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ABSTRACT: In this study, rapid structure-based virtual
screening and hit-based substructure search were utilized to
identify small molecules that disrupt the interaction of Keap1−
Nrf2. Special emphasis was placed toward maximizing the
exploration of chemical diversity of the initial hits while
economically establishing informative structure−activity rela-
tionship (SAR) of novel scaffolds. Our most potent non-
covalent inhibitor exhibits three times improved cellular
activation in Nrf2 activation than the most active noncovalent
Keap1 inhibitor known to date.

■ INTRODUCTION

Oxidative stress can lead to chronic inflammation, which is
crucial to the development of many diseases, including cancer,
cardiovascular, and neurodegenerative diseases.1 Antioxidant
defense system is one of the major mechanisms to protect cells
from such stress. A number of enzymes, such as NADPH:qui-
none oxidoreductase 1 (NQO-1), heme oxygenase-1 (HO-1),
superoxide dismutase (SOD), and glutathione S-transferase
(GST),2 are the key components of this system. They are
mainly regulated by three cellular components: Kelch-like
ECH-associated protein 1 (Keap1), nuclear factor erythroid 2-
related factor 2 (Nrf2) and antioxidant response elements
(ARE).3 Under unstressed conditions, Nrf2 remains at low
cellular concentration and is negatively regulated by Keap1
mediated proteasomal degradation.3 Upon exposure to
oxidative stress, Keap1 is deactivated. Nrf2 escapes Keap1-
mediated degradation, resulting in its nuclear translocation and
transcriptional activation of the ARE dependent genes,
including the above-mentioned entities. Thus, targeting the
Keap1−Nrf2−ARE signaling pathway is one logical strategy to
discover therapeutic agents for diseases and conditions
involving oxidative stress.4 To date, most Nrf2 activators,
including natural products (e.g., sulforaphane and curcumin)
and synthetic compounds (e.g., oltipraz and bardoxolone
methyl), target this pathway through covalent modification
and deactivation of Keap1 protein via its reactive cysteine
residues.4,5 Direct inhibition of the Keap1−Nrf2 protein−
protein interactions via a non-covalent mechanism is an
alternative for the discovery of small-molecule Nrf2 activators
with potential advantages such as lower toxicity.4

Human Keap1 is a 70 kDa protein6 containing five domains:
(a) N-terminal region (NTR), (b) BTB (broad complex,
tramtrack, and Bric a brac), an evolutionarily conserved
protein−protein interaction motif that dimerizes with Cullin
3 (Cul3)-based ubiquitin E3 ligase complex for Nrf2
ubiquitination; (c) intervening region (IVR), a cysteine-rich
region; (d) double glycine region (DGR), a domain that
comprises six-bladed Kelch motifs and binds to the Neh2
domain of Nrf2;7,8 and (e) C-terminal region (CTR). Human
Nrf2 has 605 amino acid residues that form six conserved
domains: Neh1−Neh6. Each domain has its own biological
function, particularly the N-terminus Neh2 domain, which
contains two regions that bind to Keap1 Kelch domain.8 One
region (amino acids 17−32) contains a DLG motif with a low
binding affinity (KD ≈ 1000 nM).7 Another region (amino
acids 77−82) contains an ETGE motif with a high binding
affinity (KD ≈ 5.3 nM).9 On the basis of these two motifs,
several peptides disrupting the Keap1−Nrf2 interaction have
been developed. Unfortunately, their efficacy has not been
proven at the cellular level, probably due to poor cell
penetration.10

Subsequently, the discovery of non-peptide Keap1−Nrf2
inhibitors has emerged. One recent study11 reported the
discovery of a potent small-molecule inhibitor 1 (Ki = 1.0 μM,
Figure 1) via a high throughput screening of NIH MLPCN
library of 337116 compounds (PubChem BioAssay ID: 504523,
504540) and hit optimization. This compound showed decent
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ARE-inducing activity with an EC50 of 18 μM in a cell-based
functional assay. Another high throughput screening study12

reported two novel scaffolds (2 and 3). Compound 3 (PDB
entry: 4IQK) showed a good binding inhibition (IC50 = 2.7
μM), while compound 2 (PDB entry: 4IN4) was rather weak
(IC50 = 118 μM). Compound 3 was demonstrated to up-
regulate Nrf2 target gene NQO1 and stabilize Nrf2 protein
using an ARE-driven luciferase reporter system in DLD1 cells.
A small molecule 4 has been recently released in PDB bank
(PDB entry: 3VNG, 3VNH). Comparison of these four crystal
structures showed that all ligands bind to the same protein−
protein interfacial pocket with minimal allosteric distortion of
the local side chains (Supporting Information Figure S3). This
provides a strong structural basis for in silico screening studies
by using a single X-ray crystallographic structure as a starting
point. Inhibitors with novel scaffolds are expected to comple-
ment current leads for future translational development.
Structure-based virtual screening (SBVS) and hit-based

substructure search (HBSS) are powerful tools for drug
discovery.13−15 In this study, we successfully identified novel
Keap1−Nrf2 inhibitors with informative SARs by employing an
integrated SBVS and HBSS approach.

