain, albeit partially, secondary structure (33),
we examined whether Neh2 falls into this category of polypep-
tides. Hence, we determined the sequence-specific backbone
assignments of Neh2. As depicted in Fig. 2B, the CSI values
show that Neh2 is composed of a single central �-helix (Phe-39
to Phe-71) and two very short �-strands (�1, Phe-74 to Leu-76;
�2, Glu-82 to Pro-85). Several sequential and medium-range
1H, 1H NOEs indicative of helical structure (59) were observed
within residues from Phe-39 to Phe-71. In addition, weak-to-
moderate, but evident, 1H, 1H NOEs were observed between
residues within the two �-strands (Table 1), suggesting that the
two �-strands shape into a mini antiparallel �-sheet with a
hydrophilic hairpin loop (Glu-78 to Gly-81) formed by the
conserved ETGE motif (Fig. 2D). In addition, hydrophobic
interaction among the hydrophobic residues (Phe-74, Leu-76,
Phe-83, and Pro-85) in the �-strands may be attributed to the
stabilizing force for this antiparallel �-sheet structure.

To draw a relation between the secondary structure and
backbone dynamics, we measured 15N-{1H} NOEs for the
Neh2 domain. Due to significant resonance overlaps, we could
determine approximately 50% of the heteronuclear NOEs
(Fig. 2C). Both the N terminus and C terminus of Neh2 display
negative heteronuclear NOE values less than �0.2, which in-
dicate significant backbone motions on a subnanosecond time-

FIG. 1. Neh2 is an intrinsically disordered but biologically active domain. 1H, 15N-TROSY-HSQC spectra of uniformly 15N-labeled Neh2
(A) and its complex with a one (B) or two (C) molar ratio of unlabeled Keap1-DC. Some of the isolated resonance signals representing residues
in the �-sheet (Gln-75, Asp-77, Glu-78, Glu-79, Thr-80, Gly-81, and Phe-83) (A), residues close to the DLG motif (Asp-21, Arg-25 and Gly-31)
(B), and residues at both flexible terminal ends of Neh2 (Leu-6, Gly-10, Ala-89, and Thr-96) (C) are labeled with a 1-letter amino acid code and
a residue number. The relatively poor dispersion of amide proton (1H) chemical shifts indicates that Neh2 is disordered in solution (A). The
disappearance of resonance signals upon the addition of Keap1-DC suggests the formation of a Neh2-Keap1 complex (B and C). The lost
resonance is due to either an increase in molecular size through complex formation or an intermediate chemical exchange between free and bound
conformations of Neh2.
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FIG. 2. The secondary structure and low backbone rigidity exhibited in the Neh2 domain. (A) Schematic diagram showing the protein
architecture of Keap1 and Nrf2 and sequence alignment of the Neh2 domain from different species (h, human; m, mouse; c, chicken; z, zebra fish).
Numbers corresponding to the residues of mouse Nrf2 are shown above the sequences. Amino acids that are conserved within a subgroup of the
CNC protein family, including Nrf2, are underlined in the sequences, and regions containing the DLG and ETGE motifs are indicated by solid
lines. Seven lysine residues (K) within the �-helix are in boldface type and double underlined. (B) 13C�-13C� CSI of mouse Neh2 plotted against
residue number. Consecutive positive CSI values (�1) indicate an �-helix, whereas negative values (	�0.5) indicate a �-strand. Based on the CSI
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scale (9, 28). However, there are positive heteronuclear NOEs
observed for the regions with secondary structure. NOE values
vary from �0.2 to �0.5 for the central �-helix and �0.1 to
�0.1 for the �-sheet region with slight negative values primar-
ily found within the �-hairpin loop. Although these regions
with secondary structure exhibit positive or close to zero het-
eronuclear NOEs, the overall values fall below the average of
�0.8 for rigid proteins of similar size tumbling isotropically in
solutions (26). These suggest that there is low degree of mo-
tional restriction within these regions. Moreover, given that
15N-{1H} heteronuclear NOE value of �0.5 corresponds to an
overall rotational correlation time of less than 2 ns for a rigid
globular molecule (26) and that the overall rotational correla-
tion time for globular proteins of similar size is much slower,
approximately 7 ns for 100 residues and 4 ns for a ubiquitin of
only 76 residues on 500 MHz (34, 46), we conclude that Neh2
is, in general, flexible and the two individual secondary struc-
tural domains are not likely to pack into any folded tertiary
structure.

The absence of 1H, 1H NOEs between � and � secondary
structural elements is consistent with the 15N-{1H} NOE data
and suggests the lack of a stable or rigid tertiary fold formed
between the �-helix and the �-strands. An extended confor-
mation of Neh2 is also implied by the slower than expected
migration rate of the protein on sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis, as well as its faster than ex-
pected elution time from a size exclusion column (data not
shown). These observations thus indicate that the Neh2 do-

main is a nonglobular protein with some native-like secondary
structure and high backbone flexibility.

