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Binding Mode and Structure–Activity Relationships around
Direct Inhibitors of the Nrf2–Keap1 Complex
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An X-ray crystal structure of Kelch-like ECH-associated protein
(Keap1) co-crystallised with (1S,2R)-2-[(1S)-1-[(1,3-dioxo-2,3-di-
hydro-1H-isoindol-2-yl)methyl]-1,2,3,4-tetrahydroisoquinolin-2-
carbonyl]cyclohexane-1-carboxylic acid (compound (S,R,S)-1 a)
was obtained. This X-ray crystal structure provides break-
through experimental evidence for the true binding mode of
the hit compound (S,R,S)-1 a, as the ligand orientation was
found to differ from that of the initial docking model, which
was available at the start of the project. Crystallographic eluci-
dation of this binding mode helped to focus and drive the
drug design process more effectively and efficiently.

Neurodegenerative diseases are conditions with high unmet
medical needs for patients, and currently available treatments
only provide symptomatic relief. In recent years, nuclear factor
erythroid 2-related factor 2 (Nrf2) has become an attractive
neuroprotective target, as the Nrf2 pathway represents a natu-
ral cell defense mechanism.[1] Nrf2 is a transcription factor and
member of the Cap’N’collar family of proteins.[2] It regulates
the antioxidant response element (ARE)-mediated transcription
of a myriad of antioxidant and protective genes to counteract
the harmful effects of reactive oxygen species or xenobiotic
damage.[3–6] Under basal conditions, Nrf2 is tightly regulated in
the cytoplasm by Kelch-like ECH-associated protein (Keap1)
and is targeted for ubiquitin-mediated proteasomal degrada-

tion, which maintains low levels of Nrf2 protein. Upon oxida-
tive stress, Nrf2 dissociates from Keap1 and translocates into
the nucleus, where it forms heterodimers with a variety of
transcriptional regulatory proteins.[7] These protein complexes
then associate with the ARE to induce gene transcription of cy-
toprotective enzymes to prevent toxicity. A number of articles
have described the exciting preclinical neuroprotective effects
of Nrf2 not only in Parkinson’s[8–10] and Alzheimer’s disease,[11, 12]

but also in multiple sclerosis[13] and amyotrophic lateral sclero-
sis.[14] Moreover, our research group recently reported the im-
portance of Nrf2 in epilepsy;[15] we demonstrated that Nrf2
mRNA is significantly increased in human epileptic hippocam-
pal tissue. Additionally, Nrf2 and the expression levels of its
downstream genes [heme oxygenase 1 (HO-1), NAD(P)H qui-
none oxidoreductase 1 (NQO1), glutathione S-transferases
(GSTs)] increased progressively in a spontaneously occurring
seizure model of epilepsy in mice. Importantly, mice that over-
express Nrf2 displayed fewer seizures with a profound de-
crease in microglia activation and preservation of hippocampal
neurons. Almost all known ARE activators behave as indirect
inhibitors of the Nrf2–Keap1 interaction; they are believed to
disrupt this protein–protein interaction by oxidation or cova-
lent modification of cysteine residues on Keap1, thus releasing
Nrf2.[16]

