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ABSTRACT: Targeted protein degradation (TPD) is a promising therapeutic
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between E3 ubiquitin ligases and proteins of interest. FBXO22 is an E3 ligase that is

overexpressed in many cancers and implicated in tumorigenesis. While FBXO022 vy g°5°=" oM
was previously identified as capable of recognizing ligands bearing a primary amine
degron, further investigation and development of recruitment ligands are required

to enable its broader utility for TPD. Here, we describe the discovery of chemical : W Degr':glntion
probes that can either selectively degrade FBXO22 or recruit this ligase for TPD E;?ﬁ::g “ ,
g >

applications. First, we described AHPC(Me)-C6-NH, as a potent and selective -$NH — J

FBXO022 degrader (DCyy = 77 nM, D, = 99%) that is suitable for interrogating o)_<\:{\ﬁ cHo POI: BRD4,
the effects of FBXO22 loss of function. Further, we discovered that the simple CDK12
hexane-1,6-diamine acts as a minimal FBXO22 self-degrader, whereas shorter C4

(putrescine) to CS (cadaverine) analogs, found in mammalian cells, do not induce degradation. Finally, we found that 2-
pyridinecarboxaldehyde (2-PCA) functions as a novel electrophilic degron capable of forming a reversible thioacetal with cysteine

326 for recruiting FBXO22. Conjugating 2-PCA to various ligands successfully induced the FBXO22-dependent degradation of
BRD4 and CDK12. Collectively, these chemical probes will facilitate the study of FBXO22 biology and broaden its applicability in

n=4 X
mx = 9% n=5 x
n=6

FBX022

the TPD.

B INTRODUCTION

Targeted protein degradation (TPD) has emerged as a
compelling alternative to conventional small-molecule inhib-
ition by harnessing the cell's natural ubiquitin—proteasome
system (UPS) to eliminate proteins of interest (POIs).'”>
Unlike traditional inhibitors that merely block protein activity,
TPD removes the entire protein, thereby, abolishing its
functions and interactions. TPD primarily employs two types
of small molecules: (1) heterobifunctional proteolysis-targeting
chimeras (PROTACs), which connect a POI-binding ligand to
an E3 ligase recruiter via a suitable linker;** and (2) molecular
glue degraders (MGDs), which use a monovalent Iigand to
stabilize interactions between a POI and an E3 ligase.”” Both
strategies promote ternary complex formation, polyubiquitina-
tion, and subsequent proteasome-mediated degradation.
Despite the growing repertoire of degradable proteins, most
TPD approaches still rely on recruiting either cereblon
(CRBN)® orvon Hippel—Lindau (VHL)? due to the availability
of well-described ligands for these ligases. This overreliance
presents several challenges, including suboptimal degradation of
certain proteins due to incompatible surface topologies, limited
expression of CRBN or VHL in some cell types, and the
resistance induced by reduced expression of the E3.'~"* These
limitations underscore the need to identify and validate
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additional ligandable E3 ligases to expand the therapeutic
potential of TPD.

The UPS is a central regulator of protein homeostasis and a
validated therapeutic target, as demonstrated by the clinical
success of proteasome inhibitors in oncology. However, these
agents often exert broad effects leading to proteotoxic stress,
highlighting the need for more selective approaches.'* Targeting
E3 ubiquitin ligases, the components that confer substrate
specificity within the UPS, offers a more precise strategy. E3
ligases play critical roles in diverse cellular processes and have
been implicated in cancer, neurodegeneration, and inflamma-
tory diseases."*'® Yet, most E3 ligases remain pharmacologi-
cally inaccessible due to the lack of well-defined ligandable
pockets. To date, the few available E3 ligase inhibitors—
including those directed at MDM2,'” 1APs,"®"? VHL,*>*! and
KEAP1**—primarily function by disrupting protein—protein
interactions (PPIs) with substrates. Despite progress, there
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remains a stark gap between the number of known human E3
ligases and the small fraction currently targeted by drug-like
molecules. Recently, small-molecule degraders of E3 ligases have
emerged as a promising alternative modality.”® Still, their
broader application is limited by the scarcity of validated ligands
for most E3 ligases. These challenges underline the need to
develop both ligands and degraders targeting therapeutically
relevant E3 ligases.

FBXO022 (F-box only protein 22) exemplifies this opportunity
and has recently emerged as a promising E3 ligase for TPD
applications.”*~** As a member of the F-box protein family,
FBXO022 functions as the substrate receptor for an SCF (SKP1—
CUL1-F-box protein) E3 ubiquitin ligase complex. FBX022
has been implicated in the development and progression of
multiple cancers, including liver,” colorectal,®® breast cancers™*
and leukemia.”* Analysis of The Cancer Genome Atlas (TCGA)
data revealed that FBXO22 mRNA levels are significantly
upregulated in a range of human tumor tissues compared to
corresponding normal tissues.”® Functionally, FBXO22 regu-
lates key processes such as cell cycle progression, DNA damage
response, and chromatin remodeling by targeting tumor
suppressors, transcriptional regulators including the cyclin-
dependent kinase inhibitor p21,” and the histone demethylase
KDM4A.*** A particularly well-characterized substrate is the
transcription factor BACH1 (BTB and CNC homology 1),
which plays a key role in orchestrating oxidative stress
adaptation.*”*¢
FBXO22 recognizes a heme-regulated degron within the C-
terminal region of BACHI, establishing a direct link between
cellular heme levels and BACHI1 stability.””*® Chemical
modulation of FBXO22 activity could serve as a valuable tool
to further dissect its biological functions. In addition, given the
elevated level of expression in cancer cells, FBXO22 represents
an attractive E3 ligase for expanding the scope of TPD
approaches with tumor-specific activities.

