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Sulfinyl Aziridines as Stereoselective Covalent Destabilizing
Degraders of the Oncogenic Transcription Factor MYC

Hannah T. Rosen™, Kelvin Li*, Christian E. Stieger, Erin L. Li, Brynne Currier,
Scott M. Brittain, Francisco J. Garcia, Diana C. Beard, Michael D. Jones,
Sandra Haenni-Holzinger, Dustin Dovala, Jeffrey M. McKenna, Markus Schirle,
Thomas J. Maimone,* and Daniel K. Nomura*

Abstract: Although MYC is a significant oncogenic transcription factor driver of cancer, directly targeting MYC has
remained challenging due to its intrinsic disorder and poorly defined structure, deeming it “undruggable.” Whether
transient pockets formed within unstructured regions of proteins can be selectively targeted with small molecules remains
an outstanding challenge. Here, we developed a stereochemically paired spirocyclic oxindole aziridine covalent library
and screened this library for degradation of MYC. We identified a hit covalent ligand, KI.2-236, bearing a unique sulfinyl
aziridine warhead, that engaged MYC as a pure MYC/MAX protein complex, and in cancer cells to destabilize MYC,
inhibit MYC transcriptional activity and degrade MYC in a proteasome-dependent manner through targeting intrinsically
disordered C203 and D205 residues. Notably, this reactivity was most pronounced for specific stereoisomers of KL.2-236
with a diastereomer, KL4-019, that was largely inactive. Mutagenesis of both C203 and D205 completely attenuated KL2-
236-mediated MYC degradation. We also optimized our KL2-236 hit compound to generate a more potent, selective,
and durable MYC degrader, KL4-219A. Our results reveal a novel ligandable site within MYC and indicate that certain
intrinsically disordered regions within transcription factors, such as MYC, can be interrogated by isomerically unique chiral

small molecules, leading to destabilization and degradation.

J

Introduction

Among “undruggable” targets that have been identified, tran-
scription factors have represented a particularly challenging
class of targets for drug discovery due to the presence of large
regions of intrinsic disorder and poorly defined structures
for many members. Whether these unstructured regions of
transcription factors have ligandable sites that can be pharma-
cologically targeted in a selective manner is often unclear.[!]
MYC has been a particularly elusive target for direct
targeting due to its high degree of intrinsic disorder and
poorly defined structure.>*! Several therapeutic strategies
have indirectly targeted MYC or the MYC pathway. MYC

is a nuclear transcription factor that drives the expression of
genes required for cell growth, metabolism, and survival, and
it is one of the most frequently amplified oncogenes in human
malignancies.[>’! Through required heterodimerization with
MAX, MYC binds E-box sequences to activate its targets.
Because of MYC’s key role in tumor development, extensive
efforts have focused on developing agents that either block
MYC directly or interfere with pathways that control it.[>367]
Such strategies include impeding MYC transcription with
bromodomain and extraterminal (BET) family inhibitors or
CDK?7/9 inhibitors,[® reducing MYC translation via mTORC1
or AKT/PI3K inhibitors,>*] preventing MYC-MAX dimer
formation,>* and inhibiting BRD4 with inhibitors such as
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JQ1 and GSKS525762 that disrupt BRD4 binding at acety-
lated chromatin regions necessary for MYC transcription.
Small-molecule microarray approaches have also uncovered
MAX/MAX homostabilizers that sequester MAX away from
MYC, thereby impairing MYC’s transcriptional function,’]
and small-molecule inhibitors have been developed that
disrupt the WDR5 and MYC protein interaction.['*13]
Nevertheless, directly targeting MYC remains challenging
due to its predominantly disordered structure and lack of
prominent binding pockets, earning it the reputation of being
“undruggable.”

Over the past several decades, covalent chemoproteomic
approaches such as activity-based protein profiling (ABPP)
have arisen as powerful approaches for uncovering unique,
cryptic, allosteric, or shallow ligandable sites that can be
accessed with covalently-acting small molecules through
balancing reactivity with binding affinity.['¥?°! There have
also been several successes in using covalent chemistry to
target transcription factors, including against a palmitoylation
site cysteine in the Hippo pathway transcription factor
TEAD,*] a cysteine within the Wnt pathway transcription
factor CTNNB1,[??] and most recently, a cysteine in FOXA1
to rewire its transcriptional specificity.”’! Recently, we have
also uncovered a covalent ligand EN4 that targets an allosteric
cysteine, C171 (or C186, depending on the MYC isoform and
associated protein sequence) to cause destabilization of MYC
and subsequent inhibition of MYC/MAX binding to DNA
and MYC transcriptional activity in cells, leading to down-
regulation of MYC target genes, and anti-proliferative and
anti-tumorigenic effects.”!l The Bar—Peled lab has also pre-
viously used covalent chemoproteomics profiling with scout
ligands across a panel of cancer cell lines to identify ligandable
sites across the proteome, including in MY C.[?*] Some of these
covalent ligands, including EN4, have been shown to target
intrinsically disordered cysteines within these proteins.?!]
However, whether there is an actionable binding pocket
or non-covalent interactions recognized by these molecules
versus whether the binding occurs mainly through reactivity-
driven binding has been less clear. One strategy to begin to
address this question is through the use of stereochemically
matched compound libraries composed of either enantio-
and/or diastereomerically matched compounds that allow the
direct comparisons between these stereoisomers to determine
if stereoselective interactions exist in the bioconjugation
of the corresponding protein target with the electrophilic
fragment. Previous studies from Cravatt, Vinogradova, and
others have extensively exemplified such studies using various
chemical scaffolds such as tryptoline-based acrylamides and
spirocyclic acrylamides.!'82327-31]

