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Summary

Targeted protein degradation has arisen as a powerful therapeutic modality for degrading disease
targets. While Proteolysis Targeting Chimera (PROTAC) design is more modular, the discovery
of molecular glue degraders has been more challenging. Here, we have coupled the phenotypic
screening of a covalent ligand library with chemoproteomic approaches to rapidly discover a
covalent molecular glue degrader and associated mechanisms. We have identified a cysteine-
reactive covalent ligand EN450 that impairs leukemia cell viability in a NEDDylation and
proteasome-dependent manner. Chemoproteomic profiling revealed covalent interaction of EN450
with an allosteric C111 in the E2 ubiquitin conjugating enzyme UBE2D. Quantitative proteomic
profiling revealed the degradation of the oncogenic transcription factor NFKBL1 as a putative
degradation target. Our study thus puts forth the discovery of a covalent molecular glue degrader
that uniquely induced the proximity of an E2 with a transcription factor to induce its degradation
in cancer cells.
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King et al. used phenotypic screening and chemoproteomic approaches to discover a covalent
molecular glue degrader, EN450. EN450 is a cysteine reactive covalent ligand that uniquely
induced the proximity of an E2 ubiquitin conjugating enzyme UBE2D with the oncogenic

transcription factor NFKB1 to induce its degradation in cancer cells.
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Introduction

Most small-molecule drugs in the clinic operate through classical occupancy-driven
pharmacology that consists of small-molecules binding to deep active site binding
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pockets and resulting in functional modulation of the target. However, many therapeutic
target proteins have been deemed “undruggable” since they do not possess well-defined,
functionally relevant binding pockets, thus rendering these proteins inaccessible to classical

drug discovery approaches 12, Targeted protein degradation using heterobifunctional
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Proteolysis-Targeting Chimeras (PROTACSs) or molecular glues has arisen as a powerful
alternative therapeutic modality aiming at degradation instead of inhibition of the disease
target 34, While heterobifunctional PROTACS still require protein-targeting ligands that are
capable of binding to the target protein with decent potency, monovalent molecular glue
degraders can exploit shallower protein interfaces to induce ternary complex formation

and subsequent ubiquitination and degradation of specific proteins °. While molecular glue
degraders are potentially more attractive and drug-like, most molecular glue degraders
have been discovered fortuitously and rational discovery of molecular glue degraders has
remained challenging.

Recent studies by Mayor-Ruiz and Winter ef a/. have showcased innovative phenotypic
screening paradigms for rapidly discovering small-molecules that exert anti-cancer activity
through molecular glue degrader mechanisms 8. These screens for anti-cancer small-
molecules consisted of counter screens for an attenuated phenotype in hyponeddylation

cell lines to identify molecules that exerted their phenotypes through a Cullin E3 ligase-
dependent mechanism. However, the backend mechanistic elucidation of the ternary
complex components—identifying the degraded target and ubiquitin-proteasome component
that were brought together by the small-molecule—required whole genome-wide CRISPR
screens which can sometimes be laborious and may yield indirect targets in addition to direct
targets of the small-molecule ©.

Covalent chemoproteomic approaches have arisen as powerful platforms for coupling
phenotypic screening of covalent electrophile libraries with rapid mechanistic deconvolution
17-11_ As such, we conjectured that coupling the screening of a covalent ligand

library for molecular glue degraders with backend chemoproteomic and quantitative
proteomic approaches would provide rapid discovery of molecular glue degraders and

their ternary complex components and downstream mechanisms. In this study, we
phenotypically screened a library of covalent ligands for antiproliferative compounds

and used chemoproteomic platforms to discover a covalent molecular glue degrader that
uniquely relies on an E2 ubiquitin conjugating enzyme.

To discover covalent molecular glue degraders, we screened a library of 750 cysteine-
reactive covalent ligands for anti-proliferative effects in HAP1 leukemia cancer cells
(Figure 1a; Table S1). We identified 11 hits from our primary screen, of which 3 of

these hits—EN222, EN450, and EN266—showed reproducible impairments in HAP1 cell
proliferation by greater than 90% (Figure 1b). Among these three hits, we next sought

to identify if these compounds may be exerting their anti-proliferative effects through a
Cullin E3 ubiquitin ligase-dependent mechanism. To this end, we counter-screened our hit
compounds in UBE2M knockdown hyponeddylation lines alongside dCeMM1, a positive
control molecular glue degrader previously identified by Mayor-Ruiz and Winter et al.
which induces degradation of RBM39 in a CRL4PCAF1S dependent manner (Figure 1c-
1d) 6. NEDDylation is a critical post-translational modification necessary for the activity
of all Cullin E3 ligases 12. As such, compounds that show attenuated phenotypes in

these hyponeddylation cell lines would indicate a Cullin E3 ligase-dependent mechanism.

Cell Chem Biol. Author manuscript; available in PMC 2024 April 20.
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EN266, EN450, and the positive control glue degrader dCeMML, but not EN222, showed
significant attenuation of anti-proliferative effects in HAP1 cells with EN450 showing

the most robust effects (Figure 1d-1e). EN450 is a fragment ligand containing a cysteine-
reactive acrylamide warhead (Figure 1e). EN450 as well as dCeMM1 also showed
significant attenuation of anti-proliferative effects upon pre-treatment of HAP1 cells with
the NEDDylation inhibitor MLN4924 and the proteasome inhibitor bortezomib, further
cementing that EN450 was exerting its anti-proliferative effects through a Cullin E3 ligase
and proteasome-dependent mechanism (Figure 1f-1g).

Based on these data, we conjectured that EN450 was a molecular glue inducing the
proximity of a target protein with a component of the ubiquitin-proteasome system

(UPS) to form a ternary complex leading to the ubiquitination and proteasome-mediated
degradation of the target protein and subsequent anti-proliferative effects in HAP1 cells. To
identify proteome-wide covalent targets of EN450, we performed cysteine chemoproteomic
profiling using isotopic tandem orthogonal proteolysis-activity-based protein profiling
(isoTOP-ABPP) 713, Through competitive profiling of EN450 covalent protein targeting

in HAP1 cells against cysteine-reactive alkyne-functionalized iodoacetamide probe labeling,
we identified 81 targets that showed significant engagement—control/EN450-treated ratio
of >1.3 with adjusted p-values <0.05—among 4501 cysteines quantified (Figure 2a; Table
S2). Given that we and others have previously shown that the UPS is highly ligandable

with covalent ligands, that even partial covalent occupancy of a UPS effector protein can
lead to significant degradation of the target protein due to the catalytic nature of degraders,
and that EN450 is a small-molecule fragment that is not likely to engage in high-affinity
interactions, we conjectured that the covalent interaction of EN450 is likely occurring with
a component of the ubiquitin-proteasome system, rather than the target protein 10.14-18,
Because of these reasons, we purposefully chose a low ratio cut-off since we did not want
to miss low-occupancy targets of EN450 10.16.19° Among these targets, only one protein was
involved in the UPS and the Cullin E3 ligase machinery—C111 of ubiquitin-conjugating
enzyme E2D (UBE2D). C111 is an allosteric cysteine in UBE2D that is distal from the
cysteine (C85) that undergoes ubiquitin conjugation during ubiquitin transfer. Because of
the high degree of sequence identity between UBE2D isoforms, we could not distinguish
whether EN450 targeted C111 on UBE2D1, UBE2D2, UBE2D3, or UBE2D4. Nonetheless,
UBEZ2D is one of the key E2 ligases that are coupled with the Cullin E3 ligase complex,
which is consistent with attenuation of EN450 anti-proliferative effects with a NEDDylation
inhibitor of Cullin E3 ligases 12.