Very recently, Hu et al.[17, 18] de-
scribed (S,R,S)-1 a as the first cys-
teine-independent activator of
Nrf2 to act as a direct inhibitor of
Nrf2–Keap1 complex formation.
This single diastereomer, contain-
ing three chiral centers, originated
from a mixture of diastereomers of
1 a, which was identified as a hit
from a high-throughput screen of the NIH MLPCN library of
small molecules. Prior to this publication, we had independent-
ly mined the NIH screening data, which was in the public
domain, and selected 1 a as worthy of confirmation and decon-
volution. Subsequent preparation and biological evaluation of
each pure stereoisomer confirmed that the most active com-
pound is (S,R,S)-1 a. Herein we describe how structural biology
informed our understanding of the binding pose, which in
turn helped to drive the drug design process.
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Compound (S,R,S)-1 a was docked into two crystal structures
of the human Keap1 Kelch domain, PDB ID: 2FLU (co-crystal
structure with Nrf2 fragment)[19] and PDB ID: 1ZGK (apo struc-
ture),[20] as these structures showed differing conformations for
Arg380 and Arg415. Visual inspection of the docked poses and
comparison of the intermolecular protein–ligand interactions
revealed that the top-ranked pose in 2FLU mimics several in-
teractions observed between Keap1 and Nrf2. Interestingly, our
top pose posits the cyclohexyl group of (S,R,S)-1 a in a similar
pocket to the exemplary docked pose published by Hu and
co-workers,[17] with the remainder of the molecule forming
quite different interaction patterns. In particular, our solution
allowed the acid to form both a salt bridge with Arg415 and
a hydrogen bond with Ser508, in a similar manner to one of
the Nrf2 acidic moieties. In addition to these Nrf2-like interac-
tions, the cyclohexane ring, which adopts a conformation with
the larger amide substituent positioned equatorially, makes
a hydrophobic contact with Tyr525 (not shown), and the car-
bonyl group of the amide linker between the tetrahydroisoqui-
noline (THIQ) moiety and the cyclohexane ring interacts with
Ser555. The THIQ group interacts with Tyr572 (p-stacking) and
the six-membered ring of the phthalimide moiety forms a hy-
drophobic contact with Tyr334. Finally, one of the phthalimide
carbonyl groups interacts by a hydrogen bond with Arg415
(Figure 1 a).

While this pose appeared promising, the eventual co-crystal
structure revealed a very different mode of binding (PDB ID:
4L7B).[21] In the presence of ligand 1 a, we found that the
Arg415 side chain adopts a conformation different from that
observed in the Nrf2-bound Keap1 structure (PDB ID: 2FLU)
used for the initial docking efforts pose. Surprisingly, the cyclo-
hexane ring observed in the Keap1–1 a co-crystal structure
adopts an unusual conformation, with the larger amide sub-
stituent positioned axially. The top-ranked docked pose for the
1ZGK structure (data not shown) was significantly closer to the
crystallographically observed binding mode, but was initially
less favored, as the interactions with Keap1 appeared less Nrf2-
like.

Initial attempts at obtaining ligand complexes with (S,R,S)-
1 a using the published mouse and human Keap1 Kelch
domain crystal structures were unsuccessful due to occlusion
of the Nrf2 binding site in the crystal lattice by loop residues.
A panel of rationally designed mutants were explored to
create a system with different crystal packing that would be
amenable to co-crystallisation or soaking with small molecules.
The human Keap1 Kelch domain (321–609) with the R354D
point mutation and the histidine tag relocated to the C termi-
nus of the construct subsequently co-crystallised with (S,R,S)-
1 a (Figure 1 b).

The conformation of (S,R,S)-1 a in the crystal structure shows
the aromatic ring of the THIQ group further into the central
pore, and the cyclohexane carboxylic acid/phthalimide moiet-
ies extending outward, making interactions with Tyr572,
Ser602, Arg415, and Asn414. Compared with the apo structure
(PDB ID: 1ZGK) both Arg380 and Arg415 side chains are re-ori-
entated away from the central pore closer to the protein-
aceous aspect of the protein, in order to accommodate

(S,R,S)-1 a. The carboxylic acid group fits into a groove formed
by Arg415, which extends into the center of the pore, and
Asn414 with hydrogen bonds to both residues. Arg415 is itself
positioned between the acid and the carbonyl group that links
the THIQ moiety to the cyclohexane ring. The phthalimide car-
bonyl group is hydrogen bonded to Ser602, and the phenyl
ring forms a face-to-face p-stack with Tyr572.

