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We previously showed that the proteostasis regulator compound AA147 (N-(2-hydroxy-5-methylphenyl)-
benzenepropanamide) potently protects against neurotoxic insults, such as glutamate-induced oxytosis.
Though AA147 is a selective activator of the ATF6 arm of the unfolded protein response in non-neuronal
cells, AAl147-dependent protection against glutamate toxicity in cells of neuronal origin is primarily
mediated through activation of the NRF2 oxidative stress response. AA147 activates NRF2 through a
mechanism involving metabolic activation of AA147 by endoplasmic reticulum (ER) oxidases, affording an
AAl47-based quinone methide that covalently targets the NRF2 repressor protein KEAPL. Previous results
show that the 2-amino-p-cresol A-ring of AA147 is required for NRF2 activation, while the phenyl B-ring
of AA147 is amenable to modification. Here we explore whether the protease-sensitive amide linker
between the A- and B-rings of this molecule can be modified to retain NRF2 activation. We show that
replacement of the amide linker of AA147 with a carbamate linker retains NRF2 activation in neuronal cells
and improves protection against neurotoxic insults, including glutamate-induced oxytosis and erastin-
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identification of next-generation AA147 analogs with improved cellular tolerance and activity in disease-
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Introduction

Imbalances in neuronal redox homeostasis are implicated in
the onset and pathogenesis of etiologically diverse neurode-
generative diseases, including ischemic stroke and Alzheimer’s
disease.'™ In these disorders, loss of redox homeostasis leads to
neuronal death through multiple regulated cell death pathways,
such as oxytosis and ferroptosis.”® These closely related cell death
pathways proceed through similar mechanisms involving glu-
tathione depletion, the accumulation of reactive oxygen species
(ROS), increased lipid peroxidation, and cytotoxic calcium
influx.”® Since the ability to counteract ROS-induced damage in
the brain declines with age, oxytosis and ferroptosis are prevalent
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in agerelated neurodegenerative disorders.*° This has led to
considerable interest in developing pharmacologic approaches
to mitigate oxytosis/ferroptosis-associated neurotoxicity in many
age-related neurodegenerative disorders.'

We previously identified the proteostasis regulator small
molecule AA147 (N-(2-hydroxy-5-methylphenyl)benzenepropa-
namide) as a compound that protects neuronal cells against
glutamate-induced oxytosis.'’ AA147 was originally identified
as a highly selective activator of the ATF6 signaling arm of the
unfolded protein response (UPR) in cells of non-neuronal origin
(e.g HEK293T, HUH7, and HepG2). However, subsequent studies
showed that AA147 possesses the ability to activate the oxidative
stress-responsive transcription factor NRF2 with selectivity over
ATF6 signaling, but only in neuron-derived cells at later time
points following compound treatment.’*™** NRF2 is a cap-n-collar
basic leucine zipper transcription factor that controls expression
of genes comprising the oxidative stress response.* Under basal
conditions, association with the cullin ring E3 ligase adaptor
protein Kelch-like ECH-associated protein 1 (KEAP1) with NRF2
leads to NRF2 ubiquitination and subsequent proteasomal degra-
dation, suppressing transcription factor activity.'> However, cova-
lent modification of sensor cysteines on KEAP1 with either
reactive oxygen species (ROS) induced by oxidative stress or by
electrophilic small molecules (e.g. diroximel fumarate) decreases

© 2024 The Author(s). Published by the Royal Society of Chemistry
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NRF2 ubiquitination and proteasomal degradation, allowing
nuclear translocation of NRF2 and activation of the NRF2-
regulated transcriptional program.*8

We previously showed that AA147 activates NRF2 through a
mechanism involving the metabolic activation of AA147 by ER
oxidases to generate a quinone methide in the A-ring of AA147 that
covalently modified KEAP1."" Further, we demonstrated that the
AA147-dependent protection against glutamate-induced toxicity in
neuronal cell culture models could be primarily attributed to activa-
tion of NRF2. Additionally, AA147 mitigates neuronal damage in
mouse models of ischemic stroke - a condition associated with high
levels of oxidative stress — through a mechanism involving NRF2
activation.'**° This indicates that AA147-dependent NRF2 activation
represents a potential strategy to broadly mitigate ROS-associated
damage implicated in numerous neurodegenerative diseases.