Here, we report the discovery of a selective FBXO22 degrader
and the subsequent optimization of an electrophilic warhead for
FBX022-mediated TPD. We serendipitously discovered that a
primary amine contaminant generated during the synthesis of a
PROTAC induced degradation of FBXO22. Structure-activity
relationship studies of this compound identified the primary
amine as being the essential degron. We constructed a small
library of primary amine-derivatized CRBN- or VHL-based
PROTACsS, which was screened to identify the VHL-recruiting
compound, AHPC(Me)-C6-NH, as the most potent FBX022
degrader. Mechanistic studies demonstrated that metabolism of
the primary amine to the corresponding aldehyde results in the
formation of the biologically active AHPC-CHO. AHPC-CHO
forms a reversible-covalent thioacetal with Cys326 of FBX022
thereby stabilizing a ternary complex with VHL, which results in
ubiquitination and subsequent proteosome-mediated degrada-
tion of FBXO22. We also discovered that simple diamino or
dialdehyde alkanes can result in FBXO22 self-degradation.
Lastly, during our efforts to improve self-degrader activity, we
identified 2-pyridinecarboxaldehyde (2-PCA) as a novel reactive
warhead for recruiting FBXO22 and developed degraders for
targets including BRD4 and CDK12. Collectively, our findings
provide a valuable chemical probe for investigating the biological
function of FBXO22 and pave the way for more broadly
harnessing FBX0O22 for TPD.

Recent structural studies have revealed how

B RESULTS

E3 Ligand Tethered with Alkyl Amine Degrades
FBX022. As part of a chemical biology campaign to expand
the degradable proteome, we used whole-cell proteomics to
analyze the degradation profiles of our in-house PROTAC
library. We observed that FBXO22 was the most prominently
downregulated protein (P. Value <0.001, log, fold change <
-1.5) in both HEK293T and Kelly cells treated with ZXH-3-118
(Figures 1A, S1B, C). This compound is a byproduct generated
during the synthesis of a WDRS PROTAC molecule, which
consists of a CRBN binder thalidomide,” a spacer, and a
primary alkylamine (Figure S1A). We confirmed FBX022
degradation in HEK293T, Kelly, and MOLT-4 cells (Figure
S2A, B). Notably, this degradation was completely abolished
upon depletion of fetal bovine serum (FBS) (Figure S2C),
consistent with recent reports that amine oxidases present in
FBS catalyze the metabolic conversion of primary alkylamine-
containing compounds into their corresponding aldehyde
analogs, thereby enabling engagement with FBX022.”%*
Based on these findings and the structural features of ZXH-3-
118, we reasoned that an E3 ligase ligand combined with a
primary amine group might be the minimal requirement for
designing a degrader of FBX022 (Figure 1A). Accordingly, we
constructed a library of compounds containing various E3 ligase
ligands (including CRBN, VHL, MDM2,* and IAP*'~** and
primary amine moieties with various linker lengths.

To facilitate compound screening, we established a HiBiT-
FBXO022 assay by stably overexpressing FBXO22 fused to an N-
terminal HiBiT-RR tag” in Jurkat cells. The engineered cell
lines were treated with compounds across a range of
concentrations for either S or 18 h, followed by end point
measurement of target degradation using a luciferase assay. We
initiated the screening with CRBN ligand-based compounds, as
the original molecule containing a thalidomide ligand exhibited
moderate activity. Simply attaching alkylamine of varying
lengths to the 4-position of thalidomide via either O- or NH-
linkages did not produce active FBXO22 degraders (Figure S3A,
B). Considering that FBXO22 is also an E3 ligase, we used
Western blot analysis to determine whether compounds could
induce CRBN degradation but found no degradation of either
protein (Figure S3C). Considering the structural similarity to
ZXH-3-118, we hypothesized that incorporating a spacer might
enhance molecular flexibility and improve activity. To test this,
we prepared a series of thalidomide amido derivatives with
different linker lengths. We found that linkers longer than CS
conferred moderate FBXO22 degradation activity, with a C8
linker compound achieving approximately 50% degradation at 3
UM after S h of treatment. In contrast, compounds with PEG
linkers remained inactive (Figures 1B, S3D). Extending the
treatment duration to 18 h did not further increase degradation
efficacy. These results suggest that thalidomide tethered to
primary alkylamine can induce moderate FBXO22 degradation,
consistent with our observations for ZXH-3-118.

