7 ROYAL SOCIETY
PN OF CHEMISTRY

RSC
Medicinal Chemistry

View Article Online
View Journal | View Issue

RESEARCH ARTICLE

Structure-guided design of a truncated

l'.) Check for updates‘
heterobivalent chemical probe degrader of IRElaf

Cite this: RSC Med. Chem., 2025, 16,
2460 *ab v/: . ab 7 . b . b
Breanna L. Zerfas,*®® Yingpeng Liu,?® Jianwei Che,®® Katherine A. Donovan,”®

John M. Hatcher, Fidel Huerta,? Rebecca J. Metivier,© Radostaw P. Nowak,®
Leah Ragosta,? Tiffany Tsang,? Eric S. Fischer @23 and Lyn H. Jones @ *2°

IREla is an ER protein involved in the unfolded protein response (UPR) and dysregulation of the ER stress
pathway has been implicated in several diseases. Inhibitors of the cytoplasmic endonuclease or kinase
domains of the enzyme have limited utility and targeted degradation would address additional scaffolding
functions of the protein. Here, we describe the design and development of IREla proteolysis targeting
chimeras (PROTACs) based on a lysine-reactive salicylaldehyde RNase inhibitor, and present the structure-
activity relationships (SARs) that delivered the first highly selective degraders of a native ER-membrane
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Introduction

Inositol requiring enzyme alpha (IREla) is an ER-resident
transmembrane protein that possesses an N-terminal
domain within the ER lumen, and C-terminal cytosolic
kinase and RNase domains. During ER stress, misfolded
proteins accumulate in the ER which triggers IREla
dimerization, causing autophosphorylation and activation of
the RNase domain that cleaves X-box binding protein 1
(XBP1) mRNA, facilitating its subsequent splicing to yield
XBP1s." The IRElo interactome® also regulates signaling
through catalytic-independent mechanisms.> The IREla-
XBP1s axis of the unfolded protein response (UPR) is linked
to tumor progression and immunosuppressive effects in a
number of cancers and inhibitors of the kinase and RNase
domains have been developed due to their therapeutic
potential.* However, potent and selective inhibitors of the
ATP-site have been challenging to develop,”” which has
been complicated by their potential to induce IREla
oligomerization, leading to allosteric activation of the RNase
domain. Additionally, the druggability of the RNase site is
low due to its shallow and polar nature. A high-throughput
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physicochemical properties more akin to an oral molecular glue degrader than a traditional PROTAC.

screen identified reactive salicylaldehyde inhibitors that
covalently engaged Lys907 in the binding site through the
formation of a Schiff base (Fig. 1).® MKC8866 was the most
advanced compound from this family of inhibitors and had
been in clinical trials for the treatment of solid tumors.”"
Despite their covalent mode of action, these compounds possess
moderate potency in cells due to difficulties in optimizing
equilibrium binding interactions within the RNase pocket."*
Targeted protein degradation (TPD) has emerged as an
exciting new small molecule therapeutic modality that
pharmacologically depletes proteins-of-interest (POIs).'*"?
TPD often delivers enhanced potency and selectivity over
traditional inhibitors. Molecular glue degraders such as the
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Fig. 1 Chemical structures of IREla RNase covalent inhibitors and
cereblon molecular glue degraders.
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immunomodulatory imide drugs (IMiDs) thalidomide,
lenalidomide and pomalidomide (Fig. 1) bind cereblon
(CRBN), an adaptor for the CRL4“®®N E3 ubiquitin ligase
complex, and remodel its surface to induce proximity with
neosubstrates, triggering their polyubiquitination and
subsequent proteasomal degradation.'®'® IMiDs have been
incorporated into heterobifunctional proteolysis targeting
chimeras (PROTACs)" that also induce proximity between a
POI and CRL4“®®N thus mediating TPD of the target.'”'® We
reasoned that optimization of a PROTAC-mediated CRBN/
IREla. complex may address the low druggability of the
RNase pocket and deliver modulators with improved efficacy
over traditional inhibitors. Here we describe the use of
computational modelling, engineered cell-based assays and
mass spectrometry (MS) proteomics to design and develop
the first degraders of IRE10."”

