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ABSTRACT: Directly disrupting the Keap1-Nrf2 protein—protein interaction (PPI) has emerged as an attractive way to activate
Nrf2, and Keap1-Nrf2 PPI inhibitors have been proposed as potential agents to relieve inflammatory and oxidative stress diseases.
In this work, we investigated the diacetic moiety around the potent Keap1-Nrf2 PPI inhibitor DDO1018 (2), which was reported
by our group previously. Exploration of bioisosteric replacements afforded the ditetrazole analog 7, which maintains the potent
PPI inhibition activity (ICs, = 15.8 nM) in an in vitro fluorescence polarization assay. Physicochemical property determination
demonstrated that ditetrazole replacement can improve the drug-like property, including elevation of pK,, log D, and transcellular
permeability. Additionally, 7 is more efficacious than 2 on inducing the expression of Nrf2-dependent gene products in cells. This
study provides an alternative way to replace the diacetic moiety and occupy the polar subpockets in Keap1, which can benefit the
subsequent development of Keapl-Nrf2 PPI inhibitor.
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xidative stresses exacerbate many chronic diseases, ligase complex shepherds Nrf2 toward the polyubiquitination
including cancer, cardiovascular diseases, chronic inflam- and degradation by the 26S proteasome, which limits the Nrf2
mation, and neurodegenerative diseases." The constant stresses activity at a basal level.*~® Under stress conditions, the cysteine
imposed by electrophiles and oxidants can increase the levels of residues in the Keapl protein are covalently modified by

oxidized proteins, phospholipids, and DNA, which ﬁna11)27 oxidative and/or electrophilic agents, which cause the
contribute to the neoplastic and chronic degenerative diseases. 8

The transcription factor nuclear factor erythroid 2-related factor
2 (Nrf2), a member of the Cap’N’collar family of proteins, is
the primary regulator of cell defensive mechanisms against
oxidative stresses. Nrf2 binds to the antioxidant response
element (ARE) and regulates the transcription of a battery of
cell protective genes (about 200), including phase 1 and 2
enzymes, and glutathione-based and thioredoxin-based anti-
oxidant systems.’

conformational changes of the complex.”® These changes
relieve Nrf2 from Keapl-meditated depression and activate the
Nrf2-ARE pathway to induce the transcription of downstream
genes, which finally activate the cell defensive system to protect
cells from endogenous and exogenous stresses. Thus,
compounds that up-regulate the expression of ARE gene
products may have therapeutic potential in a range of disease
types, including inflammatory conditions, chronic kidney

Kelch-like ECH-associated protein-1 (Keapl), a Bric-a-brac/ diseases, and cancer chemoprevention.”™ "'
Tram-track/Broad (BTB) protein, is responsible for the
regulation of Nrf2 activity. Under normal conditions, Keapl Received: October 17, 2015
acts as a substrate adaptor component in the assembly of the Accepted: July S, 2016

Cullin3 (Cul3)-based ubiquitin E3 ligase complex. This E3 Published: July S, 2016
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A wide variety of dietary and synthetic compounds have been
identified as potent activators of ARE-regulated genes, e.g.
sulforaphane, chalcone, and curcumin.'” These traditional Nrf2-
ARE activators are all electrophiles that form a covalent bond to
a cysteine residue in the target Keapl protein.'> The
electrophilic nature of these activators could increase the
uncertainty in further clinical development. Thus, directly
disrupting the Keapl-Nrf2 protein—protein interaction (PPI)
has been regarded as an innovative strategy to activate Nrf2.
Owing to the competitive and reversible nature, the Keapl-
Nrf2 PPI inhibitors may show some advantages toward the
electrophilic Nrf2 activators.'*

