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Abstract

The Keapl-Nrf2 interaction plays important roles in regulation of Nrf2 activity and induction of
chemopreventive enzymes. To better understand the interaction and to determine the minimal Nrf2
sequence required for Keapl binding, we synthesized a series of Nrf2 peptides containing ETGE
motif and determined their binding affinities to the Kelch domain of Keapl in solution using a
surface plasmon resonance (SPR)-based competition assay. The equilibrium dissociation constant
for the interaction between 16mer Nrf2 peptide and Keap1 Kelch domain in solution (KpSelution)
was found to be 23.9 nM, which is 10x lower than the surface binding constant (KpSurface) of 252
nM obtained for the direct binding of Keapl Kelch domain to the immobilized 16mer Nrf2 peptide
on a SPR sensor chip surface. The binding affinity of Nrf2 peptides to Keapl Kelch domain was
not lost until after deletion of 8 residues from the N-terminus of the 16mer Nrf2 peptide. The 9mer
Nrf2 peptide has a moderate binding affinity with a KpS°lution of 352 nM and the affinity was
increased 15x upon removal of the positive charge at the peptide N-terminus by acetylation. These
results suggest that the minimal Nrf2 peptide sequence required for Keapl binding is the 9mer
sequence of LDEETGEFL.
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The human body has developed intrinsic protection mechanisms to upregulate a number of
antioxidative and cytoprotective enzymes in response to oxidative stresses.1=3 These
enzymes include not only the enzymes involved in phase 2 biotransformation reactions such
as glutathione S-transferases (GST)# and UDP-glucurony! transferase® but also several
enzymes that catalyze reactions in the phase 1 biotransformation reactions such as
NAD(P)H:quinone oxidoreductase 1 (NQO1)3 and epoxide hydrolase® as well as enzymes
with anticarcinogenic and antioxidant activities such as glutamate cysteine ligase,’
thioredoxin,* catalase,® superoxide dismutase,8 glutathione reductase,® and heme oxygenase
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1 (HO1).? Induction of these enzymes by a variety of chemical agents was shown to protect
cells against mutagenesis, oxidative stress, and inflammation and is believed to be an
effective approach to prevent carcinogenesis.1%11 The regulation of the enzymes’ expression
is largely controlled by Keapl-Nrf2-ARE system. The antioxidant response element (ARE)
is a cis-acting, upstream regulatory transcriptional enhancer sequence commonly present on
these enzyme genes in single or multiple copies.12 Nuclear factor erythroid 2 (Nf-E2)-
related factor 2 (Nrf2) is the principal transcription factor in the nucleus for transactivation
of enzyme expression through binding to ARE element,13 while Kelch ECH-associated
protein 1 (Keapl) is a cytosolic repressor protein that binds to Nrf2 and inhibits Nrf2
transcriptional activity.14

Nrf2 is a 66 kDa protein originally found to interact with Nf-E2 DNA binding motif;® both
Nrf2 and Nf-E2 belong to basic leucine zipper-type (bZIP) Cap n’ Collar (CNC) protein
family. Six highly conserved Nrf2-ECH homologous domains (Neh1-6) were identified in
Nrf2 across different species.1* As a bZIP CNC protein, Neh1 domain has a commonly
shared C-terminal basic zipper that is required for binding to DNA and dimerization with
other transcriptional factors,18 along with a nuclear localization signal (NLS) region known
to facilitate its localization from cytoplasm to nucleus.” The Neh2 domain at Nrf2 N-
terminus binds to the cytoplasmic Keapl protein and is responsible for ubiquitin
conjugation, which leads to proteasomal degradation of Nrf2.1418 The C-terminal Neh3 and
a large central domain comprising Neh4 and Neh5 recruit transcriptional co-activators to
ARE motifs in the promoter regions of ARE genes.19:20