Previous structure-activity relationship (SAR) studies on the
AA147 scaffold (Fig. S1A, ESIt) have primarily focused on
identifying compounds with improved activation of protective
ATF6 signaling. These studies have shown that the 2-amino-p-
cresol A-ring of AA147 is converted to a quinone methide by an
ER oxidase enzyme(s), leading to covalent modification of ER
protein disulfide isomerases, required for ATF6 activation. The
phenyl B-ring of AA147 is more tolerant to chemical modification
regarding AA147 analog-dependent ATF6 activation. However,
little effort has been directed towards modifying the amide linker
between the A- and B-rings of AA147 to improve compound-
dependent ATF6 or NRF2 activity or selectivity. Furthermore,
previous SAR work has not focused on optimizing the NRF2
activation selectively observed in neuron-derived models.

Here, we generated a series of AA147 analogs by chemical
synthesis containing alterations to the linker region. We then
screened these compounds to identify those with improved
potential for neuroprotection through NRF2 activation.
Through these efforts, we identified AA28, an AA147 analog
where the amide linker is replaced with a carbamate, as a
compound that robustly activates NRF2 in neuronal models.*!
Further, we demonstrate that AA28-dependent NRF2 activation
shows improved protection against neurodegenerative insults
including glutamate-induced oxytosis and erastin-induced fer-
roptosis in HT22 cells. These results identify carbamate-
containing AA28 as an improved scaffold that can be used to
further optimize neuroprotection afforded by metabolically
activatable proteostasis regulators. To demonstrate this, we
generated a series of AA28 analogs with changes to the B-ring
to identify compounds with improved protection and transcrip-
tional selectivity towards mitigating neurotoxic insults.

Results

Replacement of the AA147 amide linker with a carbamate
linker does not disrupt compound activity in neuron-derived
cell lines

The requirement for metabolic activation of AA147 presents
an opportunity to tune the reactivity of AA147 and render
analogs more potent while simultaneously addressing potential

© 2024 The Author(s). Published by the Royal Society of Chemistry
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metabolic liabilities of the compound.*>* To address this, we
performed SAR studies on the AA147 scaffold aimed at improving
ATF6 and NRF2 activation. We synthesized a library of AA147
analogs with alterations to the AA147 linker region (Fig. 1(A)).
These analogs were initially screened at a concentration of 10 pM
to determine their ability to activate the ATF6-selective ERSE-
firefly luciferase (FLuc) reporter in HEK293T cells. Intriguingly, we
found that replacing the amide linkage with the isostructural
carbamate, affording AA28, showed similar ERSE-FLuc reporter
activation to that observed upon AA147 treatment (Fig. 1(B)).
Notably, the urea isostere, AA27, showed no significant reporter
activation. AA28 activated the ATF6-selective ERSE-FLuc reporter
with an ECs, of 2.9 uM (Fig. 1(C)), which is similar to that
observed for AA147 (1.1 uM)."® Further, AA28 induced expression
of ATF6 target genes (e.g., BiP) in HEK293T cells to the same levels
observed upon AA147 treatment, as measured by quantitative PCR
(qQPCR; Fig. S1B, ESIt). These results indicate that AA28 and AA147
show similar activity in HEK293T cells.

We previously showed that AA147 activates the protective
NRF2 oxidative stress response (OSR) in neuron-derived cells.'*
Thus, we sought to determine whether the carbamate-
containing AA28 possessed a similar ability to activate the
NRF2-regulated OSR in neuron-derived cell lines. We initially
confirmed that both AA147 and AA28 activated the ATF6-
selective ERSE-FLuc reporter in human neuroblast-derived
IMR32 cells (Fig. S1C, ESIt). Similar results were observed
by qPCR, monitoring expression of the ATF6 target gene BiP
(Fig. S1D, ESIt). Next, we tested the activation of the NRF2-
responsive ARE-FLuc reporter in IMR32 cells treated with
10 uM AA147 or AA28. Both compounds robustly activated
this NRF2 transcriptional program reporter (Fig. 1(D)). The
potent NRF2-activating compound CBR-470-1 was used as a
positive control.>* Both AA147 and AA28 also induced expres-
sion of the NRF2 target genes NQOI and HMOXI in IMR32
cells, as measured by qPCR (Fig. 1(E) and (F)). Similar results
were observed in mouse hippocampus-derived HT22 cells
(Fig. S1E and F, ESIt). Collectively, these results show that
replacement of the AA147 amide linker with an isostructural
carbamate linker retains the transcriptional selectivity of
AA147 to activate the NRF2 and ATF6 stress-responsive signal-
ing pathways in neuronal cell culture models.