Next, we examined a series of VHL derivatives based on the
AHPC ligand. While linkers shorter than C6 were inactive, the
C6 derivative exhibited robust FBXO22 degradation, achieving
approximately 70% degradation at 3 uM after S h (Figures 1C,
S$4). Longer treatment durations further increased the Dy, to
around 80%. Introducing a methyl group at the benzylic
position, known to enhance VHL binding affinity, yielded an
improved FBXO22 degrader that achieved approximately 80%
degradation within 5 h. We also tested MDM?2 and IAP ligand
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Figure 1. Charting E3 ligand tethered with primary amine for FBX022
degradation. (A) Structure of ZXH-3-118. E3 ligase ligand is
highlighted with yellow color, primary amine is highlighted with
green color, and spacer region is highlighted with blue color. (B)
General chemical structure of Thalidomide-Amide-Cn-NH, and
HiBiT-FBXO22 assay results for Jurkat cells treated with the CRBN
ligand-based degraders for S h. (C) General chemical structure of
AHPC(R)-Cn-NH, and HiBiT-FBXO22 assay results for Jurkat cells
treated with the VHL ligand-based degraders for S h.

tethered to hexylamine andneither induced FBXO22 degrada-
tion (Figure SSA, B). Based on these findings, we selected
AHPC(Me)-C6-NH, (Figure 2A) as the lead FBXO22 degrader
for further investigation.

AHPC(Me)-C6-NH, Is a Selective FBX0O22 Degrader. To
evaluate the degradation efficacy of AHPC(Me)-C6-NH, on
endogenous FBX022 protein, we conducted time- and dose-

dependent experiments in Jurkat cells. The compound markedly
induced the FBXO22 degradation at 1 uM over S h incubation,
with a half-maximal degradation concentration (DCs,) of 77 nM
and a D, of 99% (Figure 2B, C). Treatment with 1 uM
AHPC(Me)-C6-NH, resulted in FBXO22 degradation begin-
ning as early as after 1 h, reaching the maximum degradation by 5
h, and persisted for at least 48 h (Figure 2D, E). Notably, VHL
protein levels remained unaffected, indicating that in the context
of FBX022-VHL PROTACs, FBX022 is the primary
degradable target.

To assess selectivity, we carried out whole-cell proteomics on
MOLT-4 cells treated with 1 uM of AHPC(Me)-C6-NH, for S
h. Despite its structural simplicity, the degrader exhibited a
highly selective degradation profile with FBXO22 being the only
protein efficiently degraded across the entire proteome (Figure
2F). To evaluate the longer-term effects of FBX022
degradation, we performed whole-cell proteomic analysis after
24 h of treatment with the FBX022 degrader (Figure S6). At
this time point, FBXO22 remained the most efficiently degraded
protein. Notably, we also observed increased abundance of
several lysine demethgrlases, including the known FBXO022
substrate KDM4A.***® Collectively, these results confirm that
AHPC(Me)-C6-NH, is a potent and highly selective chemical
degrader of endogenous FBX022.

Investigation of the Mechanism of AHPC(Me)-C6-NH,
Induced FBX022 Degradation. To investigate the mecha-
nism underlying AHPC(Me)-C6-NH, induced FBX022
degradation, we integrated chemical synthesis and pathway
inhibition experiments to assess the roles of the UPS pathway
and primary amine metabolic conversion. First, we synthesized
two negative control compounds, ZZ7-23-033 and ZZ7-23-034,
which feature either a secondary amine (resistant to oxidation to
the aldehyde) or an inverted stereocenter (preventing VHL
binding) (Figure 3A). Both compounds failed to induce
FBXO22 degradation, indicating that both VHL engagement
and a primary amine are required for activity (Figures 3B, S7A).
Next, pretreatment with UPS pathway inhibitors, including
TAK-243 (E1 inhibitor), MLN4924 (neddylation activating
enzyme inhibitor), MGI132 and bortezomib (proteasome
inhibitors), blocked FBXO22 degradation. Additionally, pre-
incubation with excess VHL ligand (VHO032) abolished
FBXO022 degradation, confirming the requirement for VHL
recruitment. Lastly, we used two conditions to demonstrate the
necessity of metabolic activation: (1) pretreatment with
aminoguanidine (AG), a pan-amine oxidase inhibitor,*” blocked
FBX022 degradation in the presence of FBS; and (2) switching
from FBS-containing medium to Opti-MEM, which lacks FBS,
also prevented degradation (Figures 3C, S7B).

Based on two previous studies demonstrating that primary
amine-containing degraders are metabolized to the correspond-
ing biologically active aldehydes, we first used LC-MS and
HPLC to confirm AHPC(Me)-C6-NH, can be converted to the
corresponding aldehyde in the presence of FBS, despite a low
conversion rate (Figure S8A,B). Next, we synthesized a series of
VHL ligand tethered alkyl aldehyde compounds with varying
linker lengths (Figures 3A, S9A). In cellular assays, the analog
equivalent to AHPC(Me)-C6-NH,, namely AHPC-CHO,
displayed the highest potency (DCs, = 150 nM, D, = 72%).
Analogs lacking a linker (ZZ7-24-008) or with a linker
shortened by one carbon (TWQ-07-040) were inactive,
indicating a minimal linker length requirement for effective
FBXO22 degradation. An analogue with a linker extended by
one carbon (TWQ-07-041) showed slightly improved efficacy at
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Figure 2. (S,R,S)-AHPC(Me)-C6-NH, is a potent and selective FBXO22 degrader. (A) Chemical structure of AHPC(Me)-C6-NH,. (B) Western
blots showing FBX022 degradation in Jurkat cells treated with the indicated concentration of AHPC(Me)-C6-NH, for S h. (C) Quantification of the
data shown in (B). (D) Western blots showing FBXO22 degradation in Jurkat cells treated with 1 M AHPC(Me)-C6-NH, at indicated time. (E)
Quantification of the data shown in (D). (F) Quantitative proteome-wide mass spectrometry in MOLT-4 cells after S h treatment with 1 uM

AHPC(Me)-C6-NH,.

low concentrations, but the D, only reached 50% (Figure S9B,
C). As expected, AHPC-CHO—mediated degradation was
blocked by UPS pathway inhibitors, whereas switching to the
FBS-free Opti-MEM medium had no impact (Figure S9D). In
addition, AHPC-CHO outperformed its alkylamine analog at
low concentrations but exhibited a more pronounced hook
effect, a phenomenon often observed with PROTACs. These
findings suggest that conversion of the amine into the aldehyde
in FBS-containing medium serves as a prodrug mechanism,
maintaining an optimal concentration of the active species to
enable sustained FBX022 degradation.