Finally, there also appears to be a water-mediated hydrogen
bond between the second phthalimide carbonyl oxygen atom
and Ser555. The binding pocket of Keap1 that accommodates
(S,R,S)-1 a is the one used by the Nrf2 peptide and has recently
been involved with other small molecules co-crystallised with
Keap1.[22] As mentioned above, the THIQ moiety sits at the top
of the central pore, suggesting some potential chemical space

Figure 1. a) Docking pose and b) co-crystal structure of (S,R,S)-1 a with
Keap1.
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available around the aromatic ring for incorporating new inter-
actions to increase affinity toward Keap1 (Figure 2).

Optically pure THIQ 1 a was prepared as shown in Scheme 1.
Treatment of (S)-phenylglycinol 2 with triphosgene gave the
cyclic carbamate 3, which was subsequently alkylated with
ethyl bromoacetate to give compound 4. Saponification and

subsequent Friedel–Crafts acylation provided tetrahydroquino-
linone 6, which was reduced to afford 7. The cyclic carbamate
7 was cleaved to provide (S)-1-hydroxymethyl THIQ 8 a ; follow-
ing selective benzylation of the nitrogen atom, the phthali-
mide group was installed by Mitsunobu reaction under stan-
dard conditions. The N-benzyl group was cleaved by hydroge-
nolysis, and coupling with the optically pure (1R,2S)-cyclohex-
ane-1,2-dicarboxylic acid monobenzyl ester 13 a yielded, after
hydrogenolysis of the benzyl group, compound (S,R,S)-1 a. A
range of optically pure cyclic mono-protected diacid moieties,
13 a–d, were prepared from 12 a–d according to the published
procedure,[23] in which the corresponding cis-cyclic anhydrides
were desymmetrised by quinidine-mediated stereoselective
ring opening. Coupling reaction of 13 b–d or 14 with THIQ 11
yielded the five-, four-, and three-membered ring analogues
1 b–d and the des-acid compound 16, respectively. Conversion
of 1 a into the corresponding primary amide 17 was carried
out under standard conditions (Scheme 1).

Tetrazole analogue 22 was prepared by coupling THIQ 11
with (1R,2S)-2-cyanocyclohexanecarboxylic acid 20 followed by
conversion of the cyanide moiety into the tetrazole group.
Compound 20 was prepared in three steps by starting from
13 e, which was obtained in a similar manner to 13 a but by
using quinine rather than quinidine as chiral catalyst in order
to obtain the opposite enantiomer (Scheme 2).

Amino acid 32 was prepared
by coupling N-protected piperi-
dine 29 and THIQ 11 followed
by two deprotection steps. Syn-
thesis of the optically pure pi-
peridine 29 was performed ac-
cording to a published proce-
dure[24] by starting from (R)-phe-
nylglycinol, and conversion
toward piperidine 32 was per-
formed as depicted in Scheme 3.

Access to various substituted
THIQ structures was achieved by
a modification of the initial Mit-
sunobu reaction. Formation of
the cyclic sulfamates 33 a,b was
carried out by reaction of the
corresponding 1-hydroxymethyl
THIQ 8 a and 8 b with thionyl
chloride, followed by oxidation
using ruthenium trichloride/
sodium periodate. The ring-
opening step was performed
with a wide range of nucleo-
philes, including phenyl magne-
sium bromide, pyridone, and the
anions of amides. Subsequent
coupling of the respective THIQs
34–38 with 13 a afforded, after
hydrogenolysis, the fully elabo-
rated compounds 40, 43, 44, 46,
and 48 (Scheme 4).

Figure 2. Extension from the THIQ into the central channel.