In this study, we discovered that spirocyclic oxindole-
based sulfinyl aziridines can stereoselectively modulate MYC
levels and thus inhibit MYC transcriptional activity in cells.
We synthesized a small library of covalent ligands bearing
electrophilic aziridine-derived warheads of variable reactivity
coupled with stereochemical pairing. Through this effort,
we identified and optimized a covalent ligand that directly
engages an intrinsically disordered cysteine in MYC in a
stereoselective manner and, as a result, leads to MYC
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destabilization and proteasome-dependent degradation in
cells.

Results

Synthesis and Screening of a Stereochemically Paired Covalent
Ligand Library

We synthesized a small library of stereochemically well-
defined aziridines bearing tunable sulfonyl and sulfinyl
warhead activating groups surrounding a conserved spiro-
cyclic oxindole core—a privileged motif in drug discovery
(Figure 1a).1*7] Although oxindole-based sulfonyl aziridines
have been shown to react with indoles, thiols, alcohols,
and amines in a flask, their utility and limitations (toxicity,
GSH stability, etc.) are unexplored in cellular, proteome-
wide contexts as required for covalent drug discovery.[3]
This fact, together with the observation that their sulfinyl
congeners are even less interrogated in similar contexts,
prompted us to synthesize and interrogate these novel chiral
probes in a cellular setting with the knowledge that aziridines
and related azirines are recognized electrophiles with a range
of reactivities toward numerous amino acid side-chains.[38-4!]

We screened this bespoke covalent library in HEK293
cells expressing a HiBiT tag on the endogenous loci
of MYC to identify molecules that lowered HiBiT-MYC
levels (Figure 1b). From an initial small library screen,
we were pleased to identify several molecules that sig-
nificantly lowered HiBiT-MYC levels by >50%—KL2-
236, KL2-230, KL4-018, KL3-284, KL2-168, and KL.2-194
(Figure 1b). Although substituents appended to the oxindole
ring generally decreased activity (i.e., KLE-017/KLE-018,
KLE-015/KLE-016, KLE-112A/KLE-112B, KLE-113A/KLE-
113B), initial modifications to the oxindole nitrogen were
tolerated (see KL3-284). Interestingly, enantiomeric sul-
fonyl aziridine-containing compounds, KL.2-194 and KL2-168,
showed only modest differences in their ability to attenuate
HiBiT-MYC levels and were also significantly cytotoxic, thus
limiting their further use (Figure 1b, Figure Sla). In contrast,
however, KL.2-236, which possessed a sulfinyl activating group
of attenuated reactivity, showed interesting patterns of stere-
oselective and dose-responsive HiBiT-MYC loss compared to
its three stereoisomers (Figure 1c). Although KL2-236 is the
most active stereoisomer in the series, its enantiomer KL2-
230 also showed comparable activity. A diastereomer of these
compounds, KL4-018, showed attenuated activity; however,
its enantiomer, KL4-019, was largely inactive. This pattern
of stereoselective activity also held for oxindoles K1.3-284
and KL3-281, KLE-112A and KLE-112B, and KLE-113A and
KLE-113B. None of the other compounds screened, including
the four stereoisomers KL2-236, KL.2-230, KLL4-018, or KL4-
019, showed more than 25% impairment in cell viability
(Figure Sla).

We next tested the chemoselectivity of the four sulfinyl
aziridine stereoisomers alongside the sulfonyl aziridine KL2-
194 with an artificial peptide bearing 15 of the 20 amino
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Figure 1. Screening a covalent ligand library for stereoselective MYC degradation. a) Structures of members of a stereochemically-defined sulfinyl or
sulfonyl oxindole aziridine covalent ligand library. b) HiBiT-MYC HEK293-LgBiT cellular screen for MYC degraders. HiBiT-MYC HEK293-LgBiT cells
were treated with DMSO vehicle or covalent compound (50 pM) for 24 h, and MYC levels were detected with the Nano-Glo HiBiT Lytic Detection
System. c) Dose-response of KL2-236 and its isomers in HiBiT-MYC cells. HiBiT-MYC HEK293-LgBiT cells were treated with DMSO vehicle, KL2-236,
KL2-230, KL4-018, or KL4-019 for 24 h, and MYC levels were detected with the Nano-Glo HiBiT Lytic Detection System. Data in (b,c) are presented as
individual replicate values and average & sem percent of DMSO vehicle-treated controls. Significance is expressed as *p < 0.05 compared to DMSO

vehicle-treated controls.