Keapl contains two conserved domains, namely, BTB domain and Kelch domain, which are
shared with other BTB-Kelch proteins. The N-terminal broad complex, tramtrack, bric-a-
brac (BTB) domain is a protein-protein interaction motif required for homodimerization?!
and interaction with Cullin3,18 while the C-terminal Kelch domain is comprised of six Kelch
repeats that form the B-propeller structure and binds to the Neh2 domain of Nrf2.22 Through
these two major domains, Keapl functions as a substrate adaptor protein that brings Nrf2 to
Keapl1-Cullin3 based E3-ligase ubiquitination complex for ubiquitination and subsequent
proteasomal degradation.18:23 Keap1 also contains a cysteine-rich linker region between
BTB and Kelch domains which is believed to serve as a “sensor” regulating the induction of
cytoprotective enzymes against carcinogens and oxidants.24:2

Under basal conditions, Nrf2 is constantly targeted by Keapl for ubiquination and
proteasomal degradation and is, thus, kept in the cytoplasm and maintained at low levels;
under stressful conditions such as oxidative stress and inflammation or by external
induction, Nrf2 is liberated from Keapl-dependent degradation and translocated into the
nucleus to transcriptionally activate downstream ARE genes.18:23.26.27 Experiments using
gene-knockout mouse models have shown that mice with disrupted Nrf2 are more sensitive
to toxicological effects of carcinogens, drugs, and inflammatory stresses?® while mice with
disrupted Keapl exhibited high levels of Nrf2, high constitutive expression of cytoprotective
enzymes, and greater resistance to environmental stresses.22:30

The Keapl-Nrf2-ARE system has been identified as a key signaling pathway in cellular
defense mechanisms protecting cells from carcinogenesis process.3%:31 As one of the pivotal
interactions for the activation of ARE genes, the binding of Neh2 domain of Nrf2 to the
Kelch domain of Keapl could serve as a potential target for cancer chemoprevention. The
interaction was first characterized using surface plasmon resonance (SPR) by Yamamoto’s
group.14 In their study, GST-Nrf2 Neh2 domain protein was immobilized on a sensor chip
surface coated with anti-GST antibody and the Kelch domain of Keapl in solution was
found to specifically interact with GST-Nrf2 Neh2 domain in a concentration-dependent
manner with a calculated Kpsurface of 580 nM.14 More recently, binding affinities between
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Nrf2 and Keapl in solution were primarily characterized by isothermal titration calorimetry
(ITC).32-34 The Kp in solution obtained using ITC was in the single digit nanomolar
range.3* Furthermore, distinct binding affinities of two evolutionary conserved binding
motifs within the Nrf2 Neh2 domain, ETGE motif and DLG motif, have also been revealed
by ITC analysis.32 In a “hinge and latch” model, the ETGE motif with a much higher
binding affinity (Kp = 5x1072 M) is proposed to function as the “hinge” for Keap1 to recruit
any newly synthesized Nrf2, while the DLG motif with a lower binding affinity (Kp =
1.0x1076 M) provides the “latch” that locks the Nrf2 to optimal positioning of its central
domain for conjugation with ubiquitin.3>-37 Several ETGE-containing Nrf2 peptides have
been reported to interrupt the interaction between Nrf2 and Keapl. A 16mer Nrf2 peptide
AFFAQLQLDEETGEFL (residues 69-84) and a 14mer Nrf2 peptide LQLDEETGEFLPIQ
(residues 74-87) were able to displace Nrf2 from Keap1-Nrf2 complex effectively with
comparable Kp’s of 20 nM as obtained using ITC.38