Results and discussion

In order to develop PROTAC degraders we considered both
kinase and RNase site inhibitors as POI ligands for IRE1la,
and thalidomide derivatives for the CUL4-RBX1-DDB1-CRBN
(CRL4“®*PN) complex. To understand the likelihood of success
for PROTACs based on either RNase or kinase domain
ligands we performed computational modelling of the
protein complex using Rosetta (version 3.9)>° employing the
existing crystal structures of CRBN (PDB 4TZ4) with either

Fig. 2 Computational modelling of the IRE1o/CRBN complexes
using kinase or RNase domains. The CRBN-lenalidomide crystal
structure (PDB 4TZ4) was modelled using Rosetta 3.9 with a) IREla-
Kira8 (PDB 6URC) or b) IRE1la-MKC9989 (PDB 4PL3) structures. The
RNase ligand MKC9989 was modified to a reversible binding mimic
that hydrogen bonds to Lys907 to enable Rosetta modeling.
Distances shown are in angstroms.
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RNase (PDB 4PL3) or kinase inhibitors (PDB 6URC) (Fig. 2).
The model showed that the distance between the IMiD and
RNase ligands was shorter than that for the kinase ligands,
suggesting that design of a cell-permeable bivalent
compound might be facilitated when employing an RNase
ligand for the POL.

Moreover, computational modelling using multiple crystal
structures of the IREla kinase domain showed extensive
flexibility at the potential interface with CRBN, implying
potential challenges in forming a stable ternary complex. We
performed molecular dynamics (MD) simulations for
representative complexes with respective ligands (without
linkers) to investigate their stability. In the kinase/CRBN
complex, due to the kinase domain flexibility, we observed a
significant change in the distance between the ligands
(extending to over 20 A). Conversely, the RNase/CRBN
complex was significantly more stable and the distance
between the ligands remained relatively short.

Therefore, we focussed our design strategy on chemically
linking RNase site inhibitors to CRBN modulators to create
heterobifunctional degraders. To assess binding of new
molecules to the RNase site, an activity-based biochemical
screen was developed based on a previous method,"" which
monitored the cleavage of a single hairpin RNA substrate that
was labeled with AlexaFluor-647 at the 5 end and a
corresponding black hole quencher at the 3’ end, and
measuring the change in fluorescence. Our previously
reported NanoBRET assay was used to measure CRBN cell-
based occupancy.”’ IRElo degradation in cells utilized a
HiBiT-SpyTag fusion system, a chemical biology technology
that we had developed previously to establish the feasibility
of pharmacologically degrading the ER protein using the
chemical probe dTAG13." This system allowed us to
transiently label IRE1a with SpyCatcher-dTAG, to prevent any
potential interference from a large protein tag when testing
our targeted PROTACs.

Based on our computational model, it was apparent that the
3-position of the coumarin ring would provide a suitable
attachment point for the PROTAC linker (Fig. 3). 4u8C is a
structurally simpler covalent inhibitor than MKC8866 and
MKC9989 that lacks the 6-methoxy substituent (Fig. 1) and we
noticed in the patent literature a related IRE1oa inhibitor (Cpd
11, Fig. 1) possessed a benzamide functionality that may
facilitate the preparation of heterobifunctional molecules.*
Therefore, to aid chemical synthesis, the synthetic precursor
acid 1 (Fig. 3) was used as the RNase binding element for the
attachment of linkers that enabled conjugation to
pomalidomide as the CRBN binding motif using simple
amidation chemistry (details provided in the ESIf). Polar and
apolar flexible linkers of various lengths were probed, as well
as tethers with increased rigidity that may reduce entropic
penalties upon binding (compounds 2-8). The piperazine-
linked thalidomide derivative 8 was prepared based on the
successful use of this substructure in PROTACs previously.>*2°
These derivatives retained CRBN binding activity in cells, but
weak or negligible RNase binding resulted in little or no IRE1a