■ RESULTS AND DISCUSSION
Design Rationale. In this study, in-house synthesis was

replaced by taking the advantage that compounds in many
commercial chemical databases are inherently enriched with
analogues defined by the nature of their synthetic routes. Thus,
an SAR of the hits identified through SBVS can easily be
established through subsequent extraction of analogues of the
same chemotype within the same database. This approach is
economical and highly efficient to achieve a preliminary SAR
for large numbers of chemically diverse hits prior to focused
medicinal chemistry exploration. It is a standard best practice
for efficiently exploring commercial compound databases.
Structure-Based Virtual Screening. A schematic of the

overall virtual screening procedure in this study is presented in
Supporting Information Figure S1. Specs database (>300000
compounds) was processed, resulting in a screening library of
153611 compounds with >106 conformations. Virtual screening
was carried out using Schrodinger’s Glide in three steps, each
with increasing level of computational sampling and precision,
resulting in 90 compounds with Glidescore less than that of
compound 3. While Glidescore performs poorly in the
estimation of binding affinity,16 it is commonly used as one
of the matrices for selecting poses in SBVS. To ensure
maximum chemical diversity and to limit redundancy in our
initial testing, these compounds were subjected to structure
similarity comparison and clustering based on their calculated
Tanimoto coefficient using the 2D fingerprint.17 The selected

65 compounds, representing 61 novel structural clusters with
Tanimoto coefficient <0.8, were purchased from the
commercial source (details in Supporting Information) for
biological evaluation.

Disrupting the Binding of Keap1−Nrf2. The inhibitory
activity (KD2) of the 65 selected compounds from SBVS were
measured by an established fluorescence anisotropy assay.18 On
the basis of its low micromolar inhibition activity, availability of
X-ray cocrystallographic structure, and ease of synthesis,
compound 3 was chosen as our reference compound. All
compounds were first evaluated at 100 μM, and 24 showed
detectable or decent Keap1−Nrf2 inhibition (Supporting
Information Table S1). These compounds were then evaluated
to determine the KD2. Nine possessed good inhibitory activity,
with KD2 ranging from 2.9 to 75.48 μM (Figure 2).

Interestingly, the phenylsulfonic amide turned out to be a
common scaffold (S47, S48, S49, S52, and S57), which was
different from the earlier reported inhibitors. Among the
identified hits, compounds S47 and S49 displayed excellent
Keap1−Nrf2 inhibitory activity, with KD2 values of 2.9 and 3.6
μM respectively, comparable to that of the reference compound
3 (KD2 = 3.3 ± 0.5 μM, Supporting Information Figure S12) in
our assay. Compound S6 and S40 showed moderate inhibitory
activity, with KD2 values of 15.2 and 10.4 μM. To obtain further
insight that would guide the hit-based substructure search, the
docking modes of these compounds with the Keap1 Kelch
domain were re-examined.
From the observed binding poses of our docking studies

(Figure 3 and Supporting Information S6), three recurring
features were observed that may play an important role in
selective binding of noncovalent Keap1 inhibitors, namely (a)
π−cation interaction of its aromatic scaffold with Arg415, (b)
hydrogen bonds with Ser363, Ser508, or Ser555, and (c) salt
bridge interaction between our negatively charged triazole or
acetate groups with surface Arg380, Arg415, or Arg483.
Interestingly, the most active and structurally similar com-
pounds, S47 and 3, involved a very different mode of binding
with deep insertion of their aromatic scaffold (cumenyl of S47
and naphthyl of compound 3) into the cationic Arg415 pocket.

Figure 1. Recently published small molecule inhibitors of Keap1−Nrf2
interaction.