The shorter 10mer Nrf2 peptide LDEETGEFLP (amino acids 76-85), however, was shown
to be less effective for the displacement.38 To further investigate the interaction between
Keapl and Nrf2, we synthesized and evaluated a series of Nrf2 peptides and determined the
minimal Nrf2 peptide sequence required for binding to Keapl. ITC and SPR are two of the
most common methods used to measure the binding affinity of biomolecular interactions in
solution or on a surface. As a biophysical technique, ITC directly measures the enthalpy and
binding constants of the protein-protein interactions in solution and allows the direct
examination of stoichiometry of the interactions.3° Since ITC is a pure solution phase
measurement, there are no questions about the structural integrity of the proteins and the
specificity of the noncovalent complex. The major drawback of ITC measurement is the
large amount of sample usually required for a successful measurement. In contrast, as a real-
time, label-free technique widely used in characterizing protein-protein interactions, SPR
requires much less sample and still provides accurate measurements of binding events.
However, the immobilization of one of the two interacting partners on a sensor surface is
required for the SPR binding experiments and such immobilization may affect the
conformation or activity of macromolecule immobilized and introduce artifacts into the
measurements.#? The binding constants, Kp, obtained using SPR represent the binding
affinity on a sensor surface which might not reflect its true binding affinity in solution. To
minimize sample consumption while still accurately measure the true solution binding
constant between Keapl and Nrf2 protein or peptides, we developed a SPR-based solution
competition assay to evaluate the binding affinity of Nrf2 protein or peptide to Keapl Kelch
domain and employed this method to determine the minimal Nrf2 peptide sequence required
for binding to Keapl.

RESULTS AND DISCUSSION

Peptide design and synthesis

The X-ray crystal structure of human Keapl Kelch domain in complex with a 16mer Nrf2
peptide (residues 69-84, H-AFFAQLQLDEETGEFL-OH) indicated that the 16mer Nrf2
peptide has two anti-parallel strands connected by two overlapping type | B-turns (residues
77-80 and 78-81) which are stabilized by multiple hydrogen bonds involving the peptide
backbone and the side chains of D77 and T80.38 The Nrf2 peptide binds in the shallow
pocket defined by loops between the D—A and B-C strands of the B-propellers on the top
face of the Kelch domain. Glutamate residues E79 and E82 are the only peptide residues
whose side chains make multiple specific interactions with the residues in Kelch domain
including R415, R483, S508, S363, N382 and R380. The Nrf2 peptide backbone makes five
contacts with the Kelch domain involving E78, E79, T80 and F83.38 The crystal structures
of Kelch domain of mouse Keapl in complex with a 9mer Nrf2 peptide (residues 76—84)
and a 16mer Nrf2 peptide (residues 74-89) were shown to be similar.# As for the 9mer
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Nrf2 peptide, a tight B-hairpin conformation was observed comprising the residues D77,
E78, E79, T80, G81 and E82. The B-hairpin conformation is stabilized by three
intramolecular hydrogen bonds between D77 and G81, D77 and E79, T80 and E82, and such
conformation allows the Nrf2 peptide to strongly interact with the Kelch domain of
Keap1.41

Several ETGE-containing peptides have been reported to bind Keapl Kelch domain with
varying affinity, and these include the 16mer Nrf2 peptide (residues 69-84), 14mer Nrf2
peptide (residues 74-87) and 10mer Nrf2 peptide (residues 76-85).38 All these peptides
overlapped with each other on the peptide sequence from residues 76-84. To find out the
minimal peptide sequence required to maintain the Keapl binding affinity, we designed and
synthesized a series of Nrf2 peptides based on the 16mer Nrf2 peptide sequence (residues
69-84) as shown in Figure 1 and determined their binding affinity to Keapl Kelch domain.
After we determined that the minimal Nrf2 sequence is the 9mer between residues 76 and
84, we also explored the effect of end-capping on the binding affinity of the 9mer Nrf2
peptide to Keapl Kelch domain by acetylation of the N-terminus and amidation of the C-
terminus. In order to ensure accuracy of data obtained in our SPR experiments, the
concentrations of Nrf2 peptides used were determined by amino acid analyses through acid
hydrolysis and o-phthaldialdehyde (OPA)/N-Boc-L-Cysteine (NBC) derivatization as
described previously.#2