RSC Med. Chem., 2025, 16, 2460-2466 | 2461
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Fig. 3 Biological profiles of IRELla PROTACs 2-8, 10-16 and 18-24. Potency values are shown for CRBN cell-based occupancy (NanoBRET),
inhibition of RNase activity and IRELlo HiBiT Dyax (maximum percentage degraded, 24 h treatment, maximum concentration 30 uM). HiBiT dose

response curves are shown in Fig. S1 (ESI{).

degradation (Fig. 3). To probe the linker exit vector from the
IRElo. pocket we prepared the meta-isomers 10-16 from the
precursor 9, but these derivatives also lacked significant
degradation activity (Fig. 3).

We reasoned that a design closer in structure to MKC8866,
which provides a methylene tether to the amide linking
function, may enhance IRE1a binding and allow for productive
ternary complex formation without incorporating excessive
flexibility. Pleasingly, several PROTACs prepared from precursor
17 possessed RNase inhibitory activity, and the piperazine
amides (¢f. Cpd II) were the most potent (23 and 24, Fig. 3).
Compound 23 (CPD-2522) retained slightly higher RNase and
CRBN occupancy and degraded IRElo. most potently in this
set. Structure-activity relationships (SARs) were also explored
by making small modifications to the structure (Fig. 4, 25-27),
but these compounds were significantly less potent than CPD-
2522, although extending the tether from the coumarin by a
single -CH,~ unit yielded 28 with similar IRE1lo degradation
activity. Surprisingly, when the methoxy substituent present in
MKC8866 was incorporated into CPD-2522 to yield 29, the
compound was a weaker degrader of IRE1o. which may be due
to lower RNase potency (Fig. 4). We suspected that the apparent

CRBN ICs; > 10 uM
RNase ICg, 30.2 £ 4.5 uM
IRE1a HBIT Dypay <10%

CRBN IC5 1.7 £0.21 uM
RNase IC, 16.6 + 3.9 uM
IRE1 ot HiBIT Dpng 19.0 £ 0.3%

CRBN IC5, 13.8 +2.6 uM
RNase ICg 26.2 + 2.6 uM
IRE1a HBIT Doy 13.6  4.1%

difficulty in improving the degradation activity of 23 (CPD-
2522) may be due to suboptimal ternary complex formation.
We, and others, have described the significant impact CRBN
ligand choice has on PROTAC degradation activity,>” " and so
we decided to explore a differentiated non-IMiD binding
moiety to potentially enhance the induced proximity of IRE1la
and CRBN. We turned to the N-aryl glutarimide motif that has
been used extensively in the design of CRBN-based PROTACs,*
the substructure being reported in 159 patent applications at
the time of writing (CAS SciFinder). Although few literature
publications have described N-aryl glutarimide containing
PROTACs,**?** a recent report exemplified its use in the
development of a potent AR degrader.*® The direct attachment
of acid 17 (Fig. 3) to a piperidine substituted N-aryl glutarimide
(the latter also used in 38 PROTAC patent applications), yielded
design 30 (CPD-2828) where the piperidine amide satisfies both
RNase and CRBN binding SARs (Fig. 5a and b and ESI})."
Importantly, the short rigid piperidine ‘linker’ between CRBN
and RNase pharmacophores allowed for the formation of a
stable ternary complex following 200 ns MD simulations.
During the simulation, we observed relatively large movements
in the distal N-terminus of IRE1a while the C-terminus CRBN