Recently, a series of Keapl-Nrf2 PPI inhibitors, including
peptides>™"” and small molecules,"*™** have been identified.
Among these agents, the diacetate compound series showed the
most predominant PPI inhibition activity. The discovery of
DDO1002 (1), the first nanomolar Keap1-Nrf2 PPI inhibitor,
confirmed that the necessity of fulfilling the five subpockets in
Keapl and making multiple polar interactions with key
arginines in the Keapl binding cavity should be stressed in
the design of potent Keapl-Nrf2 PPI inhibitors.”* Further
optimization of 1 resulted in DDO1018 (2) with higher
solubility and better Nrf2 inducing activity. The in vivo
experiments also confirmed the anti-inflammatory effects of
2.°*° This progress provided useful tools to further investigate
the pharmacological effects of the Keapl-Nrf2 PPI inhibitors.
However, the diacetate moiety of these compounds may have
some potential risks for further development. Thus, it is quite
necessary to investigate whether the diacetate moiety can be
replaced without sacrificing the activity.

B DESIGN AND SYNTHESIS OF COMPOUNDS WITH
VARIOUS BIOISOSTERIC SUBSTITUENTS OF
DIACETIC GROUPS

Our previous studies have identified that the P1 and P2 polar
subpockets of the Keapl cavity are the determinants for the
potent Keapl-Nrf2 PPI inhibitors.””*” Accordingly, we
successfully developed the diacetate compound series, which
utilized the two carboxylic acid groups to occupy the P1 and P2
subpockets (as shown in Figure 1).***> The diacetate moiety

Bioisosteric
substituents

FP ECyy = 1.46 uM

FP EC;, = 28.6 nM Better solubility

Figure 1. Discovery and optimization process of the diacetic
compound series.

can form multiple polar interactions, including hydrogen bonds
and salt bridges, with key polar residues, especially arginines in
the P1 and P2 subpockets. However, the diacetic acid moiety is
highly polar and easily ionized, which may possess potential
hurdles in druggability issues.

To investigate whether the diacetate moiety can be replaced
without sacrificing the activity, a series of compounds with
various bioisosteric substituents were designed and synthesized
based upon our previously identified compound 2 (as shown in
Table 1). These compounds were synthesized via the derivation
of 3. The different side chains were introduced by the
electrophilic substitution of the sulfonamides, which have
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been used to construct the diacetic compound series (Scheme
1).2425

B DITETRAZOLE ANALOG CAN MAINTAIN THE
POTENT PPI INHIBITION ACTIVITY

These compounds were evaluated for their Keapl-Nrf2 PPI
inhibition activity in a greviously described fluorescence
polarization (FP) assay.””*® As shown in Figure 2, compound
7 bearing the tetrazole groups maintained the PPI inhibition
activity with an ICs, of 15.8 nM, which is comparable to that of
2 (ICy, = 134 nM). While the introduction of other
bioisosteric substituents led to the dramatic decrease in activity,
only 8 with 1,2,3-triazole groups displayed the nanomole
activity (IC5o = 609 nM). The prominent performance of the
tetrazole and 1,2,3-triazole groups indicated that an electron-
rich aromatic ring may be an alternative pattern for occupying
the P1 and P2 subpockets. The carboxamide group, which can
form a similar hydrogen bond but has a significantly high pK,
value, resulted in the inactive compound. This is consistent
with the results provided by Jnoff et al.”’ However, the
carboxamide group can also be active in certain cases. The
research of Jain et al.”’ showed that when the substituent on the
side-chain phenyl ring was the p-methoxy group, the
diacetamide moiety can insert into the P1 and P2 subpockets
and good inhibition activity can be retained. The hydroxamic
acid analog also showed moderate activity. Considering the
similar properties of the two functional groups in forming
hydrogen bonds, the difference in acidity may be the main
reason for the loss of activity. The methyl ether of 2 did not
show activity, providing a possible choice for the prodrug
design of the Keapl-Nrf2 PPI inhibitor.