Building on this validation of AHPC-CHO as an active
degrader, we next biochemically investigated its ability to form a
ternary complex. To this end, we conducted a TR-FRET assay
using four VHL-aldehyde compounds labeled VHL-EloB/C
(VCB complex) and SKP1/FBX022 (Figure S9E). Most
compounds elicited a dose-dependent TR-FRET signal between
10 nM and 1 pM, with a hook effect observed at higher
concentrations. In contrast, the linkerless compound ZZ77-24-
008 produced negligible TR-FRET signal, only detectable at
high concentrations. TWQ-07-040 showed the weakest TR-
FRET signal, consistent with its lack of FBX022 degradation
and further supporting that an inadequate linker length impairs

effective ternary complex formation. Previous reports suggested
that alkyl aldehydes can engage cysteine 326 on FBXO22 to
recruit FBXO22 for degradation of FKBP12 and NSD2.>**> We
show that introducing a cysteine-to-alanine mutation at this site
results in a near-complete loss of ternary complex formation
between the VCB complex and SKP1/FBX022 (Figure 3D).
Together, these findings demonstrate that AHPC-CHO
facilitates the formation of ternary complexes via cysteine 326
on FBXO22.

Given that whole-cell proteomics indicated high selectivity of
AHPC(Me)-C6-NH, for degradation, we next investigated
whether this selectivity originated from the preferred interaction
between VHL and FBXO22 in the presence of a degrader. Using
immunoprecipitation mass spectrometry (IP-MS),*® we in-
cubated MOLT-4 lysates with 1 yM AHPC-CHO and
recombinant FLAG-tagged VCB complex. After one hour, the
complex was enriched with Anti-FLAG M2 magnetic beads,
followed by label-free quantitative proteomics to identify
interactors (Figure 3E). Remarkably, only three proteins were
significantly enriched (P. Value <0.001, log, fold change > 2),
with FBXO22 being the most enriched protein (P. Value = 4.7 X
107, log, fold change = 5.7) across the whole proteome. These
findings support the idea that the observed degradation
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Figure 3. Mechanism of AHPC(Me)-C6-NH, induced FBX022 degradation. (A) Chemical structures of ZZ7-23-033, ZZ7-23-034 and AHPC-CHO.
(B) Western blots showing FBX022 degradation in Jurkat cells treated with the indicated compounds for S h. (C) Western blots showing FBX022
degradation in Jurkat cells pretreated with the indicated inhibitors for 1 h, followed by treatment with 1 uM AHPC(Me)-C6-NH, for S h. (D) TR-
FRET assay to measure molecule-dependent ternary complex formation between VCB complex and SKP1/FBX022 (WT or C326A). Each point
represents a duplicate replicates; the mean value line is drawn. (E) Scatterplots depicting relative protein abundance following Flag-VHL-EloB/C
enrichment from in-lysate treatment with 1 uM AHPC-CHO and recombinant Flag-VHL-EloB/C spike in. Scatterplots display fold change in
abundance to DMSO. Significant changes were assessed by moderated ¢ test as implemented in the limma package with log, fold change shown on the
y-axis and log;, (P. value) on the x-axis. (F) Western blots showing protein levels of FBX0O22 and its downstream signals in HEK293T and THP-1 cells
treated with indicated concentration of AHPC(Me)-C6-NH, and AHPC-CHO for 24 h.

selectivity arises from the specific recruitment of FBXO22 to the
VCB complex.

Having confirmed the potency and selectivity of AHPC(Me)-
C6-NH,, we next assessed its activity in additional cell lines.
Treatment of THP-1 and HEK293T cells with AHPC(Me)-Cé6-
NH, and AHPC-CHO for 24 h resulted in robust FBX022
degradation (Figures 3F, SOF). We also probed BACH1, a well-
characterized substrate of FBXO22, to gain preliminary insight
into the downstream effects. In THP-1 cells, we detected a
modest increase in BACHI protein levels, consistent with
previous reports using genetic knockdown or knockout in this
cell line.*> Meanwhile, no clear changes in BACHI1 were
observed in HEK293T or Jurkat cells. Since there are no direct
studies showing that FBXO22 loss affects endogenous BACH1
in these cell lines, we generated the FBXO22 knockout Jurkat
cell line using CRISPR-Cas9 (Figure S10). Although FBX022
was efficiently depleted, BACH1 protein levels remained