Neh2 contains two binding sites for Keap1-DC. To examine
how this intrinsically disordered but biologically active Neh2
domain binds to its repressor Keap1, ITC was used to charac-
terize the interaction between the Neh2 and Keap1-DC by
probing the binding stoichiometry (n), binding constant (Ka),
enthalpy change (�H), and entropy change (�S) of binding.
The integrated heats of reaction are shown in Fig. 3 as a
function of the Neh2/Keap1-DC molar ratio. The integrated
isotherms exhibit a biphasic curve, which is fitted best with a
two-site binding model using a nonlinear least-squares algo-
rithm provided by the instrument. As shown in Table 2, the
binding stoichiometry (n) obtained for the interaction between
Neh2 and Keap1-DC is close to 0.5 for both site 1 (0.49) and
site 2 (0.46), where n � Neh2/Keap1-DC upon titrating Neh2
into Keap1-DC, indicating that one Neh2 domain interacts
with two molecules of Keap1-DC.

However, the binding constants (Ka) are quite different be-
tween these two sites, (1.9 
 0.4) � 108 M�1 for site 1 and
(1.0 
 0.0) � 106 M�1 for site 2. The binding events of the two
sites are also accompanied by different contributions of en-
thalpy and entropy changes. The protein association is en-
thalpy driven, and site 1 exhibits a more negative enthalpy of
�28.4 
 0.1 kcal/mol than that of site 2 (�11.2 
 0.3 kcal/
mol). These results support the contention that site 1 has a
stronger driving power than site 2 for protein association.

The ETGE motif in the hydrophilic loop docks with
Keap1-DC as site 1. The ITC study suggests that there are two
binding sites on Neh2 of different affinity for interacting with
Keap1-DC. To map these two binding sites in Neh2, NMR
titration analyses were performed. Upon forming complex with
Keap1-DC, there was increasing disappearance of resonance
signals in the TROSY-HSQC spectra (Fig. 1B and C). The loss
of resonance signals is most likely to be due to an increase in
overall molecular size caused by the protein complex forma-
tion. In addition, an intermediate chemical exchange between
the free and bound states of Neh2 may also contribute, to
certain extent, to the line broadening and reduction of the
signal-to-noise ratio. This observation, together with the prob-
lem of resonance overlaps, led us to employ [15N]Leu-labeled
Neh2 samples to reduce spectral complexity for further NMR
chemical shift perturbation analysis.

We selected leucine residues for isotopic labeling because of
their relatively even distribution in the �-helix, the �-sheet, and
in the rest of the flexible regions, including the conserved DLG
motif of the Neh2 domain (25) (Fig. 2A). Based on the as-
sumption that resonance signals would disappear when protein
complex formation was taking place, our strategy is to monitor
the loss of resonance signals of the [15N]leucines. We kept in
mind that this approach can only be taken as a qualitative

values, the secondary structural elements, the starts and ends of which have been labeled by residue number, are shown above the plot. (C) A chart
showing the steady-state 1H-{15N} heteronuclear NOEs of Neh2 and indicating the backbone dynamics of the protein. Asterisks denote values of
zero. Overall heteronuclear NOE values are equal or less than 0.5. (D) Schematic diagram of the mini antiparallel �-sheet (Phe-74 to Pro-85),
where the ETGE motif (Glu-79 to Glu-82) forms a hydrophilic hairpin loop. (E) A helical wheel representation of the central �-helix from Phe-39
to Phe-71. Following the direction of the arrow, the helical wheel starts at Phe-39 (underlined) in the inner circle and ends at Phe-71 (underlined)
in the outer circle. All seven lysines (K) are shown in boldface type. The dashed line divides the helical wheel into two equal parts, highlighting
the concentration of the six lysines lying on one half of the helical surface.

TABLE 1. Sets of protons within the �-loop-� region that
show 1H, 1H NOEs

Region Amino acid Proton Amino acid Proton

�-Sheet Phe-74 H� Pro-85 H�
Leu-84 HN

Hε Pro-85 H�
Gln-75 HN H�

Leu-84 HN
H� HN
H
 HN

Leu-76 HN Phe-83 H�, Hε
Leu-84 HN

H� Phe-83 HN, H�, Hε
Glu-82 HN
Gly-81 HN

Asp-77 HN Leu-84 H�
Glu-82 HN

H� HN
Loop Glu-78 HN Glu-79 HN

H� Thr-80 HN
Glu-79 HN HN
Thr-80 HN Gly-81 HN
Gly-81 HN Glu-82 HN
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analysis, since the loss of resonance signals can be due to
chemical exchange effect, increase of overall molecular mass,
or nonspecific aggregation. Of the possibilities, the nonspecific
aggregation seems less likely, as the results of both the ITC and
[15N]Arg-labeled Keap1-DC NMR titration experiments per-
formed under similar solution conditions showed that there are
two distinct binding sites in the Neh2 domain (see below).