acids, including most nucleophilic amino acids, to assess
amino acid reactivity preferences. We found that these
compounds only reacted with cysteine and not with any
other nucleophilic amino acid, including glutamic/aspartic
acids, serines, tyrosines, threonines, lysines, or methionines in
this experiment (Figure S1b). As expected, KL2-194, which
possesses a more highly oxidized sulfur atom, was more
reactive than the four stereoisomers KIL.2-236, KL2-230,
KL4-018, and KL4-019 (Figure S1b,c). The higher reactivity
of the sulfonyl aziridine KL2-194 compared to the sulfinyl
aziridine counterparts is consistent with the higher degree
of cytotoxicity observed with KL2-194. We also tested the
in vitro stability of KL2-236 and KL4-019 in the presence
of glutathione (GSH) and observed comparable GSH
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half-lives of 50.6 min for KL2-236 and 59.4 min for KL4-
019, respectively. These values are longer than previously
reported in vitro GSH stability of clinically approved covalent
drugs such as afatinib and neratinib with GSH half-lives of
~30 min.[*?l Overall, while our cellular data showed pro-
nounced bioactivity differentiation between KL2-236 and its
diastereomer KL4-019, these two compounds showed similar
inherent reactivity with cysteine in a linear artificial peptide
and with GSH. Moreover, our data also demonstrated that
these sulfonyl aziridines were preferentially cysteine reactive,
although we cannot rule out potential adducts that may form
with other nucleophilic amino acids that may be reversible
or unstable using traditional mass spectrometry approaches
(Figure Slc).
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Figure 2. Characterization of KL2-236 and its stereoisomers. a) Proteasome dependence of HiBiT-MYC loss. HiBiT-MYC HEK293-LgBiT cells were
pretreated with proteasome inhibitor bortezomib (500 nM) for 1 h before treatment of DMSO vehicle or KL2-236 for 24 h, and MYC levels were
detected by luminescence. b) Dose-response of HiBiT-MYC degradation. HiBiT-MYC HEK293-LgBiT cells were treated with DMSO vehicle, KL2-236,
or KL4-019 for 24 h, and MYC levels were detected by luminescence. c—f) MYC degradation in HEK293 cells. HEK293 cells were treated with DMSO
vehicle or bortezomib (500 nM) for 1 h before treatment of DMSO vehicle or KL2-236 ¢,d) or KL4-019 (50 pM) e,f) for 24 h and MYC and loading
control actin levels were assessed by Western blotting c,e) and quantified d,f). g,h) MYC degradation in PSN1 pancreatic cancer cells. PSNT cells were
treated with DMSO vehicle or bortezomib (500 nM) for 1 h before treatment with DMSO vehicle or KL2-236 for 2 h, and MYC and loading control
actin levels were assessed by Western blotting g) and quantified h). Blots in (c,e) represent n = 3 biologically independent replicates per group. Bar
graphs in (a,d,f,h) show individual replicate values and average & sem. Significance in (a,d,f,h) is shown as *p < 0.05 compared to vehicle-treated
controls and #p < 0.05 compared to the respective KL2-236-treated groups.

Given that oxindole KI.2-236 showed the best activ-
ity in reducing MYC without deleterious cytotoxicity and
possessed a diastereomeric negative control compound (KL4-
019), we prioritized downstream biological studies using this
molecule. Confirming that HiBiT-MYC loss was through
proteasome-mediated degradation rather than transcriptional
downregulation, we observed significant attenuation of KL2-
236-mediated HiBiT-MYC loss upon pretreatment of cells
with the proteasome inhibitor bortezomib (Figure 2a). We
also demonstrated dose-responsive loss of HiBiT-MYC with
KL2-236, but not with KL4-019, with an 50% effective
concentration (ECs) value of 9.3 and >50 uM, respectively
(Figure 2b). We further confirmed the proteasome-dependent
degradation of endogenous MYC with KL.2-236, but not
with inactive stereoisomer KL4-019, in wild-type HEK293
cells (Figure 2c—f). We also demonstrated proteasome-
mediated loss of MYC with KL2-236 treatment in more

Angew. Chem. Int. Ed. 2025, 64, 202508518 (4 of 14)

cancer-relevant PSN-1 pancreatic cancer cells with MYC
amplification (Figure 2g,h).[*] We also synthesized unreactive
analogs of KL2-236, including four stereoisomeric pairs of
reduced, ring-opened analogs lacking an aziridine as well as
analogs possessing an oxazolidinone instead of the sulfinyl
aziridine warhead (Figure S2). None of these unreactive
analogs degraded HiBiT-MYC, suggesting the importance of
covalency in the degradation of MYC (Figure S2).

Characterizing KL2-236 Interactions with MYC

We next sought to determine whether KL.2-236 directly inter-
acted with MYC in vitro or in cancer cells. Given that KL.2-236
had an alkyne handle for directly conjugating analytical
handles through copper-catalyzed azide-alkyne cycloaddition
(CuAAC), we exploited this feature to characterize its