unchanged, suggesting that other E3 ligases may regulate
BACHLI stability in this context. Together, these results support
the utility of AHPC(Me)-C6-NH, as a chemical biology tool to
modulate FBXO22 levels and provide a foundation for future
studies of FBXO22 function in diverse cellular environments.
Discovery of Primary Diamine as FBX022 Self-
Degrader. Symmetric homodimerizing PROTACs have been
successfully developed for CRBN*” and VHL.*® We investigated
whether a primary diamine could induce the self-degradation of
FBXO22 (Figure 4A). To this end, we screened a series of
primary diamines with varying linker lengths, along with their
corresponding dialdehyde metabolites, using the HiBiT-
FBXO022 assay (Figure 4B). Consistent with prior results for
VHL- or CRBN-ligands tethered with alkylamines, primary
diamines with C3—CS linkers showed no activity (Figure 4C,
S11A, and B). Although glutaraldehyde (1,5-pentanedial)
demonstrated strong degradation activity in the HiBiT-
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Figure 4. Primary diamine is FBXO22 self-degrader. (A) Schematic illustration showing the concept of FBXO22 self-degrader. (B) Metabolic
conversion of primary diamine to dialdehyde. (C) HiBiT-FBXO22 assay results for Jurkat cells treated with the primary diamines for S h. (D) Western
blots showing FBXO22 degradation in Jurkat cells pretreated with the indicated inhibitors for 1 h, followed by treatment with 1 yM hexane-1,6-
diamine for S h. (E) HiBiT-FBXO22 assay results for Jurkat cells treated with methylated hexane-1,6-diamine for S h. (F) Western blots showing
FBXO22 degradation in Jurkat cells treated with indicated concentration of hexane-1,6-diamine for 5 or 24 h. (G) Western blots showing protein levels
of FBX022 and its downstream signals in THP-1 cells treated with indicated concentration of hexane-1,6-diamine for 24 h.

FBXO022 assay (Figure S11C), it also caused cytotoxicity after
18 h, likely due to its known protein cross-linking properties
(Figure S11D). Among the primary diamines tested, hexane-1,6-
diamine exhibited the most potent degradation activity with a
D, of approximately 50% at S h, whereas its dialdehyde analog
showed only marginal activity. Notably, compounds with linker
lengths exceeding C7 lost activity dramatically, indicating that
optimal linker length is critical for effective FBXO22 self-
degradation.

To confirm that hexane-1,6-diamine—induced FBXO22 self-
degradation is mediated by UPS, we pretreated the cells with
UPS pathway inhibitors as described above and found that the
FBXO022 degradation was largely blocked. Pretreatment with
AG also reduced the FBXO22 degradation, indicating the
metabolic conversion to aldehyde analog is required (Figure
4D). Furthermore, methylating one amine group to block its
oxidation completely abolished FBXO22 degradation, suggest-
ing that both primary amines must be converted to aldehydes to
induce FBX022 self-degradation (Figure 4E).

Given these results, we next examined whether hexane-1,6-
diamine could induce the self-degradation of endogenous
FBXO022. In Jurkat cells, treatment with hexane-1,6-diamine
for 5 h led to dose-dependent FBXO22 degradation, achieving
over 50% reduction at 1 M. Extending incubation to 24 h
substantially enhanced degradation, resulting in near-complete
degradation at the same concentration (Figure 4F). Compared
to AHPC(Me)-C6-NH,, hexane-1,6-diamine exhibited a more
pronounced dependency on incubation time, supporting the
idea that metabolic conversion to aldehyde is a rate-determining
step, as two deamination steps are required. Moreover, hexane-
1,6-diamine did not alter BACHI1 protein levels in Jurkat cells
but increased BACHI abundance in THP-1 cells, particularly at
10 uM, where FBXO22 degradation was more robust, indicating
that the FBXO22 self-degrader is also biologically active (Figure
4G, S11E).

Charting Reactive Warheads for Hijacking FBX022.
While newly characterized E3 ligases offer opportunities for
targeted protein degradation, their practical utility depends on
the availability of effective ligands. Previous studies have

F https://doi.org/10.1021/jacs.5c14141
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/jacs.5c14141/suppl_file/ja5c14141_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c14141/suppl_file/ja5c14141_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c14141/suppl_file/ja5c14141_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c14141?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c14141?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c14141?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c14141?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c14141?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS
A
P R | Compound HiBiT-FBX022 (5 hours)
[o] (o]
N }JK/\NJK/ H | zz7-24-009 | &
I H 2
S o o~
H )
N
R N e H | zzr24010 | &
(0] =
o NH o @ 20
o 4 X=CH TWQ-07-042 ( =
N 2NF X Me 0 ~hm—rr T
N R ) :
N X=N TWQ-07-043 oot 04 1 10
R CHO Concentration (uM)
HO _~_CHO n=1 TWQ-07-045| — TWQ07-042 -~ TWQ-07-045
1 H I - u [Twooross| — TWQOT043 - TWQ-07-046
FJ\(\%‘ S n= Sl —~ TWQ-07-047
o n=3 TWQ-07-047
Cc o D HiBiT-FBX022 (5 hours)
/©/ @\ BArCHO-1 140
OHC CHO § 1204 1,6-Diamine
_ 5 BArCHO-1
OHCWCHO BArCHO-2 @5 1007 BArCHO-2
N= N 2 80 BA
rCHO-3
X8 go-
— 0« BArCHO-4
oucMcuo BAICHO3 (% 40
—N N 1] 20
I
0 -
OHCCHO BArCHO-4 001 041 1 10

Concentration (uM)
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documented the use of primary alkylamine or alkyl aldehyde as
FBXO22 recruiters to degrade targets including NSD2,**
XIAP,* FKBP12*® and SMARCA2/A4.”® FBX022-mediated
BRD4 degradation was successfully achieved using a chlor-
oacetamide-based covalent fragment,”® however, the primary
amine tethering strategy proved ineffective, as confirmed by
HiBiT assay results® (Figure S12). Hence, we next sought to
explore novel warheads to more effectively harness FBX022 in
TPD applications.