In the TROSY-HSQC spectrum of [15N]Leu-labeled Neh2,
only 11 labeled leucine residues were visible (Fig. 4A). None-

theless, the resonance signals of [15N]Leu-labeled Neh2 were
well resolved and easily traced during the titration experiment.
Upon the addition of an increasing molar ratio of unlabeled
Keap1-DC, the resonances corresponding to Leu-76 and
Leu-84 located within the two �-strands disappeared at a mo-
lar ratio of Neh2/Keap1-DC of 1:1 (Fig. 4B). When the system
is close to saturation at anapproximately 1:1.75 molar ratio
(Neh2/Keap1-DC), leucines located in the �-helix (Leu-48,
Leu-54. and Leu-62) and less rigid region immediately up-
stream of the �-helix (Leu-19, Leu-23, and Leu-30) also dis-
appeared from the spectrum, leaving three resonance signals
from the most N-terminal leucines (Leu-4, Leu-6, and Leu-11)
in the very flexible region of the polypeptide (Fig. 4C). Since
ITC data have implied the presence of two Keap1 binding
sites of higher and lower association affinities in Neh2, the
disappearance of Leu-76 and Leu-84 at the lower molar
ratio of approximately 1:1 suggests that the C terminus of
the Neh2 domain containing a �-sheet possesses the higher
affinity binding site. Indeed, the conserved ETGE motif in
the hairpin loop of this �-sheet has been demonstrated to be
important in the association with Keap1 (32), which corrob-
orates the present data.

To verify that the ETGE motif is a part of the high-affinity
binding site in Neh2, we prepared a deletion mutant
(Neh2[�ETGE]) of Neh2 (Fig. 5A), in which the residues of
79ETGE82 were removed, and examined its effect on the inter-
action with Keap1-DC by the ITC method. Mutations in the
ETGE motif did not impose structural changes to the �-helix
nor the N-terminal region (data not shown). Unlike the wild-
type Neh2, the ETGE deletion mutant gave rise to a binding
curve that is best fitted for a one-site binding model with a
stoichiometry of 0.94 
 0.02 (Fig. 5B and Table 2). The bind-
ing affinity of this mutant (2.0 � 106 M�1) resembles to that of
site 2 of the wild-type Neh2 (1.0 � 106 M�1). This similarity
suggests that, by removing the ETGE motif, the higher affinity
Keap1 binding site is abolished in Neh2. The residual binding
affinity in Neh2[�ETGE] reflects that of the weaker binding
site in the Neh2 domain, which is plausibly upstream of the
�-sheet as implied by the NMR titration data.

The weaker Keap1 binding site lies upstream of the central
�-helix of Neh2. Since data from NMR and ITC analyses
revealed that there is another weaker Keap1 binding site N-
terminal to the short antiparallel �-sheet of Neh2, we prepared
an N-terminal deletion mutant of Neh2 that lacks the first 33
residues, including the DLG motif (Neh2[�1-33]) (Fig. 5A).
The TROSY-HSQC spectrum for this mutant showed that
there is almost no chemical shift changes to all of the residual

FIG. 3. Two binding sites for Keap1 reside in Neh2 that differ in
their affinities by 2 orders of magnitude. A representative ITC profile
of the titration of Keap1-DC with Neh2 is shown. The upper panel
shows the raw ITC thermograms, and the lower panel shows the fitted
binding isotherms. The two phases on the curve represent the higher
(I) and lower (II) binding affinities in the two binding sites of Neh2.

TABLE 2. Thermodynamic parameters for the binding of the wild-type Neh2 or Neh2 mutants to Keap1-DC at 25°Ca

Neh2 nc Ka
b (107 M�1) �Hb (kcal/mol) T�Sb (kcal/mol) �Gb (kcal/mol)

Wild type
Site 1 0.49 
 0.00 19.0 
 4.0 �28.4 
 0.1 �17.1 
 0.1 �11.3 
 0.2
Site 2 0.46 
 0.00 0.1 
 0.0 �11.2 
 0.3 �3.0 
 0.3 �8.1 
 0.0

Neh2[�1-33] 1.01 
 0.01 12.4 
 0.9 �21.2 
 0.3 �10.2 
 0.2 �11.0 
 0.1
Neh2[�ETGE] 0.94 
 0.02 0.2 
 0.0 �6.9 
 0.3 1.8 
 0.3 �8.7 
 0.1

a All standard deviations are derived from triplicate runs.
b Ka is the binding constant. �H, �S, and �G are the change in binding enthalpy, entropy, and Gibbs energy, respectively. �RTlnKa � �G � �H � T�S, where T

and R are the absolute temperature and the gas constant, respectively.
c n, binding stoichiometry.
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[15N]Leu signals (data not shown), suggesting that deletion of
the first 33 residues did not induce structural change to the rest
of the Neh2 molecule. Binding isotherms of Neh2[�1-33]
against Keap1-DC also display a curve that is best fitted for a
one-site binding model with a binding stoichiometry of 1.01 

0.01 and a Ka value of (1.24 
 0.09) � 108 M�1 (Fig. 5C and
Table 2). In this case, both Neh2[�1-33] and site 1 of the
wild-type Neh2 domain show the same order of binding affinity
(108 M�1). These results indicate that the weaker binding site
was indeed eliminated in this N-terminal deletion mutant. In
summary, these ITC analyses suggest that the stronger and
weaker Keap1 binding sites locate in the conserved ETGE and
DLG motifs of the Neh2 domain.