28
CRBN ICy) 5.2 + 0.55 uM
RNase ICs) 28.0 + 1.9 uM

IRE1a. HIBIT Doy 52.8  0.7%

29
CRBN ICy) 1.8 + 0.69 uM
RNase ICg 52.7 + 12.5 uM
IRE1a HIBIT Doy 14.2  2.3%

Fig. 4 Biological profiles of IREla. PROTACs 25-29. Potency values are shown for CRBN cell-based occupancy (NanoBRET), inhibition of RNase
activity and IREla HiBiT Dyax (maximum percentage degraded, 24 h treatment, maximum concentration 30 uM).
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Fig. 5 a) Computational model of the CRBN/IRE1a/CPD-2828 ternary
complex. b) Structure and properties of the optimized IRE1la degrader
CPD-2828 (CRBN and IREla. binding regions of the molecule are
highlighted). c) Structures and biological profiles of the PROTACs
30-33 and the negative control 34 (CPD-3121).

contact interface was stable. This was expected because the
N-terminal kinase domain has no significant constraint given
its distal location to the CRBN contacts and may even be
beneficial to allow optimal engagement with the E2 enzyme for
ubiquitin transfer. Even though 30 possessed similar CRBN
and RNase binding affinity to 23 (CPD-2522), the PROTAC more
effectively degraded IRE1a in cells. Increasing the linker length
(to yield 31 and 32, Fig. 5¢) was detrimental to degradation, as
expected based on the computational model.

Incorporation of the 6-methoxy substituent on the
coumarin ring of 30 (¢f MKC8866), to give compound 33,
reduced cellular degradation activity and CRBN occupancy,
while the biochemical CRBN TR-FRET and RNase potencies
were similar to 30 (Fig. 5¢ and S27). These data suggest that
PROTAC 33 possesses lower unbound levels in cells, which
may be due to lower cell membrane permeability or higher
non-specific binding.

Due to its significant IREla activity in the HiBiT line, 30
(CPD-2828) was profiled more broadly. 30 was shown to
degrade endogenous IRElo protein in HEK293T cells more
potently than 23, consistent with the HiBiT data (Fig. 6a). In
fact, 30 appeared to degrade more endogenous protein in
HEK293T than the engineered HiBiT IREla protein at 10 uM

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 a) Effects of PROTAC degraders 23 (CPD-2522) and 30 (CPD-
2828) on endogenous IREla levels in HEK293T cells (10 puM, 24 hours),
analyzed using automated capillary electrophoresis (data were
quantified by determining the ratio of the integration of the peaks for
vinculin and IREla, and a percentage protein reduction calculated
relative to DMSO). b) Quantitative MS proteomics analysis of the
effects of 30, its separate enantiomers (35, CPD-3123 and 36, CPD-
3124), and the negative control compound 34 (CPD-3121), on protein
levels in cells (log,-fold change over DMSO; HEK293T, 10 uM, 5 hours).

and 24 hours treatment (Fig. 6a and S37). 30 also degraded
IREla more rapidly than 23, likely reflecting an improved
rate of ternary complex formation, and possessed a hook
effect only at the shorter timepoint of 6 hours incubation
(Fig. S31). The degradation of IRE1a by 30 was unaffected by
the induction of ER stress using thapsigargin (Fig. S47). From
a drug development perspective, 30 had respectable in vitro
metabolic stability in human liver microsomes (HLM) and
hepatocytes (HHeps) and good solubility in biorelevant
media, i.e. fed and fasted state simulated intestinal fluids
(FeSSIF and FaSSIF, Fig. 5b).

N-Methylation of glutarimide degraders has been shown
to establish a steric clash within the tri-tryptophan cage of
the thalidomide binding domain, and such compounds are
useful negative controls in cell-based assays because they
retain similar physicochemistry to the parent PROTAC but
are unable to bind CRBN."*® The N-methyl derivative of 30
(CPD-3121, 34, Fig. 5) as expected, lacked any IREla
degradation activity, thus confirming CRBN-mediated
degradation.