AA28 activates NRF2 through a mechanism involving metabolic
activation and covalent targeting of KEAP1

We previously showed that AA147 activates NRF2 transcrip-
tional signaling in neuron-derived cells through a mechanism
involving metabolic activation of the 2-amino-p-cresol A-ring
by ER oxidases and subsequent covalent targeting of the NRF2
suppressor protein KEAP1 (Fig. 2(A))."" Thus, we sought to
determine if AA28 activated NRF2 transcriptional signaling
through a similar mechanism. Initially, we used the selective
NRF2 inhibitor ML385% to confirm that AA28 increases ARE-
FLuc activity through an NRF2-dependent mechanism. Cotreat-
ment with ML385 blocked ARE-FLuc activation in IMR32 cells
treated with both AA147 and AA28 (Fig. 2(B)). Similar results
were observed in HT22 cells (Fig. S2A, ESIt). These results
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Fig. 1 An amide to carbamate substitution within the AA147 linker does not impair compound activity. (A) Chemical structures of AA147 analogs containing
changes to the linker region. (B) Luciferase activity in HEK293T cells stably expressing the ATF6-seletive ERSE-FLuc reporter treated for 18 h with the indicated
compound (10 uM). The global ER stressor thapsigargin (Tg; 0.5 uM) is shown as a control. Error bars show SEM for n = 6 biological replicates. ***p < 0.001
from one-way ANOVA. (C) Luciferase activity in HEK293T cells stably expressing the ATF6-seletive ERSE-FLuc reporter treated for 18 h with the indicated dose
of AA28. Error bars show SEM for n = 3 replicates. The ECsq is shown. (D) Luciferase activity in IMR32 cells transiently expressing the NRF2-selective ARE-FLuc
reporter treated for 16 h with the indicated compound (5 uM). The NRF2-activating compound CBR-470-1 (5 uM) is shown as a control. Error bars show SEM
for n = 3replicates. ****p < 0.001, **p < 0.01 from one-way ANOVA. (E) and (F) Expression, measured by qPCR of the NRF2 target genes NQO1 and HMOXZ1 in
IMR32 cells treated for 16 h with the indicated compound (2.5 pM). ****p < 0.0001 from one-way ANOVA.

confirm that AA28, like AA147, activates this reporter through Next, we sought to determine the reliance of AA28-dependent
an NRF2-dependent mechanism in cells of neuronal origin. ARE-FLuc activation on compound metabolic activation and
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Fig. 2 AA28 activates NRF2 through a mechanism involving metabolic activation and covalent modification of KEAPL. (A) AA147 becomes metabolically
activated and can modify cysteine 151 on KEAPL. (B)-(D) Luciferase activity in IMR32 cells transiently transfected with ARE-FLuc reporter and pretreated
for 16 h with 5 uM AA147 or AA28 in the presence or absence of NRF2-inhibitor ML385 (5 uM), P450 inhibitor resveratrol (10 uM), or B-mercaptoethanol
(BME; 55 uM). Error bars show SEM for n = 6 biological replicates. ***p < 0.001, ****p < 0.0001 from one-way ANOVA. (E) Cy5 fluorescence image (top)
and FLAG immunoblot (middle) of FLAG immunopurifications prepared from HT22 cells transiently overexpressing wild-type (WT) KEAP'T and treated
with vehicle, AA28""¢, or AA147°"¢ (10 uM; 6 h). Two independent biological replicates are shown. Small-molecule-modified proteins were conjugated to
Cy-5 azide (Cy5-N3) via click chemistry. KEAP1T levels were confirmed by immunoblotting with FLAG antibody (middle). Total protein from input shown

by ponceau stain (bottom). (F) Quantification of Fig. 2(E). Error bars show SEM for n = 3 biological replicates. **p < 0.01 for one-way ANOVA.

covalent targeting. Previous results showed that metabolic
activation of AA147 and its subsequent covalent targeting of
KEAP1 could be blocked by cotreating cells with resveratrol or
B-mercaptoethanol (BME), respectively (Fig. 2(A))."" Co-treat-
ment with either resveratrol or BME blocked AA28-dependent
ARE-FLuc activation in IMR32 cells (Fig. 2(C) and (D)). Similar
results were observed in HT22 cells (Fig. S2B and C, ESIY).
These results support a model whereby AA28, like AA147,
activates NRF2 transcriptional signaling through a mechanism
involving AA28 metabolic activation by ER oxidases followed by
covalent targeting of KEAP1 (Fig. 2(A)).