© 2025 Wiley-VCH GmbH
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Figure 3. Characterization of KL2-236 Interactions with MYC. a—d) Gel-based ABPP of KL2-236 and KL4-019 with pure human MYC/MAX protein. Pure
MYC/MAX human protein complex was treated with DMSO vehicle, KL2-236, or KL4-019 for 1 h, after which probe-modified protein was subjected to
CuAAC with an azide-conjugated rhodamine, separated by SDS/PAGE and visualized by in-gel fluorescence a,c) and quantified b,d). Gels were silver
stained to account for MYC protein loading. e,f) KL2-236 versus KL4-019 engagement of MYC in PSN1 cells. PSN1 cells were pretreated with BTZ
(500 nM) for 1 h before treatment with DMSO vehicle, KL2-236 (50 pM) or KL4-019 (50 pM) for 2 h, after which probe-modified proteins were
subjected to CuAAC with an azide-functionalized biotin, after which probe-modified proteins were enriched with avidin beads, eluted, and input and
pulldown eluate was separated by SDS/PAGE and MYC and negative control protein actin were detected by Western blotting e) and quantified f). g)
ELISA-ABPP assessment of KL2-236 versus KL4-019 cellular engagement of MYC in DLD-1 MYC-HiBiT expressing cells. DLD-1 MYC HiBiT expressing
cells were treated with DMSO vehicle, KL2-236, or KL4-019 for 1 h after which probe-modified proteins were appended with a biotin handle by CuAAC,
and HiBiT-MYC was captured and immobilized on plate using a HiBiT antibody and then compound-engaged HiBiT-MYC was detected by
streptavidin HRP. h,i) KL2-236 versus DMSO h) or KL2-236 versus KL4-019 i) chemoproteomic profiling in PSN1 cells. PSN1 cells were pretreated with
BTZ (500 nM) for 1 h before treatment with DMSO vehicle, KL2-236 (50 pM) or KL4-019 (50 pM) for 2 h, after which probe-modified proteins were
subjected to CuAAC with an azide-functionalized biotin, after which probe-modified proteins were enriched with avidin beads, eluted, and input and
pulldown eluate was tryptically digested and analyzed and quantified by LC-MS/MS. Gels, blots, and data in (a—i) represent n = 3—4 biologically
independent replicates per group. Data for (h,i) can be found in Tables S1and S2.

interactions using ABPP-based approaches. We first modification found was on cysteine C203 (Figure S3b,c).
demonstrated direct covalent labeling of pure human  These data showed direct and covalent binding of KL2-236
full-length MYC in the MYC/MAX protein complex in to MYCin vitro.
a dose-responsive manner, visualized through CuAAC- We next assessed direct MYC target engagement in
mediated conjugation of a rhodamine fluorophore and living cells. Treating PSN-1 cells with KL2-236, appending a
gel-based ABPP (Figure 3a,b). Strikingly, stereoselective  biotin enrichment handle through CuAAC under denaturing
labeling was also observed between KIL2-236 and KL4- conditions, and avidin-enriching KIL.2-236-modified proteins,
019, even at this pure MYC/MAX protein complex level  we observed significant and stereoselective MYC enrichment
(Figure 3c,d). We also demonstrated direct covalent binding  with KL2-236 treatment over both the less active diastere-
to pure MYC without MAX as well (Figure S3a). We did not  omer KL4-019 and vehicle-treated controls (Figure 3e,f).
observe any labeling of MAX. Using an orthogonal enzyme-linked immunosorbent assay
To understand where our molecule was binding to MYC,  (ELISA)-ABPP approach wherein we treated HiBiT-MYC
we assessed the KL.2-236 modification site in the MYC/MAX  expressing DLD-1 cells with KL.2-236 or KL4-019, appended
pure protein complex through mass spectrometry (MS) a biotin handle by CuAAC under denaturing conditions,
analysis of KL2-236-modified MYC pepsin digests. The only  captured and immobilized HiBiT-MYC using a HiBiT
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antibody, and reading out compound-engaged HiBiT-MYC
by streptavidin-HRP, we also observed dose-responsive and
significant stereoselective KL2-236 engagement of MYC-
HiBiT over KL4-019 (Figure 3g,d). Through quantitative
chemoproteomic profiling of KL2-236-enriched targets, we
identified 437 proteins enriched by log, > 0.8 with p < 0.003,
including MYC out of 1048 proteins quantified (Figure 3h,
Table S1). MYC and 101 other proteins were also enriched
by KL.2-236 more significantly than KI1.4-019 (Figure 3i, Table
S2). Among these off-targets that were stereoselectively
engaged were highly abundant enzymes that bear a catalytic
and hyper-reactive cysteine, such as glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (Table S2).1*l To
confirm that GAPDH was indeed an off-target that was
stereoselectively and functionally engaged by KL.2-236, and
not non-specific capture, we showed that GAPDH was
inhibited by KL2-236, more so than KL4-019 (Figure S4).
Interestingly, the stereoselectivity of GAPDH inhibition
differed from that of MYC, showing less GAPDH inhibition
with KL.2-230 and KL.4-019, compared to KL.2-236 and KL4-
018 (Figure S4). Although these data showed that KL.2-236
had several hundred off-targets and relatively poor selectivity,
they also demonstrated direct stereoselective engagement of
MYC with KL2-236 over its isomer, KL4-019, in cells. Given
the significant challenges faced in directly targeting MYC,
we were still intrigued by the stereoselective engagement of
MYC observed in living cells.
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To further demonstrate MYC engagement in cells by KL2-
236, we performed a cellular thermal shift assay (CETSA)
in PSN1 cells. Instead of observing the stabilization of MYC
thermal stability, we found a significant destabilization of
MYC thermal stability with KL2-236 treatment in PSN1 cells
with a 6.4 °C shift in the temperature at which 50% of
MYC was stable (T,,) from 51.8 °C to 45.4 °C (Figure 4a,b).
This destabilization of MYC by KL2-236 was reminiscent
of our previously discovered covalent destabilizing MYC
degrader EN4 and our destabilizing CTNNB1 degrader
NF764, indicating that KL2-236 was degrading MYC through
a similar destabilizing degradation mechanism compared to
traditional PROTACSs and molecular glue degraders.[2122:454]