Given that the reaction between thiols and aldehydes to form
hemithioacetals is highly reversible, the resulting covalent
engagement may lack sufficient stability to support processive
ubiquitination. We hypothesized that enhancing the hemi-
thioacetal stability could promote the formation of a FBX022-
containing ternary complex and thereby improve degradation
efficacy, as shown in a recent study where a covalent cysteine
warhead (chloroacetamide or acrylamide) engages C227/228 to
recruit FBXO22 for a broader applicability in TPD.**
Considering that AHPC(Me)-C6-NH, has proven effective
for FBX022 degradation by engaging Cys326, we installed
various warheads on the VHL ligand and tested them in the
HiBiT-FBX022 assay. We first synthesized acrylamide (ZZ7-
24-009) and chloroacetamide (ZZ7-24-010) analogs, two
commonly used cysteine targeting covalent warheads. Despite
having linker geometry similar to that of AHPC(Me)-C6-NH,,
neither compound induced degradation in the HiBiT-FBX022
assay nor formed a ternary complex with the VCB complex and
SKP1/FBX022 (Figures SA, S13A, B). Given that acrylamides
and chloroacetamides are generally more reactive toward
cysteine residues than alkyl aldehydes,”" these results suggested

that aldehyde functional group is essential for effective FBX022
engagement.

To broaden the aldehyde repertoire, we focused on aromatic
aldehydes, whose reactivity and stability can be better tuned
through resonance and electronic effects.”> We tested two
representative aromatic aldehydes: benzaldehyde (BA) and 2-
pyridinecarboxaldehyde (2-PCA). In our initial design, we
installed aromatic aldehydes on the VHL recruiting ligand. We
discovered that compounds with a spacer between the VHL
ligand and 2-PCA exhibited modest dose-dependent FBX022
degradation. Among them, TWQ-07-045, which features glycine
as spacer, achieved approximately 50% D, in the HiBiT-
FBXO022 assay (Figures SA, B, S14A). Encouraged by this, we
hypothesized that biaromatic dialdehyde (BArCHO) could also
facilitate FBXO22 self-degradation (Figure SC). Indeed, the
BArCHO-2 (3,3'-bipyridine-6,6'-dicarbaldehyde) displayed
improved self-degradation with a DCg; below 0.1 yM and a
D, exceeding 60% in the HiBiT-FBXO22 assay. In contrast,
bipyridine analogs containing 3-pyridine aldehyde (BArCHO-
3) showed lower efficacy, and benzaldehyde derivatives were
inactive (Figures SD, S14B, C). The degradation efficacy
correlated with the intrinsic reactivity of the aromatic
aldehyde,”” suggesting that aldehyde reactivity directly
influences the FBXO22 self-degradation. Interestingly, despite
the high reactivity of 2-PCA, neither BArCHO-2 nor TWQ-07-
045 exhibited cytotoxicity (Figure S14D,E). Collectively, these
findings identify 2-PCA as a promising alternative reactive
warhead for targeting FBXO22.

2-Pyridinecarboxaldehyde Enables FBX022-Medi-
ated Targeted Protein Degradation. 2-PCA has been
previously reported as a selective N-terminal protein labeling
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C6-NH,, followed by treatment with ZZ7-17-060 for S h.

reagent used in protein conjugation chemistry,”* but its utility in
TPD has not been investigated. Building on the promising
reactivity of 2-PCA as an FBX022-directed warhead, we next
investigated whether tethering 2-PCA to the BET bromodomain
inhibitor JQ1> could enable BRD4 degradation, as JQI
tethered with a primary alkylamine failed to induce BRD4
degradation.”> We installed 2-PCA on JQIl with linkers of
varying lengths and measured BRD4 degradation activity using a
HiBiT-BRD4 assay in Jurkat cells (Figure S1SA). Remarkably,
compounds with alkyl linkers exhibited degradation of BRD4,
with ZZ7-17-060 (C3 linker) showing the highest potency,
achieving a D,,,, value of around 32% (Figure 6A). Treatment
with MLN4924 or MG132 blocked ZZ7-17-060—induced
BRD4 degradation, suggesting that the effect is mediated by
the UPS. We further synthesized several analogs with the
optimal linker for SAR exploration. As expected, a benzaldehyde
analog (ZZ7-24-036) showed no activity presumably due to its
lower aldehyde reactivity. Similarly, swapping the amide with a
sulfonamide (ZZ7-24-031) or pyridine with pyrimidine (ZZ7-
24-030) also abolished the BRD4 degradation activity (Figure

S15B). We reasoned that these modifications increased the
reactivity of the aromatic aldehyde but also reduced its cellular
stability, whereas 2-PCA achieves an optimal balance between
reactivity and stability.