There is no independent binding affinity in the central �-helix.
A question remains as to the role the central �-helix plays in
the intermolecular interaction between Keap1 and Nrf2. Since
the Neh2[�1-33] mutant exhibits a high association affinity to
Keap1-DC, resembling the stronger binding site in the wild-
type Neh2 domain, it is interesting to examine whether further
deletion of the ETGE sequence from the mutant diminishes
the entire binding capacity. To our expectation, the ITC iso-
therms of this double deletion mutant (Neh2[�1-33, �ETGE])
titrating against Keap1-DC essentially display a magnitude of
heat change similar to that of the heat of dilution of these
proteins (Fig. 5D). The binding capacity of Neh2[�1-33,
�ETGE] is undetectable, suggesting that the central �-helix of
the Neh2 domain does not contribute to its molecular interac-
tion with Keap1-DC.

Neh2 interacts with Keap1-DC via the ETGE and DLG
motifs, utilizing an overlapping binding site. A molecular sur-

face rich in positively charged residues in Keap1-DC is ex-
pected to serve as the site of interaction with Neh2, since the
hydrophilic loop containing the ETGE motif is negatively
charged and there are also multiple aspartates within the DLG
motif (Fig. 2A and B). Our recent crystal structure of mouse
Keap1-DC complexed with a 9-residue ETGE peptide (Leu-76
to Leu-84) provides evidence that there are multiple bonding
interactions between the two acidic glutamates of the ETGE
motif and conserved arginines (Arg-380, Arg-415, and Arg-
483) at the entrance of the central cavity on the bottom side of
the �-propeller structure of Keap1-DC (47a). The present
NMR and ITC data also suggest the importance of the ETGE
motif for the intermolecular interaction. To illustrate the bind-
ing interface of the DLG motif to Keap1-DC, we employed
NMR titration experiments using [15N]Arg-labeled Keap1-DC
and deletion mutants of the Neh2 domain. [15N]Arg-labeled
Keap1-DC shows 20 well-resolved arginine signals, but 3 sig-
nals from 23 arginine residues of Keap1-DC are missing (Fig.
6A). Exploiting a combination of [15N]Arg or [13C, 15N]Arg
labeling along with three arginine substitution mutants
(R380G, R415K, and R483G) of Keap1-DC, we assigned the
resonances of four arginine residues, Arg-380, Arg-415, Arg-
460, and Arg-483 (Fig. 6A), which locate on the bottom side of
Keap1-DC.

Addition of equimolar unlabeled Neh2 or Neh2[�1-33],
both of which contain the stronger Keap1 binding motif, leads
to significant shifts of the three surface arginine resonances
(Arg-380, Arg-415, and Arg-483), indicating involvement of
these arginines in the molecular interaction with Neh2 (Fig. 6C
and F). On the other hand, titrating the [15N]Arg-labeled