Finally, we wanted to confirm that AA28 covalently modifies
the NRF2 repressor KEAP1, as previously shown for AA147. We
synthesized an AA28 analog containing an alkyne moiety on the
B-ring (AA28”"°; Fig. S2D, ESIt). We confirmed that this com-
pound activated the ARE-FLuc reporter and induced expression
of the NRF2 target gene NQO1 in IMR32 cells (Fig. S2E and F,
ESIt). Using this compound and the analogous AA147 alkyne-
containing analog (AA147°"¢; Fig. S2D, ESIY), we monitored
covalent targeting of FLAG-tagged KEAP1 immunopurified
from IMR32 cells by appending a fluorophore to the alkyne
moiety on these compounds using a copper-mediated azide-

© 2024 The Author(s). Published by the Royal Society of Chemistry

alkyne cycloaddition “click” reaction and visualizing modification
by fluorescence.>**” This showed that AA28"covalently modifies
FLAG-KEAP1 in HT22 cells at similar levels to AA147"° (Fig. 2(E)
and (F)). Importantly, AA28""*-dependent labeling of KEAP1 was
inhibited by co-treatment with excess AA28 (Fig. S2E, ESIt). AA28
also effectively competed for proteome labeling by AA1477"¢
further confirming that AA28 and AA147 target the same protein
populations, including KEAP1 (Fig. S2H, ESIt). These results
support a model whereby the carbamate-containing AA28 acti-
vates NRF2 signaling through a mechanism similar to that
reported for AA147 involving metabolic activation and covalent
targeting of KEAP1 (Fig. 2(A)).

AA238 is a platform for continued development of metabolically
activated proteostasis regulators

We next sought to identify AA28 analogs that show improved
NRF2 activation in neuron-derived cells. Unlike the 2-amino-p-
methyl cresol A-ring, previous results show that the B-ring of
AA147 is amenable to modification for NRF2 activation.'>"?
Thus, we predicted that the B-ring of AA28 would behave
similarly and synthesized a library of AA28 analogs with
B-ring modifications (Fig. 3(A)). We then screened these

RSC Chem. Biol., 2024, 5, 866-876 | 869
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Fig. 3 AA28 analogs with B-ring maodifications improve NRF2 activation. (A) AA28 analogs containing the indicated B-ring modifications. (B) Heat map showing the
activation of the ARE-FLuc NRF2 reporter transiently expressed in IMR32 cells treated for 16 h with the indicated concentration of AA28 analog. Three independent
biological replicates are shown in the heat map for all AA28 analogs. (C) and (D) Expression, measured by gPCR, of the NRF2-target gene NQO! and the ATF6 target
gene BiPin IMR32 cells treated for 16 h with the indicated AA28 analog (10 uM). Error bars show SEM for n = 3 biological replicates. *p < 0.05, ***p < 0.001, ****p <
0.0001 for one-way ANOVA. (E) and (F) Expression, measured by qPCR of the NRF2-target gene Ngol and the ATF6 target gene Bip, in HT22 cells treated for with
the indicated AA28 analog (10 uM) for 6 h (E) or 16 h (F). Error bars show SEM for n = 3 replicates. *p < 0.05, **p < 0.01, ****p < 0.0001 for one-way ANOVA.
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compounds in dose-responsive format to identify those that
show improved activation of the NRF2-responsive ARE-FLuc
reporter in IMR32 cells. While modifications changing the
lipophilicity of the B-ring were largely disfavored, we found that
most analogs achieved some degree of ARE-FLuc activation
(Fig. 3(B)). Many of these compounds, including AA58, AA63,
AA64, AA65, AA74, and AA78, showed increased ARE-FLuc luci-
ferase reporter amplitude relative to AA28 at different concentra-
tions, warranting further investigation. Intriguingly, 67% (4/6) of
these analogs possessed a five-membered B-ring heterocycle.