B BINDING MODE INVESTIGATION INDICATED
DITETRAZOLE MOIETY HAS NOVEL
“SANDWICH"-LIKE BINDING PATTERN

In order to compare the role of the diacetic moiety and
tetrazole groups in Keapl binding, we carried out molecular
docking studies between the Keapl Kelch domain and the two
active compounds 2 and 7. The LigandFit tool, which has been
proven suitable for the Keapl target and has been applied in
our previous work,””** was used to propose the binding pose.
As shown in Figure 3A, the diacetic moiety of 2 can insert into
the P1 and P2 subpockets and interact with key arginines by
hydrogen bonds and salt bridges. Although the tetrazole groups
of 7 can occupy the P1 and P2 subpockets, the binding pattern
showed some differences. In the case of 7, most of the
hydrogen bonds and salt bridge interactions were retained.
Besides, the ditetrazole moiety can make extra z—charge
interactions with the guanidyl group of arginines. As shown in
Figure 3B, the ditetrazole moiety packed between Arg380 and
Arg41S and formed multiple electrostatic interactions, includ-
ing charge—charge and 7—charge interactions, which seems like
a “sandwich” binding mode, further enhancing the binding in
the P1 and P2 subpockets. In order to match up this binding
pose, the core naphthalene ring also had a little bit of
deflection, but the hydrophobic interactions with Arg415 and
AlaS556 were retained. The movement of the naphthalene ring
also induced the displacement of two phenyl rings. But the
overall binding pattern was similar, and the key z—n
interactions were kept. Overall, the docking results indicated
that the tetrazole moiety not only interacted with key arginines

by hydrogen bonds and salt bridges, but also formed favorable

DOI: 10.1021/acsmedchemlett.5b00407
ACS Med. Chem. Lett. 2016, 7, 835—840


http://dx.doi.org/10.1021/acsmedchemlett.5b00407

ACS Medicinal Chemistry Letters

Table 1. ICy), Physicochemical Properties and ARE Induction Fold Results of the Compounds Containing Various

Substituents.?

Induction Fold
ICso (nM) Solubility LogD
No. R- K
© grotp 95%CI | (pH=7.4) | P°% | (pH=74) [ 001aM 0.1yM 1M SuM
2 i 144 5.0mg/mL | 4.79 1.02 1334038 | 3.104044 | $67+067 | 10.77+0.90
/\/U\OH 12.4.16.7 .0 mg . . 33+0. .10+ 0. .67 +0. .77 + 0.
_ 14.1
4 /=N >50 uM gL | 1051 4.65 1114017 | LI18+0.16 | 2004037 | 3.50+0.72
112
5 [ = > 50 uM gl | 1073 475 094+0.12 | 1.03+0.06 | 1244023 | 4104086
6 i > 50 uM 364 10.46 391 1114012 | 1224006 | 135+023 | 275+0.86
/\)ko/ pg/mL ‘ : A1£0. 22+0. 3540 75 +0.
7 HNRy 158 35mg/mL | 5.12 231 2114034 | 437+136 | 12394089 | 15.17+0.89
[ A=y 13.7-183 - - - B
8 HNRy 609 6979 9.67 3.01 1014010 | 1334001 | 243+057 | 4.01+0.54
[~/ 342.7-1084 ug/mL : ' T oo e T
0
2600 941.8
JOH
9 /QLH 2503189 | g | V12 2.87 119+0.04 | 1674037 | 1712013 | 4.54+0.30
0 | / > 50 uM 655.1 10.77 2.99 1004008 | LI124009 | 1174001 | 132+0.14
\/\OH yg/mL . . .00 + 0. A2+ 0. A7+ 0. e V2 VA
11 i > 50 uM 388.5 9.8 321 1074008 | 1274024 | 246+0.18 | 3.56+0.30
A, o | o . 0740, 2740, 4640, 5640,

m—charge interactions. The “sandwich”like binding pattern
taken by the ditetrazole moiety provided an alternative for the
design of potent Keapl-Nrf2 PPI inhibitors.