SPR assay development

In surface plasmon resonance (SPR), binding of molecules in solution to the sensor chip
surface alters the refractive index of the medium close to the sensor chip surface which can
be monitored in real time as changes in SPR signal expressed in response units. The
resulting plots of the SPR signal (proportional to the mass bound) against time are referred
to as sensorgrams and provide real time information of the interactions. In SPR experiments,
one of the interacting components is immobilized on a sensor chip surface and is known as
the ligand, while the other interacting component continuously flows over the sensor chip
surface and is known as the analyte. The SPR measurement of the interactions between
Keapl Kelch domain and Nrf2 peptides could be performed on Biacore in two possible
experimental setups depending on which protein is immobilized on the chip surface. It was
reported by Yamamoto’s group that Keapl Kelch domain has a surface dissociation
equilibrium constant (KpsUrface) of 5.8 x 10~7 M when the fusion protein of GST and the
Neh2 domain of Nrf2 was immobilized on sensor chip surface through anti-GST antibody.4

We first explored the direct immobilization of either a GST-Nrf2 fusion protein or the
Keapl Kelch domain protein to a CM5 chip surface through the standard amine coupling
procedure and measured for the surface binding affinity between Keapl Kelch domain
protein and Nrf2 protein or peptide. When the Keapl Kelch domain protein was
immobilized as the ligand, we did obtain concentration dependent SPR sensorgrams of both
GST-Nrf2 fusion protein and 16mer Nrf2 peptide (data not shown). Although a relatively
large SPR response of 80 RU could be achieved for GST-Nrf2 protein at 100 nM
concentration, a limited response of only about 15 RU was achieved for the 16mer Nrf2
peptide at 10 uM concentration. Such low levels of SPR response were not sufficient to
differentiate the binding affinity of low molecular weight Nrf2 peptides or small molecule
analytes. Therefore, the low SPR response was a major concern when Keapl Kelch domain
was immobilized as the ligand for direct binding analysis. The instability of Keapl Kelch
domain on the sensor chip surface was another problem; during the cycles of sensor surface
regeneration, decreases as much as 15% in SPR response were observed from one run to the
next (data not shown). Therefore, immobilization of Keapl Kelch domain on CM5 chip
surface was not a viable option for reliable, sensitive measurement of the binding affinity
between Keapl Kelch domain protein and Nrf2 protein or peptide.
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We then explored the opposite experimental setup by immobilizing the GST-Nrf2 fusion
protein on a CM5 chip surface as the ligand, which could allow solution competition assays
to be performed for the determination of solution binding affinity between Keapl Kelch
domain as the analyte and a Nrf2 protein or peptide as the competitor. GST-Nrf2 fusion
protein was immobilized as the ligand at a surface density around 1000 RU and was used to
explore the kinetics of the binding of Keapl Kelch domain to surface-immobilized GST-
Nrf2 protein. The Kpsurface was calculated to be 74 nM by fitting the sensorgrams, though
poorly, to a 1:1 Langmuir model (data not shown). Although the SPR response can be
increased with the increasing surface density of GST-Nrf2 protein, the biggest problem
associated with this experimental setup was the instability of GST-Nrf2 protein immobilized
on the sensor chip surface; the GST-Nrf2 protein quickly loses binding affinity to Keapl
Kelch domain from run to run (data not shown).

While peptides are much more stable in solution and on the sensor chip surface than
proteins, the binding motif in an immobilized peptide cannot be too close to the chip surface
to avoid adversely affecting the binding affinity of the immobilized peptide to its receptors.
Thus, the selection of linker length and site of attachment is very important. When we
examined the sequence of the 16mer Nrf2 peptide (residues 69-84), we noticed that the N-
terminus of the 16mer Nrf2 peptide is ten residues away from the critical ETGE motif,
whereas the C-terminus is only two residues away. Furthermore, X-ray crystal structure of
the Keapl Kelch domain protein in complex with the 16mer Nrf2 peptide reveals that six of
the N-terminal amino acid residues are neither involved in the stabilization of the B-turn nor
involved in the interaction with the binding pocket. In addition, it has been shown that the
shorter 14mer Nrf2 peptide (residues 74-87) maintains similar binding affinity as 16mer
Nrf2 peptide, indicating some of the N-terminal amino acids are not important for the
interaction with Keapl Kelch domain and can serve as part of the linker for immobilization
to sensor chip surface.