To further characterize interactions of EN450 with UBE2D, we synthesized an alkyne-
functionalized probe derivative of EN450—EK-1-8 (Figure 2b). EK-1-8 still impaired
HAP1 cell viability in a NEDDylation-dependent manner (Figure 2c). EK-1-8 directly
and covalently labeled recombinant UBE2D1 C85S mutant protein in a dose-responsive
manner (Figure 2d). This labeling was attenuated, albeit not completely, upon mutation

of both C85 and C111 on UBE2DL1 to serines (Figure S1a). We interpreted the residual
labeling evident in the double mutant as another allosteric cysteine on UBE2D1 that may
be additionally reactive with EN450, potentially in the absence of its main reactive C111.
We further demonstrated that EK-1-8 engaged UBE2D1, but not an unrelated protein such
as GAPDH, in HAP1 cells and that this engagement was outcompeted in-part by EN450,

Cell Chem Biol. Author manuscript; available in PMC 2024 April 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

King et al.

Page 5

as assessed by enrichment of UBE2D1 in HAP1 cells by EK-1-8 treatment, appendage

of biotin through azide-alkyne cycloaddition (CuUAAC), avidin-enrichment, elution, and
blotting (Figure 2e). We also synthesized the non-reactive analog of EN450, EK-1-37, as
well as its alkyne-functionalized derivative, EK-1-38, to ascertain the contribution of the
covalent acrylamide warhead to the observed effects (Figure. S1b). EK-1-37 did not impair
HAP1 cell viability and EK-1-38 expectedly did not show any covalent modification of
UBE2D1 C85S, compared to EK-1-8 (Figure S1c-S1d).

To understand the contribution of the individual UBE2D isoforms to EN450 effects, we
assessed dose-responsive effects of EN450 on HAP1 cell proliferation upon knockdown of
UBE2D1, UBE2D2, UBE2D3, and UBE2D4 and knockdown of all four enzymes (Figure
2f-2g, Figure S2). Knockdown of UBE2D1 conferred the greatest degree of resistance to
ENA450 antiproliferative effects, followed by knockdown of UBE2D4 and knockdown of all
four enzymes. Intriguingly, knockdown of UBE2D2 and UBE2D3 led to hypersensitization
to EN450, suggesting divergent roles of each individual E2 ligase isoform in relation to
interactions with EN450 despite their high degree of sequence identity (Figure 2f-2g,
Figure S1). Nonetheless, our data indicated that UBE2D1 and UBE2D4 are likely the UPS
components covalently engaged by EN450 to, presumably along with the recruitment of its
associated Cullin E3 ligase complex, ubiquitinate and degrade a yet unknown target protein
to exert its antiproliferative effects.

To identify the degraded target protein, we next performed tandem mass tagging (TMT)-
based quantitative proteomic profiling to map protein level changes from EN450 treatment
in HAPL1 cells. This profiling effort revealed only one protein—the NFKB1 p105 subunit
—that was significantly reduced in levels by >4-fold upon EN450 treatment compared to
vehicle-treated controls (Figure 3a; Table S3). Loss of both the precursor p105 protein and
further processed p50 product of NFKB1 was confirmed by Western blotting (Figure 3b-
3d). The non-reactive EK-1-37 control did not lower NFKB1 levels (Figure S3a). We further
confirmed that the reduction in NFKB1 p105 and p50 levels by EN450 treatment was not
observed when HAPL1 cells were pre-treated with the NEDDylation inhibitor (Figure 3e-3f).
MLN4924 treatment itself, reduced NFKBL1 levels potentially due to its inherent toxicity in
leukemia cancer cells 20, but EN450 did not further lower NFKB1 levels (Figure 3e-3f).

Next, we sought to demonstrate EN450-mediated ternary complex formation between
UBE2D and NFKBL. First, we demonstrated that EN450 promoted ternary complex
formation between UBE2D1 and NFKB1, through pulldown studies with recombinant
GST-NFKBL1 and UBE2D1 protein (Figure 3g—3h). We then showed that both p105 and
p50 NFKB1 isoforms, but not an unrelated GAPDH control, were pulled down by EK-1-8
from HAP1 cells in addition to our previously described results showing pulldown of
UBE2D1 (Figure 2e, Figure S3b). Third, reconstitution of UBE2D1-mediated ubiquitination
activity showed that EN450 enhanced ubiquitination of NFKB1 only in the presence of the
full CULAA/RBX1/NEDDS8 complex (Figure 3i-3j). We also demonstrated that UBE2D1
knockdown alone has no influence on NFKB1 levels (Figure S3c). Overall, these results
were consistent with EN450 forming a productive ternary complex between UBE2D and
NFKBL1 in cells that resulted in NFKB1 ubiquitination and degradation.

Cell Chem Biol. Author manuscript; available in PMC 2024 April 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

King et al.

Page 6

ENA450 is clearly not a selective compound as demonstrated by ~80 potential cysteine targets
identified by chemoproteomic profiling. Nonetheless, we sought to link the degradation of
NFKB1, a known oncogenic transcription factor 21, to the mechanism underlying EN450
anti-proliferative effects. Stable overexpression of NFKB1 in HAP1 cells led to significant
attenuation of EN450-mediated anti-proliferative effects in a dose-dependent manner
(Figure 4a—4b). We also transiently transfected NFKB1 in HEK293T cells, where we also
demonstrated NEDDylation-dependent cell viability impairments and reduction in NFKB1
levels with EN450 treatment (Figure 4d—4e). We observed an even more robust rescue of
EN450-mediated anti-proliferative effects (Figure 4f). While we believe that EN450 likely
has additional polypharmacological mechanisms underlying its anti-proliferative effects, our
data suggest that NFKBL is at least partially involved in the anticancer effects of EN450.