FIG. 4. The ETGE motif marks the initiation of binding between Neh2 and Keap1. 1H, 15N-TROSY-HSQC spectra of [15N]Leu-labeled Neh2
(A) and its complex with a 1 (B) or 1.75 (C) molar ratio of unlabeled Keap1-DC. Only 1H, 15N cross peaks for leucine residues are visible on the
spectra. (A) Leucine peaks representing the �-sheet of Neh2 are labeled in blue (Leu-76 and Leu-84). (B) Leucine peaks representing the putative
second binding site upstream of the central �-helix (Leu-19, Leu-23, and Leu-30, labeled in green) and the �-helix (Leu-48, Leu-54, and Leu-62,
labeled in red) of Neh2 are shown. (C) Leucine peaks representing the very flexible N-terminal ends are labeled in black (Leu-4, Leu-6, and
Leu-11).
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FIG. 5. The ETGE motif and DLG motifs constitute the stronger and weaker binding sites, respectively, to Keap1. (A) Schematic presentation
of expression constructs for the Neh2 domain and its deletion mutants for ITC and NMR studies. (B to D) Representative ITC titration profiles
for the titration of Keap1-DC with Neh2[�ETGE] (B), Neh2[�1-33] (C), and Neh2[�1-33, �ETGE] (D). The upper panels represent the raw ITC
thermograms, and the lower panels represent the fitted binding isotherms. The integrated binding isotherms are plotted against the molar ratio
of different mutants of Neh2. A single-site binding model fits best the single-phase curve for the titration with Neh2[�ETGE] and Neh2[�1-33].
Neh2[�1-33, �ETGE] shows heat change similar to that of the heat of dilution of the proteins.
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FIG. 6. Neh2 binds two molecules of Keap1-DC through both the ETGE and DLG motifs. (A to F) 1H, 15N-TROSY-HSQC spectra of
[15N]Arg-labeled Keap1-DC (0.3 mM) (A) titrated with 0.15 mM Neh2 (B), 0.3 mM Neh2 (C), 0.3 mM Neh2[�1-33, �ETGE] (D), 0.6 mM
Neh2[�ETGE] (E), and 0.3 mM Neh2[�1-33] (F). The assigned resonances for Arg-380, Arg-415, Arg-460, and Arg-483 of Keap1-DC are as
indicated in panel A. Panels C, E, and F show overlaid spectra of the unbound (black) and bound (red) states of the [15N]Arg-labeled Keap1-DC
with the respective wild-type Neh2 or mutants. The resonances for Arg-380, Arg-415, and Arg-483 in their unbound states (black signals) are as
indicated by arrows in green, blue, and magenta, respectively, on panels A, C, E, and F. Miniature cartoons at the top left corners of each spectrum
show respective protein-protein interaction status, with hexagons in magenta representing Keap1-DC and green hockey sticks representing the
Neh2 domain. (G) A zoomed spectral view showing Arg-460 resonance of [15N]Arg-labeled Keap1-DC in the course of titration with unlabeled
Neh2[�1-33]. The red dotted line indicates the diminishing Arg-460 resonance in its unbound state, and the green dotted line indicates the
appearing Arg-460 resonance in its bound state.
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Keap1-DC with Neh2[�ETGE], which contains the DLG mo-
tif, incurs chemical shift changes distinct from these three
arginine resonances (Fig. 6E). Since deletion of the ETGE
motif did not impose any structural changes to the �-helix nor
the N-terminal region of the Neh2 domain, the spectral change
observed in this case is likely due to binding upstream of the
ETGE motif.

To clarify the region of this alternate binding site on Neh2,
we prepared a peptide that contains only the DLG motif (DLG
peptide; Met-17 to Val-36) of the Neh2 domain and studied its
effects on the arginine signals. This 20-amino-acid-long peptide
causes spectral changes to all three of these arginine signals
(Fig. 7). This observation suggests that the weaker binding site
falls between Met-17 and Val-36 of the Neh2 domain and
strengthens the conclusion that the DLG motif is site 2. More-
over, both the deletion mutants and the DLG peptide intro-
duce spectral changes to a total of 9 common arginine signals,
including the three assigned residues in Keap1-DC (Fig. 6E
and F and 7). These spectral changes suggest that both the
ETGE and DLG motifs of the Neh2 domain are interacting
with an overlapping site on Keap1-DC.

On the other hand, we have tested the effect of a point
mutation of Arg-415 to lysine in Keap1-DC on its binding
affinity with the peptide containing the ETGE motif. There
is one order of magnitude lower in binding affinity when titrat-
ing the ETGE peptide against this arginine mutant of the

Keap1-DC in ITC analyses compared with that against wild-
type Keap1-DC (Fig. 8 and Table 3). Similarly, a R380G mu-
tant of Keap1-DC was also 1 order of magnitude lower in
binding affinity (data not shown). These data further support
the notion that these arginines are located in the binding in-
terface, and the observed spectral changes of these three ar-
ginines upon addition of Neh2 mutants or peptide containing
either the ETGE or DLG motif alone are due to intermolec-
ular interaction. Taken together, these experimental observa-
tions suggest that both the ETGE and DLG motifs are in-
volved in binding with Keap1-DC via an overlapping binding
site of conserved arginine residues at the entrance of the cen-
tral cavity on the bottom side of the �-propeller structure.

One Neh2 molecule binds two molecules of Keap1-DC of a
Keap1 dimer. Data so far described have revealed that one
Neh2 molecule binds two molecules of Keap1-DC and there is
no apparent binding affinity involved in the central �-helix.
NMR titration experiments of [15N]Arg-labeled Keap1-DC
with the Neh2 domain further support this contention. Intrigu-
ingly, while a very poor signal-to-noise ratio was observed in
the TROSY-HSQC spectrum for [15N]Arg-labeled Keap1-DC
and unlabeled full-length Neh2 at a ratio of 0.5:1 (Neh2:
Keap1-DC) (Fig. 6B), all 20 arginine resonances showed up
with the same chemical shift changes as those observed in the
Neh2[�1-33] and Keap1-DC complex at a 1:1 molar ratio when
the amount of Neh2 was increased to the same molar concen-
tration as Keap1-DC (Fig. 6C).