Since there is only one free amino group (i.e., the N-terminal amino) in the 16mer Nrf2
peptide, immobilization via standard amine coupling method can be used to attach the
peptide onto sensor chip surface. Alternatively, the 16mer Nrf2 peptide can be labeled with
biotin at its N-terminus and captured onto a SA sensor chip surface via high affinity biotin/
streptavidin interaction. To perform a kinetic binding analysis, it is important that a low
ligand density surface is used to avoid avidity and to simplify data analysis.*3 For
immobilization through streptavidin capture, immobilization levels can be accurately
controlled to a few RUs; however, immobilization via standard amine coupling procedure
required injections of high refractive index solutions, such as EDC/NHS and ethanolamine
solutions which make it difficult to control the immobilization level for the low molecular
weight peptide. To compare these two immobilization methods, a low density surface was
first prepared and tested in the kinetic analysis of the interaction between the immobilized
16mer Nrf2 peptide as the ligand and Keapl Kelch domain protein as the analyte.

As a result, we were able to achieve 9 RU of biotin-labeled 16mer Nrf2 peptide on the SA
chip through biotin-streptavidin complex and 200 RU of 16mer Nrf2 peptide on CM5 chip
through direct amine coupling. Figure 2 shows the sensorgrams of the binding of Keapl
Kelch domain to the 16mer Nrf2 peptide immobilized on the sensor surfaces via the two
different immobilization methods. Clearly, the smaller amount of biotin-labeled 16mer Nrf2
peptide immobilized on the low density SA chip (9 RU) binds more effectively to Keapl
Kelch domain and achieved about 5-fold higher SPR response than the larger amount of
16mer Nrf2 peptide immobilized on the high density CM5 chip (200 RU) when the same
concentrations of Keapl Kelch domain flowed through the chip surfaces. Apparently, most
of the peptide immobilized on the CM5 chip through direct amine coupling was not able to
bind to Keapl Kelch domain. Analysis of the concentration-dependent sensorgrams shown
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in Figure 2 indicated that the binding between Keapl Kelch domain and the immobilized
16mer Nrf2 peptides was stoichiometrically 1:1 on both surfaces with similar Kpsurface (167
nM on CM5 chip vs 252 nM on SA chip). The affinity of the immobilized 16mer Nrf2
peptide to Keapl Kelch domain was significantly lower than that obtained by ITC
(Kpselution = 20 nM).14 This is not surprising if we consider the effect of surface
immobilization on the binding affinity. It should also be noted that the quality of
sensorgrams and their fitting to the 1:1 Langmuir binding model shown in Figure 2 are
greatly improved as compared to those for the immobilization on CM5 chip surfaces of
Keapl Kelch domain protein and Nrf2 protein.

Preparation of high density sensor chip surface with biotin-labeled 16mer Nrf2 peptide and
measurement of the solution binding affinity between Keapl Kelch domain and 16mer Nrf2
peptide. Because the biotin-16mer Nrf2 peptide surface obtained via streptavidin capture
binds Keapl Kelch domain protein more effectively and the amount of biotin-labeled 16mer
Nrf2 peptide on the SA chip surface can be accurately controlled and easily elevated by
adjusting the ligand concentration or the immobilization time, two high density surfaces of
biotin-16mer Nrf2 peptide on a SA chip (30 RU and 300 RU) were prepared and used to
measure the concentrations of free Keapl Kelch domain in solution competition assays. In
such solution competition assays, Keapl Kelch domain protein at a fixed concentration was
incubated with varying concentrations of inhibitory Nrf2 peptides and the concentrations of
the free (i.e., unbound) Keapl Kelch domain protein at equilibrium were measured to
calculate the binding affinity between Keapl Kelch domain and the inhibitory Nrf2 peptides
in solution.