Discussion

In this study, we have used covalent chemoproteomic approaches to discover a covalent
molecular glue degrader that uniquely induces the proximity of an E2 conjugating enzyme
UBE2D1 to the oncogenic nuclear transcription factor NFKB1 to ubiquitinate and degrade
NFKBL1 in a proteasome and NEDDylation-dependent manner. Our study also reveals that
allosteric sites within E2 ubiquitin conjugating enzymes, rather than E3 ligases or E3
ligase substrate receptor or adapter proteins, can be directly targeted by small-molecules to
engage in molecular glue interactions with neo-substrate proteins. Our study is reminiscent
of previously reported studies by Slabicki and Ebert ef a/. demonstrating that the CDK8
inhibitor CR8 acts as a molecular glue degrader of cyclin K through engaging a core
adapter protein of the CUL4 E3 ligase machinery DDB1, thereby bypassing the requirement
for a substrate receptor for ubiquitination and degradation 23. Both our and the Ebert

study demonstrate that core proteins within the ubiquitin proteasome machinery, such as
E2 ligases and DDB1, can be exploited for targeted protein degradation application. This
indicates that small-molecule recruiters can be developed against these core components
of the UPS for use in heterobifunctional degraders. While this paper was under revision,
we also demonstrated that both EN450 and more potent UBE2D covalent recruiters could
be used in PROTACS to degrade neo-substrate proteins 24, Taken more broadly, our study
also demonstrates the utility of coupling covalent ligand screening with chemoproteomic
and quantitative proteomic platforms to rapidly discover molecular glue degraders and their
ternary complex components. Furthermore, we may identify even more molecular glue
degraders through the development of bespoke compound collections, including covalent
enantiopair libraries 11.25 or covalent macrocycles 26, and by coupling these specialized
libraries with not only chemoproteomic platforms but also target-based cellular screens or
size-exclusion chromatography 25.

Limitations of the Study

Our study reveals a covalent molecular glue degrader that engages the E2 ubiquitin
conjugating enzyme UBE2D to engage in molecular glue interactions with NFKB1
leading to the degradation of NFKBL1 in cancer cells. Our study nonetheless still has
several limitations and open questions. While the NEDDylation-dependency indicates that
UBE2D still needs to be coupled to the Cullin E3 ligase complex to mark NFKB1

Cell Chem Biol. Author manuscript; available in PMC 2024 April 20.
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for degradation and confer anti-proliferative effects based on the attenuation of these
effects by a NEDDylation inhibitor, we do not yet know whether recruitment of the E2
bypasses the necessity for a substrate adapter protein to induce the ubiquitination and
degradation of NFKB1. We also acknowledge that the NEDDylated CUL4/RBX1 used

to reconstitute the ternary complex here is not the ideal RING E3 ligase to address

the role of C111 on UBE2D1 on the activated structure since NEDD8 binds UBE2D.

As such, the ubiquitination activity that we observe may not exclusively rely on the

RING causing the folded back UBE2D1-ubiquitin arrangement, as described in previous
literature 22. We also note that due to limitations on garnering sufficient pure protein

to perform all necessary control experiments for the reconstitution assays, we were not
able to test negative control compounds in these assays, and as such cannot exclude an
effect of the small-molecule beyond what we hypothesized. The mechanism for NFKB1
degradation may also operate through initial mono-ubiquitination of NFKBL1 through the
EN450-mediated UBE2D/NFKB1 molecular glue interaction that subsequently sensitizes
NFKB1 to polyubiquitination and degradation through a combination of or specific E3
ligases. Of future interest is the investigation of whether NFKB1 already interacts weakly
with this allosteric site on UBE2D, and whether EN450 thus just strengthens an already
existing interaction or whether NFKB1 truly represents a neo-substrate that engages UBE2D
only upon EN450 binding. While we demonstrate here that EN450 directly engages with
UBE2D1 alone without NFKBL1, it is unclear at this point whether EN450 has any inherent
reversible affinity for NFKB1 or whether UBE2D1 binding to EN450 is necessary to recruit
NFKB1. We acknowledge that EN450 is a primary screening hit that is not selective or
potent enough and likely has polypharmacological action in cancer cells. Future improved
UBE2D-based NFKB1 degraders can potentially be used to identify particularly sensitive
cancer cells that may respond therapeutically to NFKB1 degradation beyond leukemias.

STAR METHODS

Resource Availability

Lead Contact: Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Daniel K. Nomura
(dnomura@berkeley.edu).

Materials availability: Compounds and protocols generated in this study will be available
upon request. Any raw data or images generated in this proposal will be provided upon
request.

Data and code availability:

. All proteomic raw data files are available via ProteomeXchange with Project
accession PXD039924. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE partner repository
with the database identifier PXD039924.

. Data processing and statistical analysis algorithms for chemoproteomics from
our lab can be found on our lab’s Github site: https://github.com/NomuraRG, and
we can make any further code from this study available upon request.

Cell Chem Biol. Author manuscript; available in PMC 2024 April 20.
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. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

Experimental Model and Subject Details

Cell Culture—HAP1 cells were purchased from Horizon Discovery and were cultured in
IMDM containing 10% (v/v) fetal bovine serum (FBS) and maintained at 37 °C with 5%
COy. HAP1 cells are male in origin. HEK293T cells were obtained from the American Type
Culture Continued. HEK293 cells were originally derived from a female fetus but the sex is
unclear. HEK293T cells were cultured in DMEM containing 10% (v/v) fetal bovine serum
(FBS) and maintained at 37° C with 5% CO,. Unless otherwise specified, all cell culture
materials were purchased from Gibco. It is not known whether HEK293T cells are from
male or female origin.

Method Details

Materials—Cysteine-reactive covalent ligand libraries were either previously synthesized
and described or for the compounds starting with “EN” were purchased from Enamine,
including EN450. Other chemicals synthesized for this study are described in Supporting
Information.

Preparation of Cell Lysates—Cells were washed twice with cold PBS, scraped, and
pelleted by centrifugation (1,400 g, 4 min, 4° C). Pellets were resuspended in PBS
containing protease inhibitor cocktail (ThermoFisher A32955), sonicated, clarified by
centrifugation (21,000 g, 10 min, 4° C), and lysate was transferred to another low-adhesion
microcentrifuge tubes. Proteome concentrations were determined using BCA assay and
lysate was diluted to appropriate working concentrations.

Cell Viability—Cell viability assays were performed using Hoechst 33342 dye (Invitrogen
H3570) according to the manufacturer’s protocol. For survival assays, cells were seeded into
96-well plates (20,000 per well) in a volume of 100 uL and allowed to adhere overnight,
cells were treated with an additional 50 puL of media containing DMSO vehicle or compound
(150 pM) in 0.1% DMSO for 24 h. For rescue experiments, cell media was changed to
media (100 pL per well) containing Bortezomib (1 pM) (Calbiochem 5043140001) or
MLN4924 (1 uM) (Calbiochem 5054770001) for 1 h prior to compound treatment. For dose
response experiments, dilutions of compound were prepared in DMSO prior to dilution in
media. After incubation, the media was aspirated from each well, and 100 pL of staining
solution containing 10% formalin and Hoechst 33342 dye (Invitrogen H3570) was added to
each well and incubated for 25 min in the dark at room temperature. Staining solution was
then removed, and wells were washed with 3x with PBS before fluorescent imaging.