To assess whether KL2-236 engagement of C203 was
responsible for MYC degradation, we determined whether
mutagenesis of C203 to alanine would attenuate MYC
loss. Disappointingly, KL2-236 still degraded MYC C203A
to the same extent as the wild-type protein in HEK293T
cells (Figure 4c,d). We next sought to address whether
there might be neighboring residues proximal to C203
that KL2-236 could react with in the absence of C203 or
residues that may coordinate the reactivity of C203. We
performed mass spectrometry-based activity-based protein
profiling (MS-ABPP) with KL2-236 as a probe to understand
its site-specific and sequence-specific reactivity in complex
PSN1 proteomes (Figure S5a—c, Table S3). Unfortunately, we
were unable to capture the KIL.2-236 modified tryptic MYC
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peptide, likely due to the long length of the C203-bearing
tryptic peptide and the relatively low abundance of MYC.
However, we successfully captured several hundred KL2-236-
modified peptides from complex proteomes of other proteins
(Table S3). By using an unbiased approach to determine the
amino acid labeling preferences of KL.2-236, we still observed
a high chemoselectivity for cysteine over any other amino
acid (Figure S5a, Table S3). When we performed sequence
preference analysis of neighboring residues to the KL2-236-
modified cysteines, we found a preference for acidic residues
such as aspartic or glutamic acid either -1 or +2 from the
modified cysteine (Figure S5b, Table S3). Upon analyzing
a previously published chemoproteomic profiling dataset
using a broadly reactive alkyne-functionalized iodoacetamide
(IA-alkyne) probe,*] we did not observe this preference
(Figure S5c, Table S3). Indeed, C203 is also flanked by
E202 and D205. We were unable to identify E202 or D205
modifications with KL2-236, but we conjectured that these
adducts may be potentially reversible. Interestingly, upon
modeling this region in MYC with AlphaFold,***1 while
the region where C203 resides is generally disordered, there
is relatively higher confidence around D205, where D205 is
hydrogen-bonded with a neighboring S207 in a helix (Figure
S6). We fully recognize that AlphaFold trains its model
on existing structures and that all MYC-containing entries
include MAX and may thus bias predictions of MYC structure
toward helical structure. We also acknowledge that structural
insights into this largely disordered region of MYC are purely
speculative. Nonetheless, we postulated that one of these
acidic residues, particularly D205, could activate the C203
thiol, making it more nucleophilic and hyper-reactive, and
that KL.2-236 could also potentially react with one of these
acidic residues in the absence of C203. Alternatively, one of
these acidic residues could be required for protonation of the
chiral sulfoxide and subsequent positioning of the electrophile
for covalent bond formation. Also, another possibility was
that in the absence of C203, KL2-236 may be able to react
with E202 or D205.

Mutagenesis of E202 or D205 alone also did not attenuate
MYC degradation from KL2-236 treatment (Figure 4c,d,
Figure S7a,b). However, we observed complete attenuation
of MYC degradation with the MYC D205A/C203A double
mutant (Figure 4c,d). We did not observe this rescue with
the MYC E202A/C203A mutant (Figure S7a,b). Overall, our
results suggest that in addition to C203, D205 is involved in
the reactivity and activity of KL2-236 with MYC. Thus, while
KL2-236 is a pathfinder molecule, we have demonstrated
that the observed degradation of MYC is mediated through
on-target activity, resulting from direct engagement of
MYC.

Impact of KL2-236 on MYC Transcriptional Activity

Thus far, we have shown that KL2-236 stereoselectively
engages MYC in vitro and in cells at C203, potentially
involving D205, to destabilize and degrade MYC in a
proteasome-dependent manner. We next wanted to under-
stand whether KL2-236 impairs MYC transcriptional activity

Angew. Chem. Int. Ed. 2025, 64, 202508518 (7 of 14)

Research Article

Angewandte

intemational Edition’y, Chemie

and downregulates MYC target genes in cancer cells. KL2-
236, but not the inactive isomer KL4-019, dose-responsively
inhibited MYC luciferase reporter transcriptional activity in
HEK?293T cells with an ECsy of 4.5 uM versus >50 uM,
respectively (Figure 5a). KL.2-236 treatment in PSN1 cancer
cells significantly modulated >280 transcript levels (Figure 5b,
Table S4). Consistent with KL.2-236 action on inhibiting and
degrading MYC, gene set enrichment analysis (GSEA) of sig-
nificantly modulated genes revealed the most significant path-
way affected with the lowest normalized enrichment score
as MYC targets, followed by IFNw« response, E2F targets,
oxidative phosphorylation, and IFNy response (Figure 5c,d,
Figure S7c, Table S4). In contrast, while MYC target genes
do tend to be at the end of the ranks in MYC target
gene enrichment plots, they are not significantly repressed in
GSEA testing against randomized permutations (Figure S7c,
Table S4). Although MYC target genes are enriched in the
top and bottom five enriched pathways, it is not the most
significantly enriched pathway, and MYC target genes show
much less statistical significance compared to what is observed
with KL2-236 (Figure S7c,d, Table S4). Overall, while the
global transcriptomic comparison of KI.2-236 and KI.4-019
compared to DMSO vehicle-treated controls does not show
absolute stereoselective effects, MYC target genes are more
significantly enriched with KL2-236 compared with KL4-019
treatment in GSEA. This is consistent with our pure protein
and intracellular MYC engagement data comparing KL2-236
to KL4-019, showing that both compounds engage MYC,
but KL2-236 labels and engages MYC to a higher degree
compared to KL4-019 (Figure 3c-i). Our data collectively
demonstrated that KL2-236 engages and degrades MYC,
inhibits MYC transcriptional activity, and downregulates
MYC target genes in cells.