The chip surface with a ligand density of 30 RU was shown to have 3-fold higher SPR
sensitivity than the chip surface with a ligand density of 9 RU for detecting the free Keapl
Kelch domain protein, while the SA chip with a higher ligand density of 300 RU was shown
to have around 20x higher SPR sensitivity than the chip surface with a ligand density of 9
RU as shown in Figure 3. No equilibrium could be reached during the 1 min association
period on either sensor chip surfaces with higher ligand density; however, sensorgrams
obtained from the 30 RU surface can still be fitted properly to a simple 1:1 Langmuir model
and the KpsUrface calculated was in good agreement with that obtained on the chip surface
with a ligand density of 9 RU. Two separate standard curves were obtained for the 30 and
300 RU surfaces by plotting the initial slopes of the association phase against the
concentration of Keapl Kelch domain and both could be used to calculate the free Keapl
Kelch domain concentration in the presence of varying concentrations of inhibitory Nrf2
peptides in solution competition assays. To achieve the highest sensitivity for the detection
of free Keapl Kelch domain protein, the SA chip with the high ligand density of 300 RU
was used in solution competition assays to determine the binding affinity of inhibitory Nrf2
peptides to Keapl Kelch domain protein in solution.

Competition experiments were first performed with a fixed concentration of Keapl Kelch
domain (40 nM) in the presence of varying concentrations of the inhibitory 16mer Nrf2
peptide (1 nM — 1 uM). The KpSolution of the 16mer Nrf2 peptide calculated from the
competition study as shown in Figure 4 was 23.9 nM. This Kp in solution is in good
agreement with the 20 nM Kp reported using ITC.38 It should be pointed out that the
Kpselution hetween Keapl Kelch domain and Nrf2 peptides in SPR competition experiments
were calculated based on the assumption of 1:1 binding stoichiometry. Although other
scenarios could not be excluded from our SPR competition experiments alone, our
assumption of 1:1 binding stoichiometry is reasonable considering that the co-crystal
structures of Keapl Kelch domain with an Nrf2 peptide show only one binding site for Nrf2
peptides3841 and that previous ITC experiments demonstrated 1:1 binding stoichiometry
between Keapl Kelch domain and Nrf2 peptides.32-34
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Ranking of inhibitory Nrf2 peptides

To determine the minimal sequence of Nrf2 peptides required for binding to Keapl Kelch
domain, a series of Nrf2 peptides containing the binding motif ETGE were synthesized and
evaluated using the solution competition assay developed. As shown in Figure 5A, 7mer and
8mer Nrf2 peptides showed very low binding affinities to Keapl Kelch domain with a
Kpselution much greater than 1 uM, while 9mer Nrf2 peptide exhibited a moderate affinity to
Keapl Kelch domain with a Kpslution of 352 nM. Nrf2 peptides greater than 9 amino acid
residues were shown to have comparable binding affinities with KpS°lution ranging from 22
nM to 31 nM considering the errors from the concentration determination using amino acid
analyses. These results indicate that the minimal Nrf2 peptide sequence required for binding
to Keapl Kelch domain is the 9mer Nrf2 peptide L’SDEETGFELS84 and that at least three
amino acid residues (L76, D77 and E78) close to the N-terminal end of ETGE motif are
necessary to maintain their high Keapl binding affinity.

As 9mer Nrf2 peptide showed significantly lower binding affinity than 10mer to 16mer Nrf2
peptide, we postulated that the positive charge of its free amino group at the N-terminus and
the negative charge of the carboxylate at the C-terminus could adversely affect its binding to
Keapl Kelch domain. To eliminate these electric charges and better mimic the peptide
backbone of Nrf2 protein, we further synthesized the 9mer Nrf2 peptide amide and their
corresponding N-acetylated 9mer Nrf2 peptides as shown in Figure 1B. N-Acetylated 9mer
Nrf2 peptide acid and amide were found to have a KpS°Ution of 21 to 23 nM, which is 15x
lower than the corresponding non-acetylated 9mer Nrf2 peptides, while C-terminal
amidation did not result in any improvement in binding to Keapl Kelch domain as shown in
Figure 5B.