Production of Recombinant UBE2D1—A UBE2D1(1-147) expression plasmid was
synthesized by Twist Biosciences with an N-terminal 8xHistidine tag and HRV 3C

cleavage site. The C85S and C111S mutations were produced using a Q5 Site Directed
Mutagenesis Kit (New England Biolabs E0554S) and standard cloning techniques. HI-
Control BL21(DE3) E. coli cells (Lucigen 60435-1) were transformed with expression
plasmid and a single colony was used to start an overnight culture in LB media, followed by

Cell Chem Biol. Author manuscript; available in PMC 2024 April 20.
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inoculation of a 1 L culture in Terrific Broth supplemented with 50 mM sodium phosphate
monobasic pH 7.0 and 50 pg/mL kanamycin. This culture grew at 37 °C until the OD600
reached approximately 1.2, at which point the temperature was reduced to 19 °C along with
immediate addition of 0.5 mM (final) IPTG. The cells were allowed to grow overnight prior
to harvesting via centrifugation. The cell pellet was resuspended in IMAC_A Buffer (50 mM
Tris pH 8.0, 400 mM NaCl, 1 mM TCEP, 20 mM imidazole) and lysed with three passages
through a cell homogenizer at 18,000 psi. Cell lysate was then clarified with centrifugation
at 45,000 x g for 30 minutes. The clarified lysate was flowed through a 5 mL HisTrap Excel
column (Cytiva) pre-equilibrated with IMAC_A Buffer. After loading, the resin was washed
with IMAC_A Buffer until the UV absorbance reached baseline, after which the protein was
eluted with a linear gradient of IMAC_B Buffer (50 mM Tris pH 8.0, 400 mM NaCl, 1 mM
TCEP, 500 mM imidazole). The eluate was treated with HRV 3C protease until cleavage

of the histidine tag was complete as determined by ESI-LC/MS. Cleavage proceeded while
the protein dialyzed into IMAC_A Buffer, enabling reverse-IMAC purification which was
conducted in batch using 3 mL of Ni-NTA resin pre-equilibrated with IMAC_A Buffer. The
flow-through was collected, concentrated, and subjected to size exclusion chromatography
using a Superdex 75 16/600 column (Cytiva) pre-equilibrated with SEC Buffer (25 mM
HEPES pH 7.5, 150 mM NaCl, 1 mM TCEP). Fractions within the included volume were
analyzed by SDS-PAGE and those containing pure protein were pooled and concentrated.
This protocol was used to produce wild-type, C85S, and C85S/C111S variants of UBE2D1
with an approximate yield of ~90 mg/L.

Labeling of Recombinant UBE2D1 with EK-1-8 and EK-1-38 Probes—For in
vitro labelling of UBE2D1 C85S, recombinant pure human protein (0.1 pg per sample)

was treated with either DMSO vehicle, EK-1-8, or EK-1-38 at 37° C for 30 min in 25 pL
PBS. Each sample was incubated with 1 pL of 30 uM rhodamine-azide (in DMSO) (Click
Chemistry Tools AZ109-5), 1 pL of 50 mM TCEP (in water) (Strem 15-7400), 3 yL of
TBTA ligand (0.9 mg/mL in 1:4 DMSO/#BuOH) (Sigma 678937), and 1 pL of 50 mM
Copper (I1) Sulfate (Sigma 451657) for 1 h at room temperature. Samples were then diluted
with 10 pL of 4x reducing Laemmli SDS sample loading buffer (Alfa Aesar J60015), boiled
at 95° C for 5 min, and separated by SDS/PAGE. Probe-labeled proteins were analyzed

by in-gel rhodamine fluorescence using a ChemiDoc MP (Bio-Rad). Protein loading was
assessed by silver staining.

Pulldown of UBE2D1 from HAP1 Cells with EK-1-8 Probe—HAP1 WT cells were
pretreated at 70% confluency with DMSO or 50 uM EN450 in situ for 1 h followed by
treatment with DMSO or 10 pM EK-1-8 in situ for 3 h . Cells were harvested, lysed

via sonication, and the resulting lysate normalized to 6 mg/mL per sample. Following
normalization, 30 uL of each lysate sample was removed for Western blot analysis of input,
and 500 pL of each lysate sample was incubated for 2 h at room temperature with 10

pL of 5 mM biotin picolyl azide (in DMSO) (Sigma Aldrich 900912), 10 pL of 50 mM
TCEP (in water), 30 uL of TBTA ligand (0.9mg/mL in 1:4 DMSO/#BuQOH), and 10 pL

of 50 mM Copper (1) Sulfate. Proteins were precipitated, washed 3 x with cold MeOH,
resolubilized in 200 pL of 1.2% SDS/PBS (w/v), heated for 5 min at 98 C, and centrifuged
to remove any insoluble components. Each resolubilized sample was then transferred to
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1.5 mL eppendorf low-adhesion tubes containing 1 mL PBS with 30 pL high-capacity
streptavidin resin (ThermoFisher 20357) to give a final SDS concentration of 0.2%. Samples
were incubated with the streptavidin beads at 4° C overnight on a rotator. The following

day the samples were warmed to room temperature and washed with 0.2% SDS and further
washed 3 x with 500 uL PBS and 3 x with 500 pL water to remove non-probe-labeled
proteins. For western blot analysis, the washed beads were resuspended in 30 L PBS,
transferred to 1.5 mL eppendorf low-adhesion tubes, combined with 10 pL Laemmli Sample
Buffer (4 x), heated to 95° C for 5 min, and analyzed by Western blotting to look for
enriched UBE2D1 versus non-enriched control Vinculin.

Western Blotting—Antibodies to NFKB p105/p52 (Abcam ab323670), SFT (Abcam
ab176561), UBE2D2 (Origene TA806600), UBE2D3 (Abcam ab176568), UBE2D4
(Invitrogen MA5-27358), UBE2M/UBC12 (Abcam ab109507), DYKDDDDK Tag
(D6W5B) (Cell Signaling Technology Cat#14793S), Vinculin (Bio-Rad Cat#MCA465S),
GAPDH (Proteintech Cat#60004-1-1g) were obtained commercially and prepared at dilutions
recommended by the manufacturers. Proteins were resolved by SDS/PAGE and transferred
to nitrocellulose membranes using the Trans-Blot Turbo transfer system (Bio-Rad).
Membranes were blocked with 5% BSA in Tris-buffered saline containing Tween 20
(TBS-T) solution for 30 min at RT, washed in TBS-T, and probed with primary antibody
diluted 5% BSA in TBS-T overnight at 4°C. After 3 washes with TBS-T, the membranes
were incubated in the dark with IR680- or IR800-conjugated secondary antibodies obtained
commercially from LI-COR at 1:10,000 dilution in 5 % BSA in TBS-T at RT for 1 h.

After 3 additional washes with TBST, blots were visualized using an Odyssey Li-Cor
fluorescent scanner. The membranes were stripped using ReBlot Plus Strong Antibody
Stripping Solution (EMD Millipore) when additional primary antibody incubations were
performed.