B PHYSICOCHEMICAL PROPERTY DETERMINATION
CONFIRMS DITETRAZOLE REPLACEMENT CAN
ELEVATE PK, AND LOG Dpy_; 4

We further evaluated the impact of bioisosteric substituents on
the physicochemical properties of 2 and 4—11. As shown in
Table 1, the pK, and log D y_;4 of 2 were 4.79 and 1.02,
respectively, which further confirmed 2 as an easily ionizable
and highly polar compound. All of the compounds showed
higher pK, and log Dyy7,4 values than those of 2, which
reflected that the replacement of the diacetic moiety can
improve the physicochemical properties. The pK, and log
D74 of the most potent analogue in the PPI inhibition
experiment, compound 7, were 5.12 and 2.31, respectively.
They were both higher than those of 2, but lower than the
other compounds, especially for the pK, value. This indicated
that the P1 and P2 subpockets favor the easily negatively
charged groups, and the electrostatic interactions are important
for Keapl-ligand binding. Although the pK, and log Dy,
changed, 7 retained the advantages in solubility, similar to 2.
Taken together, the higher pK, and log D,y_s4 of 7 could
enhance the passive cell membrane permeability, which may be

beneficial for the cellular activity.
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B DITETRAZOLE REPLACEMENT RESULTED IN
BETTER CELL MEMBRANE PERMEABILITY

Considering the significant change of the physicochemical
property induced by the polar recognition group, we then
examined whether ditetrazole replacement could affect the cell
membrane permeability. Permeability coefficients (Pe) were
determined using a standard parallel artificial membrane
permeability assay (PAMPA) on a PAMPA Explorer instru-
ment (pION). PAMPA is used as an in vitro model of passive,
transcellular permeability.

Surprisingly, 7 with the ditetrazole showed a Pe value of 42.3
X 107¢ cm/s, while 2 with the diacetic group only gave a Pe
value of 0.3 X 107 cm/s (Table 2). The results clearly showed
that the ditetrazole analog can permeate the cell membrane
through the passive diffusion mechanism, while the diacetic
analog can hardly accomplish the transmembrane transport by
this mechanism. This confirmed that the ditetrazole replace-
ment can improve the cell membrane permeability, which is
beneficial for the cellular activity.

B DITETRAZOLE ANALOG 7 IS MORE POTENT IN
THE CELLULAR ARE-LUCIFERASE REPORTER
ASSAY

In view of the promising character of 7, we investigated the
cellular activities of these compounds using the ARE-luciferase
reporter assay in HepG2-ARE-CS8 cells, which has been applied
extensively to determine the Nrf2 inducing ability of small
molecules. As shown in Table 1, 7, which is optimal in both PPI
inhibition activity and physicochemical properties, showed
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Figure 2. Dose—response inhibition curves of 2 and 7 determined by
the FP-based binding assay.

significant improvement in the Nrf2-ARE inducing activity. The
level of ARE to about 15-fold can be achieved by 7 at 5§ uM,

Table 2. Membrane Permeability of the Selected
Compounds

Pe,pH="17.4
Compound R-group (e 1, (:)’ ‘cm/ Z)
; HN™ N“N 42.266 + 4.476
/ \)QN
0]
0.265+0.086

2 Aoy

while 2 can only achieve about 11-fold at the same
concentration. These results showed that 7 has obvious
advantages compared with 2 in the cellular ARE-luciferase
reporter assay.