We next monitored expression of the NRF2 target gene
NQO1 in IMR32 cells treated with these prioritized analogs.
AA58, AA63, AA64, AA65, and AA78 all induced expression of
NQO1, but AA74 did not, so it was eliminated from further
consideration (Fig. 3(C)). Similar results were observed for
expression of the ATF6 target gene BiP; however, the furan-
containing AA64 showed lower levels of BiP induction
(Fig. 3(D)), suggesting that further elaboration of this com-
pound could afford selective NRF2 activation over ATF6 activa-
tion. This hypothesis is further supported by the observation
that AA64 selectively induced expression of NRF2 target genes
(e.g., Nqo1), relative to ATF6 target genes (e.g:, BiP) in HT22 cells
treated with compound for 6 or 16 h (Fig. 3(E) and (F)). Similar
results were observed when monitoring dose-dependent
activation of the NRF2-selective ARE-FLuc reporter and the
ATF6-selective ERSE-FLuc reporter in HT22 cells (Fig. S3A
and B, ESIt). We confirmed that AA64-dependent activation of
ARE-FLuc was blocked by cotreatment with resveratrol and BME
in both IMR32 and HT22 cells (Fig. S3C-F, ESI}). Furthermore,
we confirmed that AA64 competed with AA147Y"¢ for proteome-
wide labeling in HT22 cells (Fig. S3G, ESIt). This suggests that
AA64 shows increased selectivity for NRF2 activation, relative to
ATF6 activation, in cells of neuronal origin.

To further define the importance of the furan B-ring in AA64,
we prepared an AA147 analog containing a furan B-ring (AA51;
Fig. S3H, ESIt) for comparison. We confirmed that AA51 robustly
and dose-dependently activated the ARE-FLuc reporter (Fig. S3H,
ESIt). Further, AA51 shows similar upregulation of NRF2 target
genes (e.g., NQO1) as AA64 in IMR32 and HT22 cells (Fig. 3(E), (F)
and Fig. S3I, ESIt). Notably, we do observe lower levels of BiP
induction in HT22 cells treated with AA51, as compared to AA147
(Fig. 3(E) and (F)) after 6 and 16 h of treatment, suggesting that
this compound, like AA64, shows preferential activation of NRF2
signaling over ATF6 signaling. Collectively, these results indicate
that the presence of the furan B-ring altered the selectivity of our
compounds towards NRF2 activation relative to ATF6 activation
in neuron-derived cell culture models.

Carbamate-containing AA147 analogs protect neuron-derived
cells against erastin-induced ferroptosis

AA147-dependent NRF2 activation protects neuron-derived cells
such as hippocampal HT22 cells against glutamate-induced
oxytosis."! Thus, we evaluated the potential for our carbamate-
containing AA147 analogs AA28, AA64, and AA65 to protect HT22
cells against glutamate through a similar mechanism. Initially, we
evaluated the impact of AA147, AA28, AA64, and AA65 on the

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Chemical Biology

viability of HT22 cells in the absence of stress. As reported
previously," treatment of HT22 cells with AA147 (10 pM) for 40 h
in the absence of stress reduced viability by ~25% (Fig. S4A, ESIt).
In contrast, treatment with AA28, AA64, or AA65 did not reduce
HT22 viability under these conditions. Further, all three of these
compounds improved the viability of HT22 cells treated with
glutamate to levels similar to or greater than that observed for
AA147 (Fig. S4B-D, ESIf). Collectively, these results show that these
compounds, like AA147,"" both confer protection against glutamate-
induced oxytosis and demonstrate improved cellular tolerance.

We next sought to explore the potential of these compounds to
protect HT22 cells against other disease-related neurotoxic insults
such as erastin - a potent inducer of ferroptotic cell death.?®™°
AA28, AA64, and AA65 all protected HT22 cells against erastin-
induced toxicity with greater potency than that observed for AA147
(Fig. 4(A)-(D)). Similar results were observed when cell death was
monitored by annexin-V (AV) and propidium iodide (PI) staining,
with the carbamate-containing AA28 and AA64 analogs demon-
strating the best protection in this assay (Fig. S4E, ESIT). Further,
we confirmed that AA147, AA28, AA64, and AA65 pretreatment
reduced erastin-induced lipid peroxidation, a marker of ferropto-
tic cell death, to similar levels as ferrostatin-1, a known ferroptosis
inhibitor (Fig. 4(E), (F) and Fig. S4F, ESIt).>"** These results
demonstrate that carbamate-containing AA147 analogs robustly
protect HT22 cells against erastin-induced ferroptosis.