IsoTOP-ABPP Chemoproteomic Profiling—IsoTOP-ABPP studies were done as
previously reported 132627 Cells were treated for 3 h with either DMSO vehicle or EN450
(50 uM) before cell lysate preparation as described above. Proteomes were subsequently
labeled with 1A-alkyne labeling (200 pM) (Chess Gmbh 3187) for 1 h at room temperature.
CuAAC was used by sequential addition of tris(2-carboxyethyl)phosphine (1 mM), tris[(1-
benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (34 uM), copper(ll) sulfate (1 mM) and biotin-
linker-azide—the linker functionalized with a tobacco etch virus (TEV) protease recognition
sequence as well as an isotopically light or heavy valine for treatment of control or treated
proteome, respectively. After CUAAC, proteomes were precipitated by centrifugation at
6,500g, washed in ice-cold methanol, combined in a 1:1 control treated ratio, washed

again, then denatured and resolubilized by heating in 1.2% SDS-PBS to 95 °C for 5 min.
Insoluble components were precipitated by centrifugation at 6,500g and soluble proteome
was diluted in 5 ml 0.2% SDS-PBS. Labeled proteins were bound to streptavidin-agarose
beads (170 pl resuspended beads per sample, ThermoFisher 20349) while rotating overnight
at 4 °C. Bead-linked proteins were enriched by washing three times each in PBS and

water, then resuspended in 6 M urea/PBS, reduced in TCEP (1 mM), alkylated with
iodoacetamide (18 mM, ACROS AC122270050), before being washed and resuspended in
2 M urea/PBS and trypsinized overnight with 0.5 pg/pL sequencing grade trypsin (Promega
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V5111). Tryptic peptides were eluted off. Beads were washed three times each in PBS and
water, washed in TEV buffer solution (water, TEV buffer, 100 uM dithiothreitol (Invitrogen
15508013)) and resuspended in buffer with Ac-TEV protease (Invitrogen 12575-015) and
incubated overnight. Peptides were diluted in water, acidified with formic acid (1.2 M,
Fisher A117-50), and prepared for LC-MS/MS analysis.

IsoTOP-ABPP Mass Spectrometry Analysis—Peptides from all chemoproteomic
experiments were pressure-loaded onto a 250 um inner diameter fused silica capillary tubing
packed with 4 cm of Aqua C18 reverse-phase resin (Phenomenex, 04A-4299), which was
previously equilibrated on an Agilent 600 series high-performance liquid chromatograph
using the gradient from 100% buffer A to 100% buffer B over 10 min, followed by a 5

min wash with 100% buffer B and a 5 min wash with 100% buffer A. The samples were
then attached using a MicroTee PEEK 360 um fitting (Thermo Fisher Scientific p-888)

to a 13 cm laser pulled column packed with 10 cm Aqua C18 reverse-phase resin and

3 cm of strong-cation exchange resin for isoTOP-ABPP studies. Samples were analyzed
using an Q Exactive Plus mass spectrometer (ThermoFisher Scientific) using a five-step
Multidimensional Protein Identification Technology (MudPIT) program, using 0, 25, 50, 80
and 100% salt bumps of 500 mM aqueous ammonium acetate and using a gradient of 5-55%
buffer B in buffer A (buffer A: 95:5 water:acetonitrile, 0.1% formic acid; buffer B 80:20
acetonitrile:water, 0.1% formic acid). Data were collected in data-dependent acquisition
mode with dynamic exclusion enabled (60s). One full mass spectrometry (MS1) scan (400-
1,800 mass-to-charge ratio (/m/2)) was followed by 15 MS2 scans of the mth most abundant
ions. Heated capillary temperature was set to 200 °C and the nanospray voltage was set to
2.75 kV.

Data were extracted in the form of MS1 and MS2 files using Raw Extractor v.1.9.9.2
(Scripps Research Institute) and searched against the Uniprot human database using
ProLuCID search methodology in IP2 v.3-v.5 (Integrated Proteomics Applications, Inc.)
28_Cysteine residues were searched with a static modification for carboxyaminomethylation
(+57.02146) and up to two differential modifications for methionine oxidation and either the
light or heavy TEV tags (+464.28596 or +470.29977, respectively). Peptides were required
to be fully tryptic peptides and to contain the TEV modification. ProLUCID data were
filtered through DTASelect to achieve a peptide false-positive rate below 5%. Only those
probe-modified peptides that were evident across two out of three biological replicates were
interpreted for their isotopic light to heavy ratios. For those probe-modified peptides that
showed ratios greater than two, we only interpreted those targets that were present across all
three biological replicates, were statistically significant and showed good quality MS1 peak
shapes across all biological replicates. Light versus heavy isotopic probe-modified peptide
ratios are calculated by taking the mean of the ratios of each replicate paired light versus
heavy precursor abundance for all peptide-spectral matches associated with a peptide. The
paired abundances were also used to calculate a paired sample #test Pvalue to estimate
constancy in paired abundances and significance in change between treatment and control. 2P
values were corrected using the Benjamini—-Hochberg method.
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TMT-Based Quantitative Proteomic Profiling—HAP1 WT cells were treated with
either DMSO vehicle or EN450 (50 uM) for 24 h and lysate was prepared as described
above. Briefly, 25-100 ug protein from each sample was reduced, alkylated and tryptically
digested overnight. Individual samples were then labeled with isobaric tags using
commercially available TMTsixplex (ThermoFisher 90061) kits, in accordance with the
manufacturer’s protocols. Tagged samples (20 g per sample) were combined, dried with
SpeedVac, resuspended with 300 pL 0.1% TFA in H20, and fractionated using high pH
reversed-phase peptide fractionation kits (ThermoFisher 84868) according to manufacturer’s
protocol. Fractions were dried with SpeedVac, resuspended with 50 pL 0.1% FA in H20, and
analyzed by LC-MS/MS as described below.

Quantitative TMT-based proteomic analysis was performed as previously described using

a Thermo Eclipse with FAIMS LC-MS/MS 26, Acquired MS data was processed using
ProLuCID search methodology in IP2 v.3-v.5 (Integrated Proteomics Applications, Inc.)

28 Trypsin cleavage specificity (cleavage at K, R except if followed by P) allowed for up

to 2 missed cleavages. Carbamidomethylation of cysteine was set as a fixed modification,
methionine oxidation, and TMT-modification of N-termini and lysine residues were set

as variable modifications. Reporter ion ratio calculations were performed using summed
abundances with most confident centroid selected from 20 ppm window. Only peptide-to-
spectrum matches that are unique assignments to a given identified protein within the total
dataset are considered for protein quantitation. High confidence protein identifications were
reported with a <1% false discovery rate (FDR) cut-off. Differential abundance significance
was estimated using ANOVA with Benjamini-Hochberg correction to determine p-values.