BRD4 contains two bromodomains (BDs),”® and JQI binds
both BDs with similar affinity.”> To identify which region of
BRD#4 is responsible for ZZ7-17-060—induced degradation, we
employed a fluorescent reporter assay to monitor BRD4 stability
in K562 cells.”” Reporters containing either bromodomain 2
(BRD4-BD2) alone or a tandem construct with both BD1 and
BD2 showed strong degradation, with D, exceeding 87%. In
contrast, the BRD4-BD1 reporter displayed modest degradation
with a D, of approximately 43% (Figure 6B). Thus, ZZ7-17-
060 harnesses both BDs, though preferably BRD4-BD2, for
BRD4 degradation. Encouraged by the BRD4 degradation
efficacy of ZZ7-17-060 in K562 cells, we performed whole-cell
proteomics on K562 cells treated with 1 yuM of ZZ7-17-060 for 3
h. Here we observed selective degradation of BET proteins
(BRD2 and BRD4) across the proteome (Figure S16). Next, we
used an unbiased screening approach to assess the 2-PCA
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PCA-Alkyne for 1 h, followed by treatment with ZZ7-17-060 for S h. (B) Co-immunoprecipitation of FLAG-tagged BRD4 and endogenous FBX022
in the presence of 300 nM ZZ7-17-060. (C) Co-immunoprecipitation of FLAG-tagged BRD4 and HA-FBX022 (WT or mutations) in the presence of
300 nM ZZ7-17-060. NT indicates no transfection of FBXO22 constructs. (D) Schematic illustration of 2-PCA putative binding pocket on FBX022
structure (PDB:8S7E). Cys326 and Tyr390 are highlighted in stick representation. (E) Chemical structure of CDK12 degrader ZZ7-19-081. (F)
Western blots showing CDK12 degradation in Jurkat cells pretreated with 1 M AHPC(Me)-C6-NH, for 1 h, followed by treatment with 1 uM ZZ7-

19-081 for S h.

selectivity for E3 ligase recruitment. To this end, we conducted a
fluorescence-activated cell sorting (FACS)-based CRISPR
screen, targeting 713 genes involved in the UPS pathway.’®
Remarkably, FBXO22 emerged as the only significantly enriched
E3 ligase, along with CUL1 and several candidate E2 enzymes
(Figures 6C, S17). Consistent with this, genetic knockout or
chemical knockdown of FBX022 with AHPC(Me)-C6-NH,
completely rescued the ZZ7-17-060—induced BRD4 degrada-
tion (Figures 6D, E, and S18). When reintroducing WT
FBXO022 or the C326A mutant into FBX022 knockout cells, the
C326A mutant failed to restore ZZ7-17-060—mediated BRD4
degradation, suggesting that ZZ7-17-060 engages Cys326 on
FBXO022 for BRD4 degradation (Figure S19).

To further elucidate the mechanism of ZZ7-17-060, and more
broadly to assess whether 2-PCA directly binds to FBX022, we
investigated their interaction in more detail. First, we tested
whether simple 2-PCA derivatives, 2-formylpyridine (2-FP) and
PCA-alkyne, could compete with the activity of ZZ7-16-060 in
inducing BRD4 degradation. Pretreatment with either com-
pound completely abolished ZZ7-16-060—induced BRD4
degradation, suggesting that 2-PCA is capable of directly
engaging FBX022 (Figure 7A). Next, to confirm the formation
of a new protein—protein interaction, we incubated ZZ7-17-060
with HEK293T lysates expressing FLAG-tagged BRD4 and
observed the enrichment of FBXO22 only in the treatment

group (Figure 7B). Further, we conducted similar IP experi-
ments to test whether 2-PCA engages the same cysteine as the
primary aldehyde and found that the C326A mutation
completely prohibited FBXO22 engagement (Figure 7C).
Interestingly, we noticed Y390 positioned close to C326,
which may participate in ligand binding. Indeed, the Y390A
mutation also completely abolished association of FBX022 with
BRD4 (Figure 7D). In addition, the Y390A mutation also
prevented FBXO22 degradation by self-degraders (Figure
S20A) and AHPC-CHO—mediated FBXO22-VHL interaction
(Figure S20B), highlighting the importance of Y390 in
facilitating the aldehyde-containing molecule mediated pro-
tein—protein interaction.

Finally, to probe the generality of FBXO22 recruitment to
diverse targets, we tethered 2-PCA to a parental CDKI2
inhibitor from the selective CDK12 degrader BSJ-4-116 via an
alkyl linker (Figure 7E).*” The resulting compound, ZZ7-19-
081, exhibited modest CDK12 degradation, which was rescued
by the chemical knockdown of FBX022 with AHPC(Me)-C6-
NH,, indicating that FBXO22 mediates ZZ7-19-081—induced
CDK12 degradation (Figure 7F). Together, these results further
support 2-PCA as a selective degradation warhead that recruits
FBXO022 for TPD.
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B DISCUSSION

Recent reports investigating the mode of action of serendip-
itously discovered degraders have shown that FBXO22 can be
hijacked for TPD using small molecules that function as
prodrugs - compounds metabolically converted in cells to
reactive aldehydes, enabling covalent engagement with
FBX022.”*7** These studies established the proof of concept
for FBXO22 as a ligandable E3 ligase but left open critical
questions regarding direct engagement strategies, degradation
selectivity, and the broader applicability of FBXO22 in induced
proximity approaches.