We next probed the dependence of this compound-dependent
protection against erastin-induced toxicity on the activation of
NRF2. Cotreatment with the NRF2 inhibitor ML385 blocked
AA147-dependent protection against erastin-induced reductions
in HT22 cell viability (Fig. 4(G))."* Similar results were observed
for AA28 and AA65. However, protection afforded by AA64 was
insensitive to cotreatment with ML385. Similar results were
observed when cell death was monitored by AV/PI staining (Fig.
S4E, ESIT). This effect appears to be dependent on the carbamate
linker, as the AA147 analog AA51 (Fig. S3H, ESIt) shows protection
against erastin-induced toxicity through a mechanism sensitive to
co-treatment with the NRF2 inhibitor ML385 (Fig. 4(G) and Fig.
S4E, G, ESIt). Further, the NRF2-independent protection afforded
by AA64 appears to require the 2-amino-p-cresol A-ring of this
compound, as disruption of this structural moiety abrogates
protection against erastin-induced toxicity (Fig. S4H, ESIt). This
suggests that the protection against erastin-induced ferroptosis
afforded by AA64 still involves metabolic activation of the A-ring
and covalent protein targeting. These results identify the
carbamate-containing AA28 and its analogs as metabolically acti-
vated proteostasis regulators that protect against erastin-induced
ferroptosis in HT22 cells through both NRF2-dependent and
NRF2-independent mechanisms.

Prioritized AA147 analogs are broadly protective against diverse
types of ferroptosis-inducing insults

Ferroptosis can be pharmacologically induced through multi-
ple different modes of action. These include perturbation of
GSH homeostasis (e.g., erastin), inactivation of glutathione
peroxidase 4 (GPX4; e.g., RSL-3), or direct oxidation of the labile
iron pool (e.g., FINO,).**® We showed that prioritized AA147

RSC Chem. Biol., 2024, 5, 866-876 | 871


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cb00027g

Open Access Article. Published on 17 July 2024. Downloaded on 7/30/2025 7:37:56 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Chemical Biology Paper
AA147 EC_= 1610 "M B1 o |AA28 EC,;= 635 n C |ameaEC, =738 M s D |Anes EC, = 582 nM .
1.0 : 1.0 8 F
T veR Veh hd Veh ¢ 0 L
% ]
2>
5 £0.51 0.5 0.5 0.5
SE
2 {Erastin (1 uM)
"O 0 [ g 0.0 |Erastin (1 M) 00 Erastin (1 M) - Erastin (1 uM)
“0.01 0.1 ] 10 0.01 0.1 7 10 001 0.1 1 10 001 0.1 1 10
[AA147 (uM)] [AA28 (uM)] [AAB4 (UM)] [AAB5 (UM)]
Veh +Erastin

Erastin
+AA64

Erastin
+AA51

Em590 / Em510 M
(Norm to Veh)
N w

Veh Veh AA147 AA28 AA51 AAB4 AAGS

@

Veh +Erastin

Erastin
+AAG5

Hkk Hkk

1.0 e i

Viability
(Norm to Veh)

ML385 - + - + - + - + - + - o+
Veh Veh AA28 AA51 AA64 AA65

Fig. 4 AA147 analogs protect HT22 cells against erastin-induced ferroptosis. (A)—(D) Normalized viability, measured by cell-titer glo (CTG), of HT22 cells pretreated
for 16 h at the indicated concentration with AA147 (A), AA28 (B), AA64 (C), or AAE5 (D) and then challenged with erastin (1 pM) for 24 h. Basal erastin toxicity for each
individual experiment is shown by red dotted line. Protection afforded by the ferroptosis inhibitor ferrostatin-1 (Fer-1; 2.5 pM) is shown by the orange dotted line in

(A). Error bars show SEM for n = 3 replicates. **p < 0.01, ***p < 0.005 for one-

way ANOVA. ECsq of protection is shown. (E) Representative images showing lipid

peroxidation, measured by confocal microscopy and C11-BODIPY staining, of HT22 cells pretreated with 10 uM AA147, AA28, AA51, AA64, or AAE5 for 16 h and then
challenged with 1 uM erastin for 4 h. Cells treated with the potent ferroptosis inhibitor ferrostatin are shown as a control (Fer-1; 2.5 uM). Images show merged C11-

BODIPY (red) and C11-BODIPY oxidized (green). Images showing the individual

channels are shown in Fig. S4F (ESIT). (F) Quantification of lipid peroxidation (ratio

C11-BODIPY9"*"/C11-BODIPY"™) from images shown in Fig. 4(E). Error bars show SEM for n = 3 replicates. ***p < 0.005 for one-way ANOVA compared to
erastin-treated cells. (G) Viability, as measured by CTG, of HT22 cells pretreated for 16 h with DMSO, AA28, AA51, or AA64 with or without NRF2 inhibitor ML385
(5 uM) and then challenged with 1 pM erastin for 24 h. Error bars show SEM for n = 3 replicates. **p < 0.01, ***p < 0.005 for one-way ANOVA.