Scheme 1. Reagents and conditions : a) triphosgene, CH2Cl2, TEA, 0 8C; b) ethyl bromoacetate, K2CO3, DMF; c) NaOH,
THF, H2O; d) thionyl chloride, CH2Cl2 then AlCl3, 0 8C; e) H2, Pd/C, EtOH; f) NaOH, EtOH, reflux; g) benzyl bromide,
DIPEA, THF; h) DIAD, PPh3, THF, phthalimide; i) H2, Pd/C, EtOH; j) quinidine, benzyl alcohol, toluene, �55 8C, 96 h;
k) T3P, 13 a–d, CH2Cl2, TEA; l) cyclohexane carbonyl chloride, pyridine, CH2Cl2 ; m) H2, Pd/C, THF, EtOAc, EtOH;
n) (COCl)2, CH2Cl2, NH3 (g).
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Starting from the THIQ intermediate 9, access to the succini-
mide 52 was achieved using the same synthetic route as for
compound 1 a. Thus, coupling of succinimide with the hy-
droxy-THIQ under Mitsunobu conditions provided the fully
protected intermediate 49. Debenzylation, coupling with acid
13 a, and final deprotection of the benzyl ester provided the
succinimide 52 as shown in Scheme 5.

While introduction of a methyl group at position 6 of the
THIQ moiety (in 44) was readily performed as outlined in
Scheme 4 by starting from (S)-2-amino-2-para-tolylethanol, an
alternative pathway was followed to prepare the isomer 59.
Acylation of 2-ortho-tolylethylamine 53 and subsequent Bis-
chler–Napieralski reaction allowed the synthesis of 3,4-dihy-
droisoquinoline 55. Introduction of the isoxindole moiety by
nucleophilic substitution, reduction of the imine group, and
HATU-mediated coupling of the resulting THIQ 57 with 13 a
yielded compound 58 as a pair of diastereomers, which were
readily separated by column chromatography. Hydrogenolysis
of the benzyl group provided the optically pure 5-methyl-sub-
stituted derivative 59 (Scheme 6).

Disruption of the Nrf2–Keap1
protein–protein complex in-
duced by our small molecules
was measured by fluorescence
polarisation assay using Keap1
Kelch domain/Nrf2-ETGE peptide
and is expressed as IC50 values
(Table 1). Under these assay con-
ditions, the initial starting hit
1 a displayed an IC50 value of
2.3 mm. The pendent phthali-
mide moiety linked to the cen-
tral THIQ core is well known to
be a potential problem with re-
spect to the developability of
molecules, so our initial task was
to carry out investigations to de-
termine whether this group
could be replaced. Interestingly,
isoxindole 43 retained a good
level of potency (IC50 : 1.1 mm)
despite the absence of one hy-
drogen bond acceptor group.
The X-ray co-crystal structure
displayed interactions between
the carbonyl group of the isoxin-
dole and Ser602 in addition to
a putative p–p stacking of the
aromatic ring with Tyr572 (PDB
ID: 4N1B;[25] Figure 3 a). We were
surprised to discover that succi-
nimide 52 retained potency
(IC50 : 2 mm) and that removal of
a further carbonyl group, as
shown with pyrrolidinone 40,
retained activity (IC50 : 1.2 mm).

These results indicate that either the p–p interaction does not
provide significant binding energy, or that the desolvation
penalty incurred by placing a lipophilic group in a solvent-ex-
posed area of the protein negates any positive binding energy
from the p-stacking interaction. On the other hand, complete
removal of the hydrogen bond acceptors whilst keeping the

Scheme 2. Reagents and conditions : a) (COCl)2, NH3, CH2Cl2 ; b) SOCl2, MeCN; c) BBr3, CH2Cl2, �78 8C; d) SOCl2 then
11, pyridine; e) Bu3SnN3, xylene, 140 8C.

Scheme 3. Reagents and conditions : a) Pd/C, H2, MeOH; b) BH3·DMS, THF; c) Pd(OH)2/C, H2, MeOH; d) Boc2O,
NaHCO3, dioxane; e) BnBr, DBU, CH2Cl2; f) LiOH, THF; g) 11, HATU, DIPEA, DMF; h) H2, Pd/C, MeOH; i) HCl, Et2O.