In this work, we expand and deepen this emerging paradigm
by developing the first direct chemical degraders of FBX022 and
systematically exploring their mechanisms of action. Our lead
compound, AHPC(Me)-C6-NH,, is a potent and selective
degrader that mimics genetic loss of FBXO22 and serves as a
chemical biology tool for probing its function. Comprehensive
mechanistic studies, including SAR exploration, pathway
inhibitor rescue experiments, and ternary complex formation
assays—revealed its activity requires metabolic conversion of
the primary amine into an alkyl aldehyde, consistent with prior
reports that aldehyde-mediated covalent engagement enables
FBXO22 recruitment. Despite its structural simplicity, AHPC-
(Me)-C6-NH, exhibits remarkable proteome-wide selectivity
for FBX022 degradation. We hypothesized that this selectivity
stems partially from the preferential protein—protein interaction
between FBX022 and VHL upon ternary complex formation, as
FBXO22 emerges as the predominant protein in proximity to
VHL upon treatment with the AHPC-CHO. While we also
observed slight enrichment of SKP1 (log, fold change = 0.89) in
the IP-MS analysis, the adaptor protein bridges FBX022 and
cullin-RING ligases (CRL), we did not detect other components
of the CRL complex potentially due to the limiting cellular
concentration of CULI to accommodate all F-box proteins.*’
This question could potentially be addressed using proximity
labeling based approaches in future studies.’” °* In addition, the
aldehyde engages Cys326 of FBXO22 in a reversible covalent
manner, whereas stronger covalent warheads failed to induce
ternary complex formation or FBXO22 degradation, suggesting
that FBXO22 selectivity also hinges on a finely balanced
reversible engagement.

Building on this, we explored the concept of homo-PROTAC-
mediated self-degradation, wherein E3 ligases are dimerized to
induce their own ubiquitination and proteasomal degradation
and identified hexane-1,6-diamine as a minimal self-degrader of
FBXO022. In contrast, biologically relevant shorter-chain
diamines such as putrescine (1,4-diaminobutane) and cadaver-
ine (1,5-diaminopentane) lacked this activity.”>®* The inability
of these endogenous short-chain diamines to trigger FBXO022
degradation matches with their benign cellular roles and
emphasizes the necessity of appropriate chain length and the
related alkyl dialdehyde reactivity for effective FBXO22
recruitment and self-degradation. These insights mirror prior
homo-PROTAC strategies used for VHL,” CRBN,* and
MDM2° and highlight a potentially generalizable approach for
chemically modulating E3 ligase levels. Given FBXO22’s
frequent overexpression in diverse cancers, the selective
degraders we describe may offer starting points for therapeutic
targeting of FBXO22-driven tumorigenic processes.

A key advance of our study is the discovery of 2-
pyridinecarboxaldehyde (2-PCA) as a metabolically independ-
ent reactive warhead for FBXO22 recruitment. Unlike primary

alkylamines, 2-PCA engages FBXO22 directly without requiring
metabolic activation, enabling efficient FBXO22 self-degrada-
tion and degradation of diverse targets such as BRD4 and
CDKI12. This not only broadens the arsenal of electrophilic
warheads available for TPD but also highlights the potential of
aromatic aldehydes in designing selective, reversible E3 ligase
recruiters. The effectiveness of 2-PCA—based degraders was
reinforced by unbiased CRISPR screening, which confirmed
FBXO022 as the sole E3 ligase required for the degradation of
model protein BRD4. Given FBX022’s frequent overexpression
in tumors, leveraging it as a recruiter may bias degrader activity
toward cancer cells, offering a potential therapeutic advantage.

These findings collectively position FBXO22 as both a
degradable protein target and a promising recruiter for induced
proximity approaches. The toolkit we provide, comprising
selective FBX022 degraders, homo-PROTACs, and aromatic
aldehyde-based warheads, complements and extends prior
prodrug-based strategies by enabling direct, modular chemical
control of FBXO22. Our results also highlight the broader
principle that reversible covalent engagement, guided by
intrinsic E3 ligase reactivity and proximity preferences, can
unlock new opportunities for E3 ligase harnessing in TPD.

Despite 2-PCA and its derivatives having been reported to
react specifically with N-terminal amino acid in peptides or
proteins at high concentrations (~5 mM),’*®” their utility in
cysteine targeting remains rarely documented.’® Our mutational
analysis suggests that 2-PCA—based degraders recruit FBXO22
through Cys326 at substantially lower concentrations. Support-
ing this, both 2-FP and PCA-Alkyne fully rescued BRD4
degradation, suggesting that 2-PCA may directly bind to
FBXO22. Attempts to capture the binding between FBX022
and 2-PCA were not successful, likely due to the reversibility of
the hemithioacetal linkage. Nevertheless, the robust neo-
protein—protein interaction induced by ZZ7-17-060 and its
potent activity against BRD4-BD2 support the feasibility of
determining the structure of the BRD4-BD2/ZZ7-17-060/
FBXO22 complex.

Looking forward, structural elucidation of FBX022—ligand
complexes and medicinal chemistry optimization of aromatic
aldehyde warheads will be key to enhancing selectivity, potency,
and substrate scope. Such advances could ultimately establish
FBXO22 as a versatile alternative to canonical recruiter ligases
such as CRBN and VHL, expanding the reach of TPD
approaches in both mechanistic studies and therapeutic
applications.
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