analogs, such as AA64 and AA65, protect neuron-derived HT22
cells against erastin-induced ferroptosis (Fig. 4, and Fig. S4,
ESIt). Here, we sought to define the potential for these two
potent carbamate-containing analogs to protect against other
ferroptosis-inducing insults across multiple different cell types.
We found that AA64 protects HT22 cells against ferroptosis
induced by RSL-3 or FINO, at levels similar to those observed
for the potent ferroptosis inhibitor ferrostatin-1 (Fig. 5(A) and
(B)). Similar results were observed for AA65 (Fig. S5A and B,
ESIT). This indicates that these compounds broadly protect
HT22 against diverse types of ferroptosis-inducing insults.
Further, AA64 and AA65 showed protection against ferroptotic
insults in multiple other cell types, including the neuroblas-
toma IMR32 cells, liver-derived Huh7 cells, and fibrosarcoma
HT1080 cells (Fig. 5(C)-(F) and Fig. S5C, D, ESIt). Together,
these results demonstrate that metabolically activatable pro-
teostasis regulators offer broad protection against a portfolio of
ferroptotic insults across multiple different cell types.

Discussion

Herein, we used medicinal chemistry to establish AA147 ana-
logs with altered linker moieties. Through these efforts, we

872 | RSC Chem. Biol., 2024, 5, 866-876

identified AA28, which contains a carbamate linker, as a
compound that shows robust activation of the NRF2 transcrip-
tional response in neuron-derived cell culture models. Further-
more, we showed that AA28 demonstrates improved protection
of neuronal cells against glutamate-induced oxytosis and
erastin-induced ferroptosis, as compared to AA147. These
results establish AA28 as a new scaffold for the development
of enhanced proteostasis regulators to mitigate pathologic
neurotoxicity.

Amide isosteres are commonly used in medicinal chemistry
to improve bioactive compounds.*’*® However, our results
demonstrate that several of these commonly employed substi-
tutions, (i.e., retro-amide, ester, urea) are not tolerated on the
AA147 scaffold. Instead, the carbamate modification proved to
be the only amide isostere that retained the unique stress-
responsive signaling activity afforded by the parent compound
AA147. Interestingly, the closely related urea isostere seemed to
abolish compound activity. This suggests that extra hydrogen
bond donors, delocalized electron density adjacent to the
carbonyl functionality, or potentially conformational restric-
tions may play an underappreciated role in the efficacy of
metabolically activatable proteostasis regulators of this
class.*>**® Indeed, there is a significant thermodynamic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 AA28 analogs protect against diverse types of ferroptosis inducers across cell types. (A) and (B) Viability, measured by Cell Titer Glo (CTG), of HT22 cells
pretreated for 16 h with AA64 (blue) at the indicated concentration and then challenged with RSL-3 (1.25 uM) (A) or FINO, (5 uM) (B) for 24 h. Cells pretreated
with ferrostatin (Fer-1; 2.5 uM) are shown as a control. Error bars show SEM for n = 3 replicates. **p < 0.01, ***p < 0.001 for one-way ANOVA compared to
cells treated with ferroptosis activator alone. (C) and (D) Viability, measured by Cell Titer Glo (CTG), of IMR32 cells pretreated for 16 h with AA64 (blue) at the
indicated concentration for 16 h and then challenged with erastin (2.5 pM; C) or RSL-3 (1.25 pM; D) for 24 h. Cells pretreated with ferrostatin (Fer-1; 2.5 uM) are
shown as a control. Error bars show SEM for n = 3 replicates. **p < 0.01, ***p < 0.005 for one-way ANOVA compared to cells treated with ferroptosis
activator alone. (E) Viability, measured by Cell Titer Glo (CTG), of Huh7 cells pretreated for 16 h with AA64 (blue) at the indicated concentration for 16 h and then
challenged with RSL-3 (1.25 puM) for 24 h. Cells pretreated with ferrostatin (Fer-1; 2.5 uM) are shown as a control. Error bars show SEM for n = 3 replicates. **p <
0.01, ***p < 0.01 for one-way ANOVA compared to cells treated with RSL-3 alone. (F) Viability of HT1080 cells, measured by CTG, pretreated for 16 h with
AA64 (blue) at the indicated concentration and then challenged with RSL-3 (1.25 uM) for 24 h. Cells treated with ferrostatin (Fer-1; 2.5 pM) are shown as a
control. Error bars show SEM for n = 3 replicates. ***p < 0.01 for one-way ANOVA compared to cells treated with RSL-3 alone.
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difference (3-4 kcal mol™") in the amide resonance of carba-
mates versus amides.”’ As carbamates are included in numer-
ous FDA-approved drugs for imbuing improved physicoche-
mical properties, these compounds may show even greater
activity than AA147 when used in vivo.>!