Table 1. Affinity of compounds for the Keap1 Kelch domain.

Compd IC50 [mm][a] Compd IC50 [mm][a]

1 a 2.3�0.06 32 69.7�9.95[b]

1 b 2.2�0.44 40 1.2�0.14
1 c 8.0�0.09 43 1.1�0.19
1 d 20.8�3.79 44 7.1�0.51
16 >100 46 >100
17 >100 48 >100[c]

21 >100 52 2.0�0.38
22 7.4�0.89 59 0.75�0.32

[a] IC50 values determined by FP assay, and are the means�SEM (n = 3–
5); active compounds inhibit with 80–100 % control relative to the Nrf2
reference peptide. [b] Inhibition with 60 % control. [c] 30 % inhibition at
100 mm.
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putative interaction with Tyr572
significantly decreases activity, as
shown with compound 48,
which displayed only 30 % inhib-
ition at 100 mm. The pyridyl
ether 46, which was expected to
place a hydrogen bond acceptor
in the correct region of space,
lost all measurable activity. It is
likely that the very specific direc-
tionality of the available lone
pair of the pyridine ring does
not allow the necessary hydro-
gen bond to form.

An investigation around the
saturated ring bearing the acid
function revealed that the cyclo-
pentyl analogue 1 b is essentially
equipotent to the cyclohexyl de-
rivative 1 a, while potency de-
creased progressively for the
four- and three-membered ring
compounds 1 c and 1 d. Intro-
duction of nitrogen atom into
the six-membered ring, leading
to piperidine analogues, was in-
vestigated. Among the various
isomers, only the a-amino acid
32 was found to be active, but
with a significant decrease in po-
tency (IC50 : 69.7 mm). As the ac-
tivity of this compound class is
expected to occur in the brain,
modulation of the carboxylic
acid moiety was a key goal; it
was hoped that this would help
enable adequate levels of brain
exposure. However, neither re-
moval of the carboxylic acid
function (in 16) nor its replace-
ment by carboxamide (17) or ni-
trile (21) yielded active com-
pounds. Only replacement of the
acid function with a tetrazole
group (compound 22) was ac-
ceptable, leading to a small de-
crease in potency (IC50 : 7.4 mm).
The crystal structure of this tet-
razole compound 22 bound to
Keap1 showed an analogous
pose to that of 1 a. However, al-
though the tetrazole moiety
packs between Arg380 and
Arg415, a different hydrogen
bonding pattern is observed
(PDB ID: 4L7C;[26] Figure 3 b).

Scheme 4. Reagents and conditions : a) SOCl2, imidazole, TEA, CH2Cl2, 0 8C then RuCl3/NaIO4, EtOAc/H2O, 0 8C;
b) NaH, THF, isoxindole or pyrrolidone; c) 2-pyridone, Cs2CO3, THF, 0 8C; d) PhMgBr, THF, 0 8C; e) 13 a, SOCl2 then
pyridine or HATU, DIPEA, DMF; f) H2, Pd/C, EtOH.

Scheme 5. Reagents and conditions : a) succinimide, DIAD, PPh3, THF; b) H2, Pd/C, EtOH; c) 13 a, EDC, TEA, DMAP,
CH2Cl2 ; d) H2, Pd/C, EtOH

Scheme 6. Reagents and conditions : a) ClCH2COCl, K2CO3, CH2Cl2 ; b) P2O5, xylenes; c) isoxindole, Cs2CO3, DMF;
d) NaBH4, MeOH; e) 13 a, HATU, DIPEA, DMF; f) H2, Pd/C, THF/H2O.
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As mentioned above, the crystal structure places the phenyl
ring of the THIQ on top of the central pore of the Kelch
domain and appears to show potential for extending groups
into the pore, thus opening up two possibilities for further ex-
ploration: The first was to nestle a lipophilic group into the
opening, taking advantage of van der Waals interactions and
a good shape fit to increase potency. The second possibility
was to extend a portion of the molecule into the pore, thereby
affording us an opportunity to create hydrogen bond interac-
tions with a number of backbone carbonyl groups, or to dis-
place or interact with water molecules observed inside the
pore. Methylation of the 6-position of the THIQ leading to 44
was tolerated, but not optimal relative to a methyl group at
the 5-position, providing ligand 59 (PDB ID: 4L7D),[27] which
showed increased potency (IC50 : 0.75 mm). This result suggests
a good shape fit of the molecule toward the pore where the