Improving the Durability of MYC Degradation

While we showed compelling results with KL2-236 of a cova-
lent molecule that stereoselectively engages MYC directly in
cells to destabilize, degrade, and inhibit MYC, KL2-236 only
shows acute loss of MYC in the first 2-6 h of treatment with
recovery of MYC protein levels by 12 h in PSN1 cancer cells
where MYC turnover is rapid (Figure S8a,b). Indeed, this
feature of MYC (rapid turnover) presents a known challenge
for small molecule drug discovery efforts.’°! In addition,
KL2-236 had many off-targets at concentrations required
for MYC degradation. Thus, we sought to develop a more
potent, selective, and durable MYC degrader. The reaction
of spirocyclic oxindole sulfonyl aziridines with nucleophiles
is proposed to involve in situ aziridinium ion formation
generated using the oxindole nitrogen.’>*1 As such, we
suspected that substituents on nitrogen would be important
in modulating the protein reactivity of these sulfinyl aziridines
as well. We generated analogs with various alterations to this
site and assessed structure-activity relationships in degrading
HiBiT-MYC in cells, assessing both the ECs, potency of
degradation and the maximal percent degradation (Dpax)
(Figure 6a,b). As expected, groups that remove electron den-
sity from the oxindole nitrogen (see: KLE-142, KLE-144, and
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Figure 5. Functional effects of KL2-236 on MYC transcriptional activity. a) MYC luciferase reporter transcriptional activity in HEK293T cells. HEK293T
cells expressing an MYC luciferase reporter were treated with DMSO vehicle, KL2-236, or KL4-019 for 24 h, after which MYC transcriptional activity
was read out by luminescence. b) RNA sequencing of KL2-236 in PSN1 cells. PSN1 cells were treated with DMSO vehicle or KL2-236 (50 yM) for 2 h.
Resulting RNA from treated cells were sequenced and quantified. Shown in red are significantly altered transcripts (p < 0.05, <logz —0.5 or > log,
0.5). Data are in Table S4. c,d) Gene enrichment analysis shows significantly altered pathways and normalized enrichment scores, detailed in Table
S4. These plots highlight the directionality, significance, and amount of enrichment of the top- and bottom- five pathways. “Enrichment” represents
the Normalized Enrichment Score. Data in a—d) are from n = 3 biologically independent replicates per group. Data in (a) shows individual replicate
and average £ sem values. Significance in (a) expressed *p < 0.05 compared to vehicle-treated controls.

KLE-138) were largely inactive, as was the free N-H oxindole
compound KL6-030. Likewise, a highly potent compound was
achieved through attachment of an electron-rich para-anisole
ring (see: KL4-219A). The ortho-anisole isomer (KL6-019A),
which is twisted out of planarity and displays atropisomerism,
was less active. Compound KL5-289A, which lacks the
phenyl ring found in KL4-219A (and instead possesses a
direct N-OMe linkage), also showed dampened activity as
did related ethers KLE-217A and alkyne probe KL6-085A.
These findings suggest that steric and/or physicochemical
properties are important parameters in addition to electronic
effects.

Gratifyingly, we found that KL4-219A showed more
potent and durable degradation of MYC with an ECsj of 1.7
uM and continued MYC loss after 24 h of treatment in PSN1
cells without showing any cytotoxicity (Figures 6a,b and 7a—d,
Figures S8c and S9a,b). Like KL2-236, we also observed
diminished HiBiT-MYC degradation and inhibition of MYC
transcriptional reporter activity with the diastereomeric com-
pound KI.4-219B, compared to KL4-219A (Figure 7a,b.e).
KL4-219A showed an EC50 of 0.93 pM for inhibition of MYC
transcriptional activity, compared to >50 uM with KL4-219B
(Figure 7e). Similar to KL.2-236, KL4-219A also significantly
destabilized MYC in thermal shift assays (Figure 7f,g). The
loss of MYC conferred by KL4-219A was attenuated upon
pretreatment of cells with a proteasome inhibitor, confirming
proteasome dependence of MYC loss, whereas no MYC
degradation was observed with KL4-219B treatment (Figure
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S9c¢—f). Confirming a similar mechanism of action as KL2-
236, we showed that MYC degradation was still observed
in wild-type and single mutants C203A or D205A, but was
completely attenuated in C203A and D205A-double mutant
MY C-expressing cells (Figure 8a,b).

Interestingly, these analogs, which induced more long-
lasting degradation, had shorter in vitro GSH half-lives (19.3
and 26.3 min for KL4-219A and KL4-219B, respectively) as
compared to KL2-236 and KL4-019. Thus, the sustained MYC
degradation observed with KL4-219A may be related to the
kinetics of degradation or other physicochemical parameters
(such as permeability and potency) rather than warhead
stability. We further showed that analogs of KIL4-219A
and KL4-219B that lack a reactive warhead—KL6-278A
and KL6-278B, respectively—did not degrade MYC (Figure
S10a,b). Previous studies have suggested that electrophiles
may cause cell stress and induce the formation of stress
granules, which could complicate the interpretation of protein
degradation.®'l We found that neither KL.2-236 nor KL4-
219A causes stress granule formation at concentrations used
in this study compared to the positive control sodium arsenite
(Figure S11).