In conclusion, we developed a reliable SPR assay to accurately measure the binding affinity
of Nrf2 protein or Nrf2 peptides to Keapl Kelch domain and we investigated different SPR
experimental setups and methods of surface immobilization, and compared surface binding
assays to solution competition assays. The instability of Nrf2 and Keapl Kelch domain
proteins immobilized on sensor chip surface was found to be the major problem with protein
immobilization. When the 16mer Nrf2 peptide with high binding affinity to Keapl Kelch
domain was immobilized on sensor chip surface as the ligand, the surface was stable over a
long period of time and could be used repeatedly to obtain reliable surface as well as
solution binding affinity for months without loss of activity. We also demonstrated that
immobilization of a biotin-labeled 16mer Nrf2 peptide as the ligand on a SA chip is the
optimal immobilization method which provided sensitive and stable sensor chip surfaces for
either kinetic analysis of Keap1-Nrf2 peptide interaction or detection of the free Keapl
Kelch domain protein concentration in solution competition assays. Using a SPR
competition assay, the unlabeled 16mer Nrf2 peptide was shown to have a KpSlution of 23.9
nM, which is in good agreement with the Ky obtained using ITC. Analysis of shorter Nrf2
peptides using the SPR competition assay revealed that 10mer to 14mer Nrf2 peptides had
similar binding affinity to Keapl Kelch domain ranging from 22 nM to 31 nM while the
9mer Nrf2 peptide had moderate binding affinity of 352 nM and Nrf2 peptides less than 9
amino acid residues failed to bind to Keapl Kelch domain. These results suggest that 9mer
Nrf2 peptide containing residues 76-84 is the minimal sequence required for binding to
Keapl. In order to improve the binding affinity of 9mer Nrf2 peptide, we then investigated
the effect of N-terminal acetylation and C-terminal amidation of 9mer Nrf2 peptide on its
binding affinity to Keapl Kelch domain. As compared to the unmodified 9mer Nrf2 peptide,
N-acetylated 9mer Nrf2 peptide acid and amide were shown to have about 15x increase in
the binding affinity to Keapl Kelch domain while no effect was observed from the C-
terminus amidation of 9mer Nrf2 peptide. These data demonstrated the adverse effect of the
positive charge at the N-terminus of 9mer Nrf2 peptide on its binding affinity to Keapl,
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suggesting that there exist repulsive interactions between positively charged N-terminus of
9mer Nrf2 peptide and the positively charged bottom surface of the Kelch domain.

In summary, our SPR-based solution competition assay developed can reliably derive
solution equilibrium dissociation constants of the interaction between Keapl Kelch domain
and Nrf2 protein or peptides. The 9mer Nrf2 peptide (LDEETGFEL) has been shown to be
the minimal peptide sequence required for binding to Keapl Kelch domain protein with a
Kpselution of 352 nM. Its binding affinity to Keapl Kelch domain can be increased by 15x
by removing the positive charge at the N-terminus with acetylation. The present study
provides more insights into the interaction between Nrf2 and Keapl and the SPR-based
solution competition assay can be used for the screening of small molecules as inhibitors of
Keapl-Nrf2 interaction.

Acknowledgments

We gratefully acknowledge the financial support of grants CA133791 and CA125868 from the National Institutes

of Health.
ABBREVIATIONS
ARE antioxidant response element
BTB domain bric-a-brac domain
bZIP CNC protein basic leucine zipper-type Cap n’ Collar protein
CM5 chip carboxymethyl dextran chip
EDC N-ethyl-N'-(dimethylaminopropyl)carbodiimide
Fcl-4 flow cell 1-4
GSH glutathione
GST glutathione S-transferase
HO1 heme oxygenase 1
ITC isothermal titration calorimetry
Keapl Kelch ECH-associated protein 1
NBC N-Boc-L-cysteine
Neh1l-6 Nrf2-ECH homologous domains 1-6
NQO1 NAD(P)H:quinone oxidoreductase 1
NHS N-hydroxysuccinimide
Nrf2 Nuclear factor erythroid 2 (Nf-E2)-related factor 2
OPA o-phthaldialdehyde
RU response unit
SPR surface plasmon resonance
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Ac-9mer-OH Ac-LDEETGEFL-OH
Ac-9mer-NH, Ac-LDEETGEFL-NH,

Figure 1.