methyl group likely acts as a lipophilic “plug”, giving a moder-
ate boost in potency over the original hit 1 a. Further modifica-
tions that target that area of the molecule are currently under
investigation.

In addition to an exploration of structure–activity relation-
ships, assessment of in vivo brain exposure was performed.
Acid compound 1 a was restricted to the peripheral compart-
ment in mice (unbound brain-to-plasma (Bu/Pu) ratio <0.01),
being a P-glycoprotein (P-gp) substrate, as predicted by a high
efflux ratio (ER value of 20) observed in an MDCK-MDR1 assay.
The efflux was mitigated by using Mdr1a/1b/Bcrp knock-out
mice, in which 1 a did achieve an improved level of free brain
exposure (0.18 mm) and a much better Bu/Pu ratio (0.4), con-
firming the P-gp substrate property of 1 a. This Bu/Pu ratio is
very similar to the biologically inactive non-acid compound 16
administered in wild-type mice, but with lower free brain expo-
sure. Neither replacement of the carboxylic acid group by the
tetrazole bioisostere 22 nor the zwitterionic amino acid 32 dis-
played improved profiles over that of 1 a (Table 2). Despite the

P-gp liability related to the carboxylic acid function, screening
of additional compounds that exhibit lower polar surface area
(PSA) values than that of 1 a was performed. In this area, whilst
the isoxindole compound 43 exhibited a trend toward de-
creased efflux, phenyl compound 48 was completely devoid of
efflux in MDCK-MDR1 cells (ER value of 0.7) with high passive
permeability (Papp value of 375 nm s�1) and Bu/Pu ratio close to
1 (Table 2). This result demonstrates that in this chemical
series, mitigation of efflux and improvement of in vivo brain
exposure is achievable in the presence of the acidic function
by decreasing the PSA or decreasing the number of hydrogen
bond acceptor groups.

In conclusion, solving the structure of the (S,R,S)-1 a–Keap1
complex was a breakthrough that provided experimental evi-
dence for the true binding mode of the hit compound (S,R,S)-
1 a. The ligand orientation was found to differ from that of the
initial docking model, which was available at the start of the
project. The X-ray crystal structure helped to focus and drive
the drug design process more effectively and efficiently. The
design and synthesis of a further round of compounds is
needed for delivering active CNS-penetrant compounds.

Figure 3. Co-crystal structures of Keap1 with compounds a) 43 and b) 22.

Table 2. Physicochemical and DMPK properties.

Compd Log D[a] PSA [�2][b] ER[c] Bu/Pu
[d] Cu [mm][e]

1 a 1.36 95 20 <0.01
0.4[f]

<0.01
0.18[f]

16 3.59 58 0.7 0.3 0.003
22 1.15 112 28 NT[g] NT[g]

32 0.69 107 NT[g] <0.01 <0.01
43 1.11 78 7.5 NT[g] NT[g]

48 2.06 58 0.7 0.9 0.2

[a] Measured at pH 7.4. [b] Polar surface area. [c] Efflux ratio in MDCK-
MDR1 cells (10 mm incubated up to 120 min). [d] Unbound brain-to-
plasma ratio measured in mice. [e] Unbound brain concentration mea-
sured in mice at Cmax. [f] Measured in Mdr1a/1b/Bcrp knock-out mice.
[g] Not tested.
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