Compound 30 is a racemate, and so the enantiomers 35
(CPD-3123) and 36 (CPD-3124) were prepared and screened
separately (stereochemistry arbitrarily assigned, see ESI}). 35
and 36 possessed similar RNase inhibition (IC5, 17 + 2.4,

RSC Med. Chem., 2025, 16, 2460-2466 | 2463
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19.1 + 0.9 uM) and CRBN occupancy (ICs, 1.2 + 0.15, 1.2 +
0.08 uM) as expected,® translating to comparable levels of
IRElo degradation activity (DCsy 0.47 + 0.08 uM, 0.40 + 0.08
UM; Dpax 57.9 = 1.4%, 65.3 + 3.1%). Both enantiomers
possessed excellent degradation selectivity, assessed using a
MS proteomics platform we have previously described
(Fig. 6b).">7 30 and its separate enantiomers do not degrade
the canonical CRBN neosubstrates likely due to the lack of
the hydrogen bonding acceptor carbonyl group present
within the IMiD scaffold that interacts with the G-loop
degron via the CRBN sensor loop Asn351 residue.’®*™° As
predicted, the negative control 34 (CPD-3121) was completely
clean in the proteomics assay (Fig. 6b).

Conclusions

Degradation of IREla will inhibit both catalytic and non-
catalytic functions of this key protein involved in the UPR,
and selective chemical probes are needed to explore the
therapeutic potential of perturbing the ER stress pathway.
PROTACs allow for the modular design of targeted
degraders, which is structurally-enabled through ternary
complex computational modelling, as illustrated in this
work and other research from our laboratory.”” The merging
of the IRE1a and CRBN ligand chemotypes enabled delivery
of the truncated heterobifunctional degrader 30 (CPD-2828)
and its enantiomers with physicochemical properties closer
to a molecular glue than a traditional PROTAC (30: MW
531, 6 rotatable bonds, 6 hydrogen bond acceptors, 3
hydrogen bond donors, clogP 3.7).*' For example,
golcadomide (MW 535, 7 rotatable bonds, 6 H-bond
acceptors, 3 H-bond donors, clogP 1.4) and mezigdomide
(MW 567, 7 rotatable bonds, 5 H-bond acceptors, 2 H-bond
donors, clogP 3.0), IKZF1/3 molecular glue degraders in
clinical trials, have similar physicochemistry.*> This
approach mirrors our previous studies integrating f-2
agonist and M3 muscarinic antagonist pharmacophores to
create dual pharmacology bronchodilators with reduced
flexibility.****  Compound 30  thus reflects the
physicochemical continuum that can exist between formal
heterobifunctional degraders and molecular glues that
possess the same induced-proximity mode-of-action.*® These
results suggest that the development of highly truncated or
‘linkerless’ PROTACs are feasible in certain instances. Our
work challenges the dogma of -categorizing degrader
modalities based on their physicochemical properties. Our
approach also exemplifies the utility of structure-guided
design and E3 ligase scaffold hopping as viable strategies to
advance selective degraders with oral drug-like properties
for challenging targets such as IRE1a.

The addition of a 6-methoxy substituent to the coumarin
scaffold, which is present in the IRE1la inhibitor MKC8866
that was advanced to clinical trials, surprisingly reduced
CRBN occupancy and decreased degradation potency, which
we attribute to lower unbound levels in cells caused by an
increase in lipophilicity and non-specific binding or possibly

2464 | RSC Med. Chem., 2025, 16, 2460-2466
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lower permeability. Our results demonstrate the importance
of developing cellular and biochemical assays to help
interpret SARs, which is especially important for PROTACs.*®

These medicinal chemistry studies are preliminary and
further work is needed to optimize degradation potency and
efficacy. Clearly, lysine covalent engagement by the
salicylaldehyde warhead would be expected to reduce
catalytic efficiency of the resulting PROTAC.*” This may
explain the initial challenges in developing a highly potent
degrader, although further optimization of linker chemistry
or scaffold hopping to alternative CRBN binding motifs could
further enhance ternary complex formation and, as a
consequence, IREla degradation efficacy. The recruitment of
alternative E3 ubiquitin ligases, particularly those localized to
the ER,>*® may also improve degrader potency. Nevertheless,
our results illustrate the remarkable substrate versatility of
CRBN-based PROTACs and expands the nature of addressable
targets using the modality.
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