Sequences of the 16mer Nrf2 peptide (residues 69-84) and its N-terminal deletion peptides
designed and synthesized, all containing the key binding motif ETGE (A) and the 9mer Nrf2
peptide and its analogues with modification on the N-terminus and the C-terminus (B).
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Figure 2.

Binding kinetics of Kelch domain of Keapl to 16mer Nrf2 peptide immobilized on CM5
chip using standard amine coupling protocol with a ligand density of 200 RU (A) and biotin-
labeled 16mer Nrf2 peptide captured on SA chip with a ligand density of 9 RU (B).

Chem Biol Drug Des. Author manuscript; available in PMC 2012 December 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vVd-HIN

Chenetal. Page 13

A RU
700
600
500

@

¥=0204x-04958
. 400 R2=099
S 300
200
% 100

.
Initial Slope (RUIs)

s
/
Z 5

-100 0 st
0 50 100 150 200 250 300 0 20 40 60 80 100 120 140
Time s [Keap1 Kelch Domain] (nM)

Figure 3.

SPR sensorgrams of the binding of varying concentrations of Kelch domain of Keapl to
biotin-labeled 16mer Nrf2 peptide captured on SA chip with a ligand density of 300 RU (A)
and plot of the initial slopes highlighted in red from 5 s to 15 s in the association phase of
sensorgrams in A as a function of free Kelch domain of Keapl concentrations as calibration
curve (B).
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Figure 4.

SPR sensorgrams of the binding of Keapl Kelch domain (40 nM) to biotin-labeled 16mer
Nrf2 peptide captured on a SA chip with ligand density (~300 RU) in the presence of
varying concentrations (1 nM to 1 uM) of 16mer Nrf2 peptide (A) and the binding curve as
a plot of the fraction of Keapl Kelch domain protein bound against the concentration of the
inhibitory 16mer Nrf2 peptide was fitted to the quadratic equation to derive the equilibrium
dissociation constant between the Keapl Kelch domain and the inhibitory 16mer Nrf2
peptide (B).
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Binding curves as plots of the fraction of Keapl Kelch domain protein bound against the
concentration of inhibitory Nrf2 peptides. The data were fitted to the quadratic equation to
derive the equilibrium dissociation constants between Keapl Kelch domain and the
inhibitory 7mer to 16mer Nrf2 peptides (A) and between Keapl Kelch domain and the C-
terminal/N-terminal modified 9mer Nrf2 peptides (B).
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Solution equilibrium dissociation constants (KpS!ution) of Nrf2 peptides as measured by a SPR-based solution
competition assay

Nrf2 peptides Peptide sequence  Kp*MUtiom (nM)
H-7mer-OH H-EETGEFL-OH > 1,000
H-8mer-OH H-DEETGEFL-OH > 1,000
H-9mer-OH H-LDEETGEFL-OH 352
H-10mer-OH H-QLDEETGEFL-OH 27.3
H-11mer-OH H-LQLDEETGEFL-OH 313
H-12mer-OH H-QLQLDEETGEFL-OH 23.8
H-14mer-OH H-FAQLQLDEETGEFL-OH 225
H-16mer-OH  H-AFFAQLQLDEETGEFL-OH 23.9
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Solution equilibrium dissociation constants (KpS°!utiom) of 9mer Nrf2 peptides as measured by a SPR-based
solution competition assay

Nrf2 peptides

Peptide sequence

KDsolution (nM)

Ac-9mer-NH,
H-9mer-NH,
Ac-9mer-OH

H-9mer-OH

Ac-LDEETGEFL-NH,
H-LDEETGEFL-NH,
Ac-LDEETGEFL-OH

H-LDEETGEFL-OH

21.4
355
23.1
352
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