Knockdown Studies—RNA interference was performed using siRNA purchased

from Dharmacon. HAPL1 cells were seeded at 100,000 cells per 6 cm plate and

allowed to adhere overnight. Cells were transfected with 25 nM of either nontargeting
(Dharmacon D-001810-10), anti-UBE2M (Dharmacon L-004348-00), or anti-UBE2D1
SiRNA (Dharmacon L-0093870-00) using 7.5 pL of transfection reagent DharmaFECT

1 (Dharmacon T-2001-02) per well. For quadruple knockdown studies, 12.5 nM of anti-
UBE2D1, -UBE2D2 (Dharmacon L-010383-00), -UBE2D3 (Dharmacon L-008478-00), and
-UBE2D4 (Dharmacon L-009435-00) siRNA with 15 pL of DharmaFECT1 was used.
Transfection reagent was added to OPTIMEM (ThermoFisher 31985070) media and allowed
to incubate for 5 min at room temperature. Meanwhile siRNA was added to an equal

amount of OPTIMEM. Solutions of transfection reagent and siRNA in OPTIMEM were
then combined and allowed to incubate for 30 minutes at room temperature. These combined
solutions were diluted with complete DMEM to provide 2 mL per well, and the media
exchanged. Cells were incubated with transfection reagents for 48h, at which point the
media was replaced with media containing DMSO or 50 pM EN450 and incubated for
another 24 h. Cells were then harvested, and protein abundance analyzed by Western
blotting.

Lentiviral overexpression of NFKB p105—In separate 15 mL conicals, 1 ug of
expression clone cDNA (Origene RC208384L3) or control cDNA (Origene PS100093) was
mixed with packaging plasmids MD2G (1 pg, Addgene 12259) and PSPAX2 (1 ug, Addgene
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12260) in 600 pL per plate OPTIMEM and Lipofectamine™ 2000 transfection reagent
(Invitrogen 11668027) was incubated with an equal volume of OPTIMEM (1:30 v/v) for

5 min prior to tubes being combined and incubated for 40 min at room temperature. The
DNA-Lipofectamine™ mix was diluted with 8 mL of DMEM and added to HEK293T cells
at 40% confluency in 10 cm plates. The next day, media was replaced with 6 mL fresh
DMEM for 24 h.

For each control or expression clone, media was removed from HEK?293T cells, filtered
through a 0.45 micron syringe filter, mixed with 10 puL polybrene transfection reagent, and
added to HAP1 WT cells at 50% confluency. HEK293T media was replaced with 6 mL fresh
DMEM for 24 h and the infection process was repeated. 24 h after the second infection, the
Hapl WT infection media was removed and cells were seeded for proliferation experiments
and Western blot analysis.

Transient overexpression of NFKB p105 in HEK293T cells—Prior to transfection,
HEK?293T cells were seeded into a 96-well plate (35,000 cells/well in 100 uL) or 6-well
plate. Flag-tagged NFKB plasmid (Origene RC208384) or GFP control plasmid (Ward et.
al, 2019) was diluted into Opti-MEM medium (0.2 ug DNA into 25 puL Opti-MEM per each
well). Lipofectamine 2000 (Invitrogen, 11668019) was diluted into Opti-MEM | medium
(0.5 pL Lipofectamine 2000 into 25 pL Opti-MEM 1| per each well). DNA and diluted
Lipofectamine 2000 were combined in a 1:1 ratio then incubated at room temperature for 30
minutes. The DNA-Lipofectamine 2000 mixture was diluted with 50 uL of FBS-complete
DMEM and then all 100 pL was added to each well. 24 hours post-transfection, media

was carefully aspirated from each well, and 100 pL of fresh media containing either
DMSO or compound was added, then assayed for proliferation. Briefly, for 6-well plate
experiments, cells were seeded at 400,000 cells/well in 2 mL media, 4 pg of DNA and 10
uL of Lipofectamine 2000 per well were each diluted into 250 pL of Opti-MEM, and final
transfection volume was 2 mL per well. Cells were analyzed via Western blot analysis after
48 hours.

In vitro pulldown of UBE2D1 with GST-tagged NFKB1—Glutathione Sepharose 4B
beads (1 uL of packed beads per sample, Cytiva 17075605) were washed 3 x with wash
buffer (30 mM Tris (pH 7.5), 100 nM NaCl, 5 mM MgCl,, 2 mM DTT, 0.1 mg/mL BSA,
10% glycerol, 0.01% Triton-X) with bead collection at 2000 x g between each wash, then
resuspended in blocking buffer (30 mM 30 mM Tris (pH 7.5), 100 nM NaCl, 5 mM MgCI2,
2 mM DTT, 100 mg/mL BSA, 10% glycerol, 0.01% Triton-X) with gentle agitation at
room temperature for 1 h, then washed twice more. GST-NFKB p105 (1 pmol per pL of
beads, Novus H00004790-P01) in 100 pL was incubated with the beads for2 hat 4° C

with gentle agitation, then beads were washed three times. Beads were resuspended in wash
buffer (45 UL per sample) containing 50 nM UBE2D1 (Boston Biochem Inc., E2-616-100)
then aliquoted into PCR tubes. Input control was prepared via immediate addition of 15 uL
Laemmli’s buffer. Beads were treated with 5 pL of vehicle (10% DMSO, 0.25% CHAPS)
or EN450 (50 uM) for a 50 pL final volume and incubated with gentle agitation at 4° C
overnight. Beads were washed 4x with wash buffer (50 uL), resuspended in 20 pL of 1x
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Laemmli’s in PBS, boiled at 95° C for 5 min, pelleted at 1000 x g for 5 min, then analyzed
via Western blotting.

In vitro ubiquitination assay—UBE2D1 (5.2 pL, 25 uM, Boston Biochem. Inc.,
E2-616-100) was incubated with 0.5 pL of DMSO vehicle or EN450 (10 uM final
concentration) for 30 min at 37 °C. Subsequently, UBE1 (0.95 pL, 1 uM, Boston

Biochem. Inc., E-305-025) was added followed by Cul4A/RBX/NEDDS (0.7 L, 5 uM,
Boston Biochem. Inc., E3-441-025), NFKB p105 (19.1 L, 0.91 uM, Novus Biologicals,
H00004790-Q01), FLAG-ubiquitin (0.5 puL, 10 mg/mL, Boston Biochem. Inc., U12001M),
MgCI2 (0.5 pL, 500 mM), DTT (0.5 pL, 500 mM) and ATP (0.5 pL, 100 mM) to achieve a
final volume of 25.5 L. The mixture was incubated at 37 °C for 4 h with agitation. Then,

10 pL of Laemmli SDS sample loading buffer was added to quench the reaction and proteins
were analyzed by Western Blot. All dilutions were made using 50 mM TBS (pH 7.5).