Figure 2. Chemical structures and Keap1−Nrf2 inhibitory activities of
the hits from structure-based virtual screening.
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The differences are likely due to the fact that compound 3 is
structurally symmetric and eletroneutral while S47 is not. The
strong salt bridge interaction of S47 is also accompanied by
compensated replacement of the naphthyl group by the
cumenyl group inside Arg415 pocket (Figure 3C). The
structurally symmetric compound 3, on the other hand, binds
in a more symmetric way in relation to the 6-bladed fold
symmetry of the protein, involving two sulfonamide groups and
a 4-methoxyphenyl group, which formed additional hydrogen
bonds with Ser363 and Ser508 and π−π interactions with
Tyr334 to compensate for its potency (Figure 3D).
Hit-Based Substructure Search and Preliminary SARs.

Three scaffolds (S6, S40, and S47) representing novel
chemotypes for Keap1−Nrf2 inhibitors were selected for hit-
based substructure search in Specs database. Nine analogues of
S6, 13 analogues of S40, and 23 analogues of S47 were selected
and purchased for biological evaluation (25 of them have been
confirmed in-house for their identity and purity by NMR, MS,
and HPLC with details in Supporting Information).
The fluorescence anisotropy assay revealed that four

compounds (HS1, HS5, HS8, and HS9) within S6 series
(Table 1) possessed moderate potency. SAR analysis revealed
that decreased inhibitory activity was observed for non-halogen
substituted derivative HS1 (KD2 = 42.9 ± 2.6 μM) compared to
the halogen-substituted one, S6 (KD2 = 15.2 ± 0.04 μM),
highlighting the importance of substitutions on R2 group. No
substitution on R1 (HS3) was totally inactive. Introducing
amide (HS7) or sulphonamide (HS2, HS4, and HS6) reduced
the inhibitory activity. Disubstitution on the same benzene ring
(S6) exhibited higher inhibition than the mono ones (HS8).
For the S40 series (Table 2), the carboxyl group on R1 was

critical for the inhibitory activity, likely because it may form
hydrogen bonds with Arg380 and Arg415. The corresponding
hydroxyl (HS18) or methoxy groups (HS12 and HS19) were
completely inactive. Compounds with various substitutions on
R2 position also showed quite different inhibitory activity. The
methyl derivatives (S40, HS10, HS11, and HS13) were better
than the halogen derivatives (HS15 and HS16). When the
methyl group on position 2 (S40) was moved to position 3
(HS10), decreased activity was observed. Similarly, disubstitu-
tion on the same benzene ring (HS11, HS13, and HS14) led to

decreased activity compared to the monosubstituted derivative
S40. Removing either of the two benzene rings (HS20 and
HS21) showed decreased activity.
The inhibitory activity of S47 analogues is summarized in

Tables 3 and 4. Compounds S47, S49, HS26, HS27, HS28,
HS31, HS39, and HS41 showed activity lower than 10 μM.
Notably, compounds S47, S49, HS26, HS31, and HS39 had
KD2 values around 3 μM, comparable to that of the reference
compound 3 (KD2 = 3.3 ± 0.5 μM). The key observations of
the SARs from these analogues have been summarized as
follows: generally, the triazole derivatives were more potent
than the carboxylates (Table 3). Introducing substituents on
the NH group of triazole (HS33) or replacing the whole
triazole by benzene rings (HS34−HS35) or other aromatic

Figure 3. Potential binding modes of the lead compounds (A) S6, (B)
S40, (C) S47, and (D) 3 with the Keap1 Kelch domain.

Table 1. Inhibitory Activity of Compounds HS1−HS9 for
Keap1−Nrf2 Binding

Table 2. Inhibitory Activity of Compounds HS10−HS21 for
Keap1−Nrf2 Binding
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rings (HS32 and HS36−HS38) dramatically reduced the
inhibitory activity, presumably due to the loss of the salt bridge
interaction with Arg483. A hydroxyl group was critical for the
inhibitory activity because of the hydrogen bond interaction
with the backbone of Ser555. Thus, acetylation of the hydroxyl
group (HS43) or cyclization with sulfur (HS44) rendered the
compounds completely inactive. As the compound with
isopropylphenyl group (S47) could be inserted deeply into
the central cavity of Keap1 protein, the derivative with no
substitution on the benzene ring (HS30) had a poor inhibition
(KD2 = 61.2 ± 5.4 μM). Introducing a methoxy group on
position 4 (HS28) led to a more than 10-fold increase in
activity. Ethoxyl derivative (HS31) also enhanced the activity
with a KD2 value of 3.1 ± 0.3 μM.
The compounds with aliphatic groups (S47, S49, S52, HS25,