One interpretation for this disappearance and appearance of
resonance signals is that each Neh2, via both ETGE and DLG
motifs, is able to bind with two molecules of Keap1-DC at 0.5:1
molar ratio (Fig. 6B). The complex formation increased the
overall molecular mass beyond 80 kDa and might slow down its
molecular tumbling time in solution, resulting in line broaden-
ing and signal-to-noise ratio reduction. On the contrary, when
the amount of Neh2 is further increased to an equimolar con-
centration, more ETGE motif, with 2 orders of magnitude
stronger binding affinity than that of the DLG motif, is avail-
able to compete for the interaction, so that eventually every
Keap1-DC molecule was occupied by the Neh2 domain
through its ETGE motif (Fig. 6C). Therefore, the TROSY-
HSQC spectrum of [15N]Arg-labeled Keap1-DC and unla-
beled full-length Neh2 at a ratio of 1:1 resembles that of
Keap1-DC and the Neh2[�1-33] complex, which contains only
the ETGE Keap1 binding site (Fig. 6F). These observations
further illustrate that the binding stoichiometry between
Keap1-DC and the Neh2 domain is 2:1, and the stronger bind-
ing capacity resides in the ETGE motif.

An alternative explanation for the disappearance of reso-
nance signals at a 0.5:1 molar ratio is that it may be due to
broadening by chemical exchange effects of the bound and
unbound forms of Keap1-DC. However, we did not observe
a similar loss of resonance signals during titration of the
[15N]Arg-labeled Keap1-DC with either Neh2[�1-33] or
Neh2[�ETGE]. Arginine signals of both the bound and un-
bound forms could be traced during the course of the titration
in either case of the two mutants (Fig. 6G). In addition, argi-
nine signals that are not affected upon complex formation
remain detectable throughout the titration process with the

FIG. 7. The DLG motif is the weaker Keap1 binding site within
Met-17 to Val-36. 1H, 15N-TROSY-HSQC spectra of [15N]Arg-labeled
Keap1-DC (0.3 mM) titrated with the DLG peptide of the Neh2
domain incurs spectral changes similar to those provoked by the
Neh2[�ETGE] mutant. An overlaid spectrum shows arginine reso-
nance signals of unbound (black) and bound (red) states of the
[15N]Arg-labeled Keap1-DC; the latter is in complex with a 20-amino-
acid DLG peptide (Met-17 to Val-36) of the Neh2 domain. The color
code for the arrows of Arg-380, Arg-415, and Arg-483 is the same as
described for Fig. 6.
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deletion mutants (data not shown). Therefore, we think it is
less likely that the loss of signals seen in Fig. 6B is derived
solely from the effects of chemical exchanges.

Although there are multiple arginine chemical shift changes
found in Keap1-DC when associating with Neh2[�1-33] at a
1:1 molar ratio, the TROSY-HSQC spectrum for [15N]Arg-
labeled Keap1-DC remains unchanged when Neh2[�1-33,
�ETGE] is added at the same molar ratio (Fig. 6D). This
result coincides very well with our ITC analysis in which no
observable binding affinity was detected between Keap1-DC
and this double deletion mutant of Neh2 (Fig. 4D). Since Neh2
interacts with two molecules of Keap1-DC by means of both
ETGE and DLG motifs to an overlapping binding site on the
same surface plane of Keap1-DC, we surmise that the central
�-helix of Neh2 may serve as a bridge connecting the two
binding sites (Fig. 9A).

Dimerization of Keap1 was proposed to be biologically sig-

nificant for its activity in vivo (64). Indeed, our sedimentation
analysis data, acquired under similar buffer conditions as those
in NMR studies, show that full-length Keap1 is a homogeneous
homodimer (theoretical molecular mass of 69,456 Da versus
empirical molecular mass of 162,000 Da), while Neh2 domain
exists as a monomer (theoretical molecular mass of 11,700 Da
versus empirical molecular mass of 11,922 Da) in solution. In
addition, full-length Keap1 exhibits a binding curve, which is best
fitted for a two-site binding model, when titrated against full-
length Neh2. The binding constant for the stronger site is about
2.2 � 108 M�1, while that for the weaker site is about 3.6 � 105

M�1 from duplicate runs (raw data not shown). The 1 order of
magnitude lower affinity for the weaker site, in the case of
the full-length Keap1, may be due to some distance or ori-
entation constraint associated with the homodimer in con-
trast with the freely circulating Keap1-DC monomers in
solution.

FIG. 8. Single-arginine substitution mutation in Keap1-DC attenuates the binding affinity of Keap1-DC to the ETGE peptide. (A, B) ITC
titration profiles showing the titration of Keap1-DC (A) and Keap1-DC-R415K mutant (B) with the ETGE peptide (Leu-76 to Leu-84) of the Neh2
domain. Note that the integrated binding isotherms fit best for a one-site binding model.