Synthetic Methods and Characterization for EN450 and EK-1-8
Preparation of N-(2-chloro-5-(N,N-dimethylsulfamoyl)phenyl)acrylamide:

i
O
/N..,S"
o’
Cl
HN O
—

To a solution of dimethylamine (0.198 mL, 2.35 mmol) in DCM (5 mL) was added
triethylamine (0.326 mL, 2.35 mmol) dropwise. The solution was stirred at 0 C for 45 min.
Then, 3-nitro-4-chlorobenzenesulfonyl chloride (500 mg, 1.95 mmol) in 2:1 DCM/THF (5
mL) was added dropwise, and the solution was warmed to room temperature for 5 min when
the reaction was diluted with DCM, washed with water, brine, dried over NaSO4, filtered,
and the filtrate concentrated in vacuo. The residue was purified by flash chromatography

on silica gel (0-30% EtOAc/Hexanes) to give the desired product 4-chloro- N, N-dimethyl-3-
nitrobenzenesulfonamide (464 mg, 90%) as a light yellow solid. LCMS. IH NMR (400
MHz, CDCl3) & 8.27 (t, J= 2.2 Hz, 1H), 7.93 (dd, /= 8.4, 2.1 Hz, 1H), 7.78 (d, J= 8.4 Hz,
1H), 2.81 (d, /= 1.7 Hz, 6H). LCMS Rt 0.066 min; m/z 264.8 [M+H]

To a solution of ammonium chloride (346 mg, 6.46 mmol) in 1:1 EtOH/H20 (10 mL) was
added iron powder (362 mg, 6.46 mmol). The solution was stirred at 60° C for 30 min.
Then, 4-chloro- N, N-dimethyl-3-nitrobenzenesulfonamide (286 mg, 1.08 mmol) was added.
The solution was stirred at 80 C for 1 hour, then diluted with DCM, washed with water,
brine, dried over NaSO4, filtered, and the filtrate concentrated to give 3-amino-4-chloro-
N, N-dimethylbenzenesulfonamide (183 mg, 78%) as a white powder. LCMS Rt 0.085 min;
m/z 259.1 [M+H]
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To a solution of 3-amino-4-chloro- A, A-dimethylbenzenesulfonamide (100 mg, 0.37 mmol)
in DCM (15 mL) was added triethylamine (80 uL, 0.57 mmol) dropwise. The solution was
stirred at 0 C for 5 min. Acryloyl chloride (67 uL, 0.83 mmol) was added and the solution
was warmed to room temperature. After 2 hr, the mixture was diluted with water, extracted
with DCM, washed with brine, dried over NaSO4, filtered, and the filtrate concentrated

in vacuo. The residue was purified by flash chromatography on silica gel (20-50% EtOAc/
Hexanes) to give A-(2-chloro-5-( N, N-dimethylsulfamoyl)phenyl)acrylamide ( mg, %) as a
white powder. 'H NMR (500 MHz, CDCl5) 6 8.91 (d, J= 2.1 Hz, 1H), 7.85 (s, 1H), 7.58 (d,
J=8.4Hz, 1H), 7.52 (dd, /= 8.4, 2.2 Hz, 1H), 6.52 (dd, /= 16.8, 1.0 Hz, 1H), 6.35 (dd, J=
16.8, 10.2 Hz, 1H), 5.91 (dd, /= 10.2, 1.0 Hz, 1H), 2.80 (s, 6H).

13C NMR (126 MHz, CDCl3) 6 162.72, 134.80, 134.41, 129.77, 128.82, 128.75, 126.37,
123.05, 119.90, 37.33. HRMS calcd for C11H13CIN203S(M+H)+ 289.04137, found
289.04050

Preparation of N-(2-chloro-5-(N,N-dimethylsulfamoyl)phenyl)propionamide:

i
"‘"N"S"O
S
Cl
HN o

To a solution of 3-amino-4-chloro- N, N-dimethylbenzenesulfonamide (60 mg, 0.26 mmol)
in DCM (5 mL) was added triethylamine (54 uL, 0.38 mmol) dropwise. The solution

was stirred at 0 C for 5 min. Propionoyl chloride (25 uL, 0.28 mmol) was added

and the solution was warmed to room temperature. After 10 min, the mixture was

diluted with water, extracted with DCM, washed with brine, dried over NaSO4,

filtered, and the filtrate concentrated in vacuo. The residue was purified by flash
chromatography on silica gel (30-60% EtOAc/Hexanes) to give N-(2-chloro-5-( N, V-
dimethylsulfamoyl)phenyl)acrylamide (48 mg, 65%) as a white powder.

14 NMR (500 MHz, CDCI3) § 8.79 (d, J = 2.3 Hz, 1H), 7.75 (s, 1H), 7.54 (d, = 8.4 Hz,
1H), 7.47 (dd, J = 8.4, 2.2 Hz, 1H), 2.77 (s, 6H), 2.52 (q, = 7.5 Hz, 2H), 1.29 (t, J = 7.5 Hz,
3H).

13C NMR (126 MHz, CDCI3) 6 172.52, 135.58, 129.82, 127.37, 123.74, 120.99, 38.37,
31.19, 9.66. HRMS calcd for C11H15CIN203S(M+H)+ 291.05702, found 291.05624

Preparation of N-(2-chloro-5-(N-methyl-N-(prop-2-yn-1-
yvDsulfamoyl)phenylacrylamide:
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To a solution of Armethyl propargylamine (0.198 mL, 2.35 mmol) in DCM (5 mL) was
added triethylamine (0.326 mL, 2.35 mmol) dropwise. The solution was stirred at 0 C

for 45 min. Then, 3-nitro-4-chlorobenzenesulfonyl chloride (500 mg, 1.95 mmol) in 2:1
DCM/THF (5 mL) was added dropwise, and the solution was warmed to room temperature
for 5 min when the reaction was diluted with DCM, washed with water, brine, dried over
NaSO4, filtered, and the filtrate concentrated in vacuo. The residue was purified by flash
chromatography on silica gel (0-30% EtOAc/Hexanes) to give the desired product 4-chloro-
N-methyl-3-nitro- A-(prop-2-yn-1-yl)benzenesulfonamide (311 mg, 55%) as a light yellow
solid. LCMS. m/z 288.1 [M+H]*H NMR (500 MHz, CDCl3) & 8.36 (d, /= 2.2 Hz, 1H), 7.99
(dd, J=8.4,2.2 Hz, 1H), 7.75 (d, /= 8.5 Hz, 1H), 4.17 (d, J= 2.6 Hz, 2H), 2.92 (s, 3H),
2.26 - 2.11 (m, 1H). LCMS Rt 0.066 min; m/z 288.2 [M+H]

To a solution of ammonium chloride (350 mg, 6.46 mmol) in 1:1 EtOH/H20 (10 mL)

was added iron powder (360 mg, 6.46 mmol). The solution was stirred at 60° C for

30 min. Then, 4-chloro- A~methyl-3-nitro- A-(prop-2-yn-1-yl)benzenesulfonamide (311 mg,
1.08 mmol) was added. The solution was stirred at 80 C for 1 hour, then diluted with