Given that our original hit compound KL2-236 showed
hundreds of off-targets, we sought to assess whether KL4-
219A was more selective. First, we performed global quan-
titative proteomic profiling to assess the selectivity of MYC
degradation. We were pleased to see that KL4-219A showed
highly selective degradation of MYC with only three other
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Figure 6. Structure—activity relationship of sulfinyl aziridines. a) Analogs of KL2-236. b) HiBiT-MYC HEK293-LgBiT cells were pretreated DMSO

vehicle or compound in dose-response experiments for 24 h, and HiBiT-MYC levels were detected by luminescence. Dmax and ECsq of degradation
were calculated and plotted. Data are from n = 3 biologically independent replicates/group.

proteins that were significantly lowered—MCL1, CDCAA4,
and ID1 (Figure 8c, Table SS5). Interestingly, MCL1 has
been shown to be a direct MYC target gene.[’?] Sec-
ond, chemoproteomic profiling of KL4-219A-outcompeted
proteins from KL2-236 enrichment showed significant out-
competition of MYC; among >968 proteins quantified, only
65 other proteins were significantly outcompeted by KIL4-
219A pretreatment (Figure 8d, Table S6). We also tested
alkyne-functionalized analogs of KLL4-219A and KL4-219B-
KL6-085A and KL6-085B, respectively (Figure 8e). These
probes showed stereoselective degradation of HiBiT-MYC,
albeit with attenuated potencies (Figure 8f). Chemopro-
teomic profiling with KL6-085A showed significant MYC
enrichment compared to vehicle-treated controls, with 98
other off-targets, considerably less than the >400 off-targets
observed with KL.2-236 (Figure 8g, Table S7). Comparative
chemoproteomic profiling between KL6-085B and KL6-085A
showed significant stereoselective engagement of MYC, with
only 56 other off-targets showing stereoselective engagement,
compared to >100 off-targets comparing KL4-019 and KL2-
236 (Figure 8h, Table S8). Overall, we developed an improved
stereoselective MYC degrader, KL4-219A. Although this
molecule still possesses several off-targets, it shows improved
potency and selectivity to our original hit molecule, and is
an important pathfinder molecule for future optimization
studies.

Angew. Chem. Int. Ed. 2025, 64, 202508518 (9 of 14)

Discussion

Our findings address a longstanding challenge in chemical
biology and oncology by demonstrating that MYC, a noto-
riously “undruggable” oncogenic transcription factor with
extensive intrinsic disorder, can indeed be directly and
stereoselectively targeted. Through a focused covalent library
of stereochemically defined electrophiles, we discovered the
hit compound KL.2-236, which engages MYC at C203 with
contribution from the neighboring D205 with distinct selectiv-
ity to its isomers to trigger proteasome-mediated degradation
of MYC. Although the nature of the interactions between
these small molecules and MYC remains unclear at the
molecular level, this study further highlights the power of chi-
ral, covalent molecules to interrogate structurally undefined
proteins. We also introduce the sulfinyl aziridine as a robust,
protein-reactive electrophilic warhead with desirable stability,
modulable reactivity, and opportunities for direct at-warhead
stereochemical tuning. The engagement of KL2-236 relative
to KL4-019, even at the pure protein complex level, also fur-
ther underscores the importance of expanding stereochemical
space in covalent warhead design for targeting intrinsically
disordered protein regions beyond that of just enantiomers,
as a greater number of stereocenters may be required for
observable compound differentiation.['®23] Spirocyclic oxin-
dole sulfonyl aziridines react with nucleophiles under mild
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dose-response with KL4-219A/B. HiBiT-MYC HEK293-LgBiT cells were treated with DMSO vehicle, KL4-219A, or KL4-219B for 24 h, and MYC levels
were detected with the Nano-Glo HiBiT Lytic Detection System. c,d) Time-course of KL4-219A-mediated MYC degradation in PSN1 cells. PSN1 cells
were treated with a DMSO vehicle or KL4-219A (50 pM) at designated times, and MYC and loading control actin levels were assessed by Western
blotting c) and quantified d). e) MYC luciferase reporter transcriptional activity in HEK293T cells. HEK293T cells expressing an MYC luciferase
reporter were treated with DMSO vehicle, KL4-219A, KL4-219B for 24 h, after which MYC transcriptional activity was read out by luminescence. f,g)
CETSA of KL4-219A on MYC and negative control actin in PSN1 cells. PSN1 cells were treated with DMSO vehicle or KL4-219A (50 pM) for 4 h. Cells
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represent n = 3—6 biologically independent replicates per group. The blots are representative. The bar and line graphs in (b,d,e,g) show individual
replicate values and average & sem for bar graphs and average for line. Significance is shown as *p < 0.05 compared to vehicle-treated controls for
each group.