TABLE 3. Thermodynamic parameters for the binding of the wild-type Keap1-DC and Keap1-DC R415K to the ETGE peptide (Leu-76 to
Leu-84) of the Neh2 domain at 25°Ca

Keap1-DC nc Ka
b (106 M�1) �Hb (kcal/mol) T�Sb (kcal/mol) �Gb (kcal/mol)

Wild type 0.98 
 0.04 5.5 
 0.3 �14.8 
 0.3 �5.6 
 0.3 �9.2 
 0.0
R415K 0.92 
 0.00 0.5 
 0.1 �6.4 
 0.3 1.4 
 0.3 �7.8 
 0.1

a All standard deviations are derived from triplicate runs.
b Ka is the binding constant. �H, �S, and �G are the change in binding enthalpy, entropy, and Gibbs energy, respectively. �RTlnKa � �G � �H � T�S, where T

and R are the absolute temperature and the gas constant, respectively.
c n, binding stoichiometry.
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DISCUSSION

Being a substrate adaptor for the Cul3-based E3 ligase ma-
chinery, Keap1 facilitates the ubiquitination of Nrf2, the target
substrate, and signals its degradation by the proteasomal path-
way (6, 14, 30, 61). Previous studies demonstrated that Neh2

contains the key to this signaling event for protein turnover
(25, 36, 61). In the present study, we found that the structural
properties of the Neh2 domain render merits for its regulatory
role of Nrf2. The ETGE motif in the Neh2 domain of Nrf2 has
been shown to be responsible for the interaction with Keap1
(32). In agreement with this contention, we found that the
ETGE motif resides in the hydrophilic loop of the �-loop-�
structure at the C-terminal region of Neh2 and binds the
�-propeller of Keap1-DC with high affinity. A striking feature
is that the conserved DLG motif of Neh2, which lies in a
flexible region upstream of the central �-helix, also binds
Keap1-DC with a comparatively lower affinity. In addition,
these two evolutionarily conserved motifs of Neh2 interact with
two molecules of Keap1-DC individually via overlapping bind-
ing sites on the bottom surface of the �-propeller involving
three conserved arginine residues of Keap1.

Since Keap1 forms a dimer in solution by utilizing the BTB
domain and since the dimerization of Keap1 has been pro-
posed to be functionally significant (64), we envisage that the
DGR domain of Keap1 recruits the substrate Nrf2 molecule
through binding to the higher affinity ETGE motif, followed by
the docking of the weaker affinity DLG motif in the same Neh2
domain to an adjacent �-propeller structure of a Keap1 dimer
(Fig. 9A). Considering the fact that the Neh2 domain possesses
intrinsic flexibility, but lacks any rigid tertiary fold, and that
these two conserved motifs are separated by a 33-residue-long
�-helix, which does not have observable affinity to Keap1, its
structural plasticity and the length of the central �-helix (ap-
proximately 50 Å) may confer on Neh2 an advantage to con-
figure itself to interact with a dimer of Keap1.

It is intriguing that Keap1 recruits its substrate by means of
the two-site binding mechanism. Besides Cul3, higher eukaryotic
genomes encode another six closely related Cullin paralogs
(Cul1, 2, 4A, 4B, 5, and 7), all of which associate with Roc1 to
form ubiquitin ligases (reviewed in references 49 and 50). In
spite of their striking similarity in overall composition and
structure, there is a high specificity for substrate recognition
among these subtypes of Cul-based E3 ligases. For instance,
both Cul1 and Cul7 utilize SKP1 and F-box proteins as their
adaptor proteins and substrate receptors, respectively, whereas
Elongin BC and suppressor of cytokine signaling-box proteins
are involved in the Cul2 and Cul5 ligase complexes. Recently,
it was found that DNA-damage-binding protein 1 (DDB1)
binds to Cul4A and serves as an adaptor protein. However,
mechanisms for linking substrate receptors to this subtype of
E3 ligase still remain to be clarified (18). In the case of Cul3-
based E3 ligases, BTB proteins serve both as the protein adap-
tor and the substrate-specific receptor. Except for the DDB1,
core BTB folds are found in SKP1, Elongin C and other BTB
proteins (54). Intriguingly, of these protein adaptors, only
Keap1 forms a homodimer via its BTB domain. Therefore, our
present study showing the two-site binding mechanism in the
Keap1-Neh2 association suggests that this modular organiza-
tion could be unique within this subtype of Cul3-based E3
ligases for the purpose of both substrate recognition and reg-
ulation.

How do these substrate recognition determinants help us to
elucidate the ubiquitin targeting mechanism for signaling Nrf2 to
proteasomal proteolysis? When evaluating the helical wheel of
the central �-helix of the Neh2 domain, we found that six of the