Here, we demonstrate that metabolically activated proteos-
tasis regulators containing the 2-amino-p-cresol substructure
protect against both glutamate-induced oxytosis and erastin-
induced ferroptosis in neuron-derived cell models. Intriguingly,
AA28 showed increased activity in these assays as compared
to AA147. Activation of the NRF2 oxidative stress response
mediates this protection, as evidenced by the blockage of this
protection upon cotreatment with the selective NRF2 inhibitor
ML385. NRF2 regulates the expression of genes involved in
multiple redox-modulating pathways, including iron metabo-
lism, GSH synthesis, and NADPH production, all of which have
been shown to be protective against ferroptosis.*>"*> Thus, our
results indicate that pharmacologic activation of this protective
pathway comprising multiple anti-oxidant factors using these
AA147 analogs protects neurons against ferroptotic cell death.
These results extend the potential application of this class of
compounds to other types of neurodegenerative diseases where
ferroptosis plays an important role (e.g., Alzheimer’s disease).**®

We demonstrate the potential for using AA28 as a new
scaffold to probe the potential benefits for modification of
the phenyl B-ring of this compound in neuroprotection. By
screening different B-ring analogs of AA28, we identified com-
pound AA64 that replaces the phenyl B-ring with a furan. AA64
showed increased selectivity for NRF2 activation over ATF6
activation, relative to AA147 or AA28, and robust protection
against glutamate- and erastin-induced toxicity. Further analysis
elucidated that this robust protection extends towards numerous
pharmacological activators of ferroptosis, as well as across several
distinct cell lines of interest. Surprisingly, the protection afforded
by AA64 could not be attributed to NRF2 activation, as cotreat-
ment with the potent NRF2 inhibitor ML385 did not prevent
AA64-dependent suppression of erastin-induced neurotoxicity.
Several potential hypotheses can explain this discrepancy. Furan
derivatives can form electrophilic epoxide- or enedial-based meta-
bolites, which may modify alternate cellular protein targets to
confer protection against neurotoxic insults.”” While such electro-
philes typically exhibit indiscriminate reactivity towards proteins,
we and others have shown pro-electrophilic warheads can show
unique and tempered proteome reactivity in certain cellular
contexts.>*®* This effect could be further enhanced by unique
physicochemical properties of the AA28 scaffold, which direct this
compound to the ER membrane for metabolic activation. In
addition, furan derivatives have been shown to possess a degree
of intrinsic antioxidant capacity, suggesting that AA64 could
directly suppress ROS accumulation induced by glutamate and
erastin treatment.>*>> However, the lack of protection afforded by
our AA64 analog missing the 2-amino-p-cresol moiety against
erastin-induced ferroptosis suggests covalent protein modifica-
tion, like AA147, is requisite for protection against ferroptosis.
This suggests that the presence of the furan, specifically in the
context of the carbamate linker, affords emergent properties to
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the compound that could contribute to neuroprotection. We are
continuing to pursue the mechanistic basis for the NRF2-
independent activities of AA64 in subsequent studies.

In conclusion, we leveraged medicinal chemistry to identify
AA147 analogs that show enhanced protection against neuro-
toxic insults such as erastin-induced ferroptosis. Specifically, we
identified AA28 as a carbamate-containing scaffold that can be
used to develop next generation proteostasis regulators of this
class. In addition, our results reveal further insights into how the
pro-electrophilic nature of metabolically activatable proteostasis
regulators allows targeted stress-responsive signaling.>>>* This
contrasts with more reactive covalent NRF2 activators that may
have idiosyncratic toxicities mediated through excessive covalent
conjugation to proteogenic thiols. Ultimately, our continued
development of metabolically activated proteostasis regulators
such as AA28 provides new opportunities to therapeutically
target NRF2 activity for neuroprotection.
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online version of the paper.
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