aqueous conditions owing to hydrogen-bond activation of the Because MYC is a central driver of growth and
sulfonyl group with water.’®*1 This could suggest context- metabolism in various cancers, even modest decreases in
specific, two-point activation for the even less reactive sulfinyl MYC protein levels can have broad anticancer effects. By
aziridines reported herein, whereby acidic protein residues  mapping the binding sites and confirming their importance
position or activate the chiral sulfoxide before covalent bond in MYC degradation through mutagenesis studies, we
formation occurs. Such a mechanism would be sensitive  uncovered a cooperative role for C203 and D205 in
to local chiral environments found in dynamic structures KL2-236-mediated MYC degradation, suggesting that
within intrinsically disordered regions, in accordance with our  residue adjacency and local electrostatics can significantly
stereochemical findings. Alternatively, sulfinyl aziridines may  influence small-molecule reactivity within disordered protein
react with aspartic or glutamic acids in certain contexts aswell,  regions. Consistent with this mechanism, KL2-236 not
but these adducts might be reversible or unstable and thus only degraded MYC but also demonstrably reduced its
difficult to detect with typical proteomics methods. transcriptional activity—underscoring the central role of
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Figure 8. Characterization of KL4-219A. a,b) FLAG-MYC degradation with KL4-219A treatment. HEK293T cells stably expressing FLAG-MYC wild-type
(WT), C203A, D205A, or C203A/D205A were treated with DMSO vehicle or KL4-219A (50 pM) for 24 h after which proteins were separated by
SDS/PAGE and FLAG-MYC and loading control actin were detected a) and quantified b) by Western blotting. c) Quantitative proteomic profiling of
KL4-219A in PSNT cells. PSN1 cells were treated with DMSO vehicle or KL4-219A (50 uM) for 8 h. Protein level changes were assessed by TMT-based
quantitative proteomic methods. Shown in red is MYC. d) Chemoproteomic profiling of KL4-219A. PSN1 cells were pretreated with proteasome
inhibitor bortezomib (500 nM) for 30 min prior to treatment with DMSO vehicle or KL4-219A (100 pM) for 1 h and then treatment with KL2-236 (25
pM) for 4 h, after which resulting cell lysates were subjected to CUAAC mediated appendage of an azide-functionalized biotin handle, probe-modified
proteins were enriched, tryptically digested, and analyzed by TMT-based quantitative proteomics. Shown in red are proteins that were significantly
enriched and were outcompeted by KL4-219A. ) Structure of KL6-085A and diastereomer KL6-085B. f) HiBiT-MYC HEK293-LgBiT cell dose-response
with KL6-085A/B. HiBiT-MYC HEK293-LgBiT cells were treated with DMSO vehicle, KL6-085A, or KL6-085B for 24 h, and MYC levels were detected
with the Nano-Glo HiBiT Lytic Detection System. g,h) KL6-085A versus DMSO g) or KL6-085A versus KL6-085B h) chemoproteomic profiling in PSN1
cells. PSN1 cells were pretreated with BTZ (500 nM) for 1 h before treatment with DMSO vehicle, KL6-085A (50 pM) or KL6-085B (50 uM) for 2 h,
after which probe-modified proteins were subjected to CUAAC with an azide-functionalized biotin, after which probe-modified proteins were enriched
with avidin beads, eluted, and input and pulldown eluate was tryptically digested and analyzed and quantified by LC-MS/MS. Data for (c,d,g,h) are in
Tables S5-S8. Data or blots in (a—d,f-h) represent n = 3 biologically independent replicates per group. The bar and line graphs in (b,f) show
individual replicate values and average & sem values or average values, respectively, from n = 3 biologically independent replicates per group.
Significance is shown as *p < 0.05 compared to vehicle-treated controls and #p < 0.05 compared to KL4-219A-treated FLAG-MYC wild-type cells.
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structural destabilization in achieving functional inhibition of
an intrinsically disordered transcription factor.

Moreover, we improved upon the liability of KIL.2-236 in
only achieving acute and transient MY C degradation through
the development of KL4-219A, which exhibits enhanced
degradation durability. Furthermore, KL2-236 showed a high
number of off-targets, whereas KL4-219A shows far fewer
off-targets and shows exceptional selectivity for MYC degra-
dation. Such iterative optimization exemplifies the power
of rational medicinal chemistry approaches for improving
the potency, selectivity, and temporal profile of covalent
degraders. These differences in durability are likely driven
by structural modifications that influence MYC engagement,
covalent bond formation, proteasomal processing, and the
stability and half-life of the molecule. Nonetheless, KIL.4-219A
is still not of sufficient potency or selectivity and still requires
further medicinal chemistry efforts for future translational
applications. We can also not rule out potential confounding
effects of these off-targets in the biological effects reported
here for both KL2-236 and KL4-219A.

Another major question to be addressed in future work
surrounds the mechanism by which MYC is degraded. We
have not yet been able to identify an E3 ligase responsible for
the observed proteasome-mediated degradation of MYC. We
postulate that the destabilization may cause partial unfolding
of MYC, either exposing a degron that is recognized by an
E3 ligase or general quality control E3 ligases that recognize
unfolded proteins. Future functional genomic screens to
identify the mechanism of degradation of MYC, and more
broadly these classes of destabilizing degraders, will be
important for the future translatability of these molecules.

Further characterization of KL4-219A and more potent,
selective, and metabolically stable analogs, particularly in
physiologically relevant animal models, will be critical for
translating these proof-of-concept findings into potential
therapeutic interventions. Delineating how the surrounding
protein environment in living systems affects compound
reactivity and specificity will deepen our understanding of
covalent ligand—protein interactions in intrinsically disor-
dered regions. By demonstrating that intrinsically disordered
proteins harbor exploitable cryptic sites, this work opens new
vistas for targeting one of the most recalcitrant classes of
oncogenic transcription factors.
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