FIG. 9. Two-site molecular recognition model for Keap1 and Neh2
interaction. (A) Binding model of Keap1 and Neh2. Keap1 forms a
homodimer through intermolecular interaction of its BTB domain.
IVR (in gray) connects the BTB domain with the �-propeller structure
of the DGR/CTR domain (Keap1-DC, pink hexagons) of Keap1. The
Neh2 domain (in green) is recruited to one molecule of the Keap1-DC
via the ETGE motif within the antiparallel �-sheet (green arrowheads)
and the DLG motif upstream of the central �-helix to an overlapping
site on another molecule of Keap1-DC. The central �-helix (green rod)
of Neh2 serves as a bridge between the two molecules of Keap1. Lysine
residues within the central �-helix are labeled K in the schematic
model. Binding of the DLG motif with Keap1 may help to correctly
orientate these lysines in space for other biological functions. The
arginine triad (Arg-380, Arg-415, and Arg-483) at the entrance of the
central channel of Keap1 is shown as solid blue circles. (B) A space-
filled model generated by InsightII (Accelrys) and the coordinates of
the mouse Keap1-DC (47a) (PDB accession code 1X2J), showing the
bottom view of the molecule. The six Kelch repeats are as numbered.
Arginine residues located on the bottom surface are shown as blue
sticks. The three arginines (Arg-380, Arg-415, and Arg-483) that are
involved in protein-protein interaction with the Neh2 domain are la-
beled.
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seven lysines are located on one side of the helical surface (Fig.
2A and E). Since these lysine residues are targets for Keap1-
mediated ubiquitination by E3 ligase (61), this arrangement led us
to speculate that these lysine residues are biologically important
for the regulation of Nrf2 stability. Since ubiquitin conjugation
often requires close proximity of the epsilon amino group of a
target lysine residue to the catalytic pocket of an E2 enzyme, a
conserved, correct, and rigidly defined substrate spatial orienta-
tion may facilitate the presentation of the substrate for the ubi-
quitin transfer, as has also been proposed by the model of the
ubiquitin-E2-SCFCdc4-CPD complex (45, 63).

The importance of the conserved DLG motif within Neh2
for Keap1-dependent ubiquitination and degradation has been
pointed out previously (25). Deletion of Met-17 to Val-32,
including the DLG motif, significantly hampered the Keap1-
dependent polyubiquitination (36). Either deletion of the N-
terminal half (Met-1 to Arg-43) of the Neh2 domain or alanine
substitution mutation within the DLG motif attenuates the
Keap1-mediated proteasomal degradation of Nrf2 (25), and
the lysine residues within the Neh2 domain are essential for
both Keap1-mediated ubiquitination and proteasomal degra-
dation of Nrf2 (61). Showing very good agreement with our
NMR and ITC studies with Neh2[�1-33], deletion of Met-17 to
Val-32 or mutations of the lysine residues did not interfere the
interaction of Neh2 with Keap1. Presumably, the high binding
affinity (1.9 � 108 M�1) of the ETGE motif is self-sufficient in
securing the interaction between Neh2 and Keap1. Therefore,
the physiological function of the conserved DLG motif may be
beyond a simple purpose of protein-protein interaction. We
surmise that the ETGE motif engages Nrf2 with Keap1 to
secure a tight binding and the DLG motif helps to anchor the
lysine-rich central �-helix of Nrf2 in a confined spatial arrange-
ment to benefit polyubiquitination of these lysines.

Another notable characteristic of this two-site binding
model is the differential binding affinity inherent in these two
conserved motifs, while both the ETGE and DLG motifs rec-
ognize a similar or overlapping interface in Keap1. It should be
noted that Keap1 not only acts as a substrate adaptor but also
acts as an oxidative/electrophilic stress sensor (8, 57). It has
been postulated that stress signals are transduced by electro-
philic or oxidative modification of reactive cysteines within the
IVR domain of Keap1 and the modification confers confor-
mational changes to Keap1 and releases the Keap1 repression
on Nrf2. Given that one of the important features of the
�-propeller structure of Keap1-DC is the structural stability
(13, 47a), stress signals sensed by Keap1 seem less likely to
provoke conformational alterations in the �-propeller struc-
ture. Indeed, treatment with chemical inducers did not dis-
courage the association of Nrf2 to Keap1 but liberated Nrf2
from the Keap1-dependent polyubiquitination and proteaso-
mal degradation (31).

If Keap1-dependent polyubiquitination requires proper po-
sitioning of the lysine-rich central �-helix with the help of the
DLG motif, there emerges a simple but basic question of
whether the distortion of the IVR linker by oxidizing the re-
active cysteines within this region may easily dislodge the
weaker-binding DLG motif from the Keap1-DC domains or
not. We think that this mechanism is plausible, since there are
certain constraints on the length adhered to the central �-helix,
which is suspended between the two �-propeller structures

following substrate recognition. Even a slight distortion in the
IVR linker domains of a dimer of Keap1 may introduce a
sufficient increase in distance between the two downstream
Keap1-DC domains to displace the weaker-binding DLG
motif, hence disorienting the arrangement of the central
�-helix or the lysine residues in the space, albeit the tight
binding of the ETGE motif may not be affected. We there-
fore propose that the DLG motif may possess the signaling
switch for the repressive regulation of Nrf2 via the Keap1-
dependent ubiquitination and proteasomal degradation. We
are waiting for the detailed studies on the 3D structure of
the quaternary Cul3-Roc1-Keap1-Nrf2 complex to reveal
their respective spatial arrangements and on the in vivo
function of the DLG motif in mice to unravel the biological
determinants that govern the regulation of Nrf2 turnover
and the oxidative stress response for rendering both cellular
protection and homeostasis of the body.
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