B QRT-PCR ANALYSIS CONFIRMS 7 CAN MORE
SIGNIFICANTLY INDUCE THE EXPRESSION OF
NRF2-DRIVEN GENES

We then investigated whether 7 is more potent in elevating the
transcription of Nrf2-driven genes. Quantitative real-time PCR
(qQRT-PCR) analysis was performed to monitor the mRNA
level of three selected target genes: GCLM (glutamate-cysteine
ligase, modifier subunit), NQO1 (NAD(P)H: Quinone
Oxidoreductase 1), and HO-1 (Heme oxygenase 1). Both of
the two compounds concentration-dependently increased the
transcription of Nrf2-regulated genes. In the case of 2 at the
highest concentration (10 M), the levels of HO-1 and GCLM
were about 21- and 14-fold, respectively (Figure 4A and B).
Remarkably, for the optimized compound 7, there was
approximately 30- and 20- fold increase in the mRNA level
of HO-1 and GCLM, respectively (Figure 4A and B). 7 also
showed superiority in the elevation of NQO1 mRNA.
Treatment with 7 can induce about S-fold at the concentration
of 5 uM, while similar elevation effects were achieved by 2 at 10
uM (Figure 4C). Taken together, these results indicated that 7
can obviously activate the transcriptional activity of Nrf2 at a
lower concentration than 2.

B COMPOUND 7 IS MORE EFFICACIOUS ON
UP-REGULATING THE PROTEIN LEVEL OF NRF2
TARGETED GENES

Then we examined the concentration-dependent effects of 7 on
the protein level of Nrf2 targeted genes including HO-1,
NQOJI, and y-GCS. The effects of 2 were also evaluated as a
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Figure 3. Binding mode investigation of 2 and 7 using molecular docking. Parts A and B represent the binding modes of 2 and 7, respectively. The
surface of Keapl is colored as the property of hydrogen bonds. The ligand is represented as sticks. Green dashed lines represent hydrogen bonds,
yellow solid lines represent electrostatic interactions, the pink dashed lines represent 7—7 interactions, and the violet dashed lines represent
hydrophobic interactions.
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Figure 4. Expression of Nrf2-regulated genes after treatment with 2 and 7. HCT116 cells were treated with these two compounds respectively at the
indicated concentrations for 12 h. The histogram showed qRT-PCR analysis of (A) HO-1, (B) GCLM, and (C) NQO1 expression in HCT116 cells
after treatment with compound 2 and 7, respectively. The expression of Nrf2 targeted genes used f-actin for normalization (n = 3).
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Figure S. Dose-dependent increase of Nrf2-regulated genes NQO1, HO-1 and y-GCS in HCT116 cells after treatment with 2 and 7, respectively.

comparison. As shown in Figure S, the up-regulation of
downstream protein NQO1 was not obvious at 8 h, which may
result from the high basal level of NQO1 in HCT116 cells.*'3*
Compared to NQOI, the elevation of HO-1 and y-GCS was
much more obvious. Compound 7 doubled the expression of
HO-1 and y-GCS at the concentration of 10 uM at 8 h, while 2
only increased the expression of these two genes at 1.5- and
1.6-fold, respectively, and, at 16 h, compound 7 showed
significant superiority in the elevation of NQO1, HO-1, and -
GCS (Figure S for the protein band and Figure S1 for the
semiquantitative data). These data further substantiated the
higher cellular Nrf2 inducing activity of 7 bearing tetrazole
groups.

In summary, with the aim to improve the physicochemical
properties and cell membrane permeability, we used the
bioisosteric groups to replace the diacetate groups of 2, which is
a potent Keap1-Nrf2 PPI inhibitor with less-than-ideal drug-like
properties. Among the compounds with various bioisosteric
substituents, 7, with tetrazole groups, retains the Keapl-Nrf2
PPI inhibition potency with an ICs; of 15.8 nM in the FP assay,
but has improved logP and pK, profiles compared to 2.
Moreover, the transcellular permeability assay showed that 7
can easily cross the membrane by the passive diffusion.
Compared to compound 2, compound 7 showed better cellular
ARE activity and was more efficacious on up-regulating both
the mRNA and the protein level of Nrf2 targeted genes.
Collectively, these data substantiate that the ditetrazole moiety
not only fits the Keapl P1 and P2 polar subpockets, but also
has better drug-like properties, which would benefit the
subsequent development of Keap1-Nrf2 PPI inhibitors.
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