HS27−HS28, and 31) on the benzene ring were more potent
than the halogen substituted ones (HS22−HS24, HS29). Tri-
or disubstituted analogues were more potent than the
monosubstituted ones, such as HS26 (2,4,6-trimethyl, KD2 =
4.2 ± 0.4 μM), HS25 (4-methyl, KD2 = 15.4 ± 0.9 μM), and
HS27 (4-isopropyl, KD2 = 6.4 ± 1.4 μM). Naphthyl (HS39)
and quinolyl (HS40) were tolerated with similar activity
compared with the phenyl ones (Table 4). The thienyl
compound (HS42) was 10-fold less potent, probably

potentially due to its insufficient occupation of the binding
site. Removing one aromatic ring of the naphthyl (S57 and
HS45) was unfavorable.
The most potent compounds (S6, S40, S47, and HS26) of

each class were then confirmed to bind with Keap1 protein
non-covalently in a reversible binding assay by reproducing
similar binding affinities of dialyzed Keap1 to its fluorescence
probe (Supporting Information Figure S13).

Differential Scanning Fluorimetry (DSF) Assay. The
affinity of selected compounds to Keap1 protein was then
confirmed by a qualitative orthogonal DSF assay at a single
concentration used in previous validation studies for Keap1−
Nrf2 inhibition.19,20 One advantage of DSF is that it can be
done with higher throughput without requiring large amounts
of protein. As expected, compounds S47 and HS31 showed
significant decrease (ΔTm = 5 and 4 °C respectively) in melting
temperatures of Keap1 protein, while the reference compound
3 was not very sensitive in this assay (Figure 4 and Supporting
Information Figure S14). The data also showed S6 and S40
with moderate potency only had 1 or 2 °C difference compared
to DMSO control, while the negative control compounds
HS32 and HS44 were inactive. These results overall confirmed
the binding interaction of the lead compounds with Keap1
protein

Quantification of mRNA of Nrf2 Downstream Genes.
To determine whether the compounds activate Nrf2, qRT-PCR
was carried out to quantify the mRNA levels of HO-1 and
NQO-1 using PC12 cells (Figure 5). HO-1 mRNA was
significantly enhanced by compound S47 in dose−response
and time−response manners with no obvious effect by the
reference compound 3. Noticeably, the HO-1 mRNA was three
times of that of compound 3 at 4.5 and 6 h. For NQO-1
mRNA, it was elevated at both doses of S47 but no change at

Table 3. Inhibitory Activity of Compounds HS22−HS38 for
Keap1−Nrf2 Binding

Table 4. Inhibitory Activity of Compounds HS39−HS45 for
Keap1−Nrf2 Binding
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low dose of compound 3. These results mechanistically
supported our hits disrupting the protein−protein interaction
of Keap1 and Nrf2.
Western Blotting Assay for Nrf2 Nuclear Trans-

location. To further validate the mechanism of action,
Western blotting was used to characterize the subcellular
distribution of Nrf2 protein in PC12 cells. Given that
downstream gene up-regulation was observed at 4.5 h (Figure
5), Nrf2 nuclear translocation should occur before that. Indeed,
S47 treatment caused a significant decrease in the level of
cytosolic Nrf2 protein and an increase in nuclear Nrf2 protein
1.5 h after treatment (Figure 6). The level of Nrf2 protein was
reversed after 4.5 h treatment, likely because of the feedback
loop of Nrf2 and Keap1 regulation.21

■ CONCLUSION
Three classes of novel inhibitors disrupting Keap1−Nrf2
protein−protein interaction were successfully identified by
structure-based virtual screening. Further hit-based substructure
search of the potent compounds concluded an informative
SAR, which was a high-efficiency strategy and best use of the
commercial compound library. Our most potent noncovalent
inhibitor exhibits three times improved cellular activation of
Nrf2 than the most active noncovalent Keap1 inhibitor known
to date. Further cell-based mechanism study supported our new
hits disrupting the protein−protein interaction of Keap1 and

Nrf2. Focused medicinal chemistry work is ongoing to expand
the SAR of novel inhibitors.

■ EXPERIMENTAL SECTION
Fluorescent Anisotropy Assay. Determination of equilibrium

dissociation constants KD for each compound was performed using the
fluorescence anisotropy assay with FITC−βAla−DEETGEF−OH
(Supporting Information Figure S10) as the fluorescence probe.10

The fluorescence anisotropy was measured on SpectraMax M5e
microplate reader with 485 nm excitation and 535 nm emission after a
60 min incubation at room temperature. The KD2 of each compound
tested was determined by fitting the displacement curves as described
in the literature18 (details can be found in Supporting Information).
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