DCM, washed with water, brine, dried over NaSO4, filtered, and the filtrate concentrated to
give 3-amino-4-chloro- AV-methyl- N-(prop-2-yn-1-yl)benzenesulfonamide (201 mg, 72%) as
a white powder. H NMR (500 MHz, CDCl3) & 7.29 (s, 1H), 7.15 (d, /= 2.2 Hz, 1H), 7.01
(dd, /= 8.3, 2.2 Hz, 1H), 4.47 — 4.10 (m, 2H), 3.94 (d, J= 2.6 Hz, 2H), 2.76 (s, 3H), 2.11 -
2.06 (m, 1H). LCMS Rt 0.075 min; m/z 259.1 [M+H]

To a solution of 3-amino-4-chloro- A-methyl- A-(prop-2-yn-1-yl)benzenesulfonamide (100
mg, 0.37 mmol) in DCM (15 mL) was added triethylamine (70 uL, 0.50 mmaol) dropwise.
The solution was stirred at 0 C for 5 min. Acryloyl chloride (67 uL, 0.83 mmol) was
added and the solution was warmed to room temperature. After 2 hr, the mixture was
diluted with water, extracted with DCM, washed with brine, dried over NaSO4, filtered,
and the filtrate concentrated in vacuo. The residue was purified by flash chromatography
on silica gel (20-50% EtOAc/Hexanes) to give N-(2-chloro-5-(A~methyl- A-(prop-2-yn-1-
yl)sulfamoyl)phenyl)acrylamide (116 mg, 97%) as a white powder. 1H NMR (500 MHz,
CDCl3) 6 8.94 (s, 1H), 7.82 (s, 1H), 7.53 (d, /= 1.3 Hz, 2H), 6.49 (dd, J= 16.9, 1.1 Hz, 1H),
6.32 (dd, /= 16.9, 10.3 Hz, 1H), 5.88 (dd, /= 10.2, 1.1 Hz, 1H), 4.04 (d, J= 2.5 Hz, 2H),
2.90 (s, 3H), 2.10 (q, /= 3.1 Hz, 1H).

13C NMR (126 MHz, CDCls) 6 163.24, 136.82, 134.96, 130.37, 129.35, 129.28, 127.09,
123.68, 120.58, 75.90, 74.11, 39.75, 34.44.
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HRMS calcd for C13H13CIN203S(M+H)+ 313.04137, found 313.04053

Preparation of N-(2-chloro-5-(N-methyl-N-(prop-2-yn-1-
yDsulfamoyl)phenyl)propionamide:

To a solution of 3-amino-4-chloro- A-methyl- N-(prop-2-yn-1-yl)benzenesulfonamide (50
mg, 0.19 mmol) in DCM (2 mL) was added triethylamine (78 uL, 0.56 mmol) dropwise.
The solution was stirred at 0 C for 5 min. Propionyl chloride (50 uL, 0.56 mmol) was
added and the solution was warmed to room temperature. After 10 min, the mixture was
diluted with water, extracted with DCM, washed with brine, dried over NaSO4, filtered,
and the filtrate concentrated in vacuo. The residue was purified by flash chromatography
on silica gel (30-60% EtOAc/Hexanes) to give A-(2-chloro-5-(A~methyl- -(prop-2-yn-1-
yl)sulfamoyl)phenyl)propionamide (35 mg, 58%) as a white powder.

1H NMR (500 MHz, CDCI3) & 8.87 (s, 1H), 7.73 (s, 1H), 7.52 (d, J = 1.3 Hz, 2H), 4.05 (d, J
= 2.5 Hz, 2H), 2.91 (s, 3H), 2.52 (q, J = 7.5 Hz, 2H), 2.12 (d, J = 2.5 Hz, 1H), 1.30 (t, = 7.5
Hz, 3H).

13C NMR (126 MHz, CDCI3) 6 171.87, 136.65, 135.08, 129.27, 126.85, 123.31, 120.48,
75.94,74.06, 39.74, 34.41, 30.72, 9.15.

HRMS calcd for C13H15CIN203S(M+H)+ 315.05702, found 315.05641

Quantification and Statistical Analysis

Statistical details can be found in the figure legends as well as Supplemental Tables.
Statistical analyses for TMT-based quantitative proteomics were performed as follows. High
confidence protein identifications were reported with a <1% false discovery rate (FDR)
cut-off. Differential abundance significance was estimated using ANOVA with Benjamini-
Hochberg correction to determine p-values. IsoTOP-ABPP data analysis was performed as
follows. Light versus heavy isotopic probe-modified peptide ratios are calculated by taking
the mean of the ratios of each replicate paired light versus heavy precursor abundance for
all peptide-spectral matches associated with a peptide. The paired abundances were also
used to calculate a paired sample #test Pvalue to estimate constancy in paired abundances
and significance in change between treatment and control. P values were corrected using
the Benjamini-Hochberg method. All other statistical analyses were performed by Student’s
two-tailed t-tests.
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Highlights
. We use chemoproteomic platforms to discover a covalent molecular glue
degrader.
. We identify a cysteine-reactive covalent glue degrader EN450

. EN450 glues together E2 ubiquitin conjugating enzyme UBE2D with NFKB1
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Figure 1. Discovery of a covalent molecular glue degrader with anti-proliferative activities in
HAP1 leukemia cancer cells.

a) HAP1 cell viability screen of cysteine-reactive covalent ligands. DMSO vehicle or
cysteine-reactive covalent ligands (50 uM) were treated in HAP1 cells for 24 h and cell
viability was assessed by Hoescht staining. Compounds highlighted in red and labeled are
those that impaired HAP1 cell viability by greater than 90 % compared to vehicle-treated
controls. This screen was performed with n=1 biological replicate/group. (b) The 11 hit
compounds from (a) were rescreened with n=3 biologically independent replicates/group
in HAP1 cells under the same conditions. Individual replicate values shown. Among these
hits EN222, EN226, and EN450 showed reproducible impaired HAP1 cell viability of
greater than 90 % compared to DMSO vehicle-treated controls. (¢) Knockdown of UBE2M.
HAP1 cells were transiently transfected with siControl or sSiUBE2M oligonucleotides and
knockdown of UBE2M was assessed by Western blotting compared to GAPDH loading

control. (d) HAP1 cell viability in siControl and siUBE2M cells treated with DMSO vehicle,

the positive control molecular glue degrader ACEMM1, EN222, EN266, or EN450 (50

uM) for 24 h, assessed by Hoescht staining. (e) structure of EN450 with the reactive
acrylamide handle highlighted in red. (f) Attenuation of HAP1 cell viability impairments
by NEDDylation inhibitor MLN4924. HAP1 cells were pre-treated with DMSO vehicle

or MLN4924 (1 uM) for 1 h prior to treatment of cells with DMSO vehicle, ACEMM1,

or EN450 (50 uM) for 24 h, and cell viability was assessed by Hoechst staining. (g)
Attenuation of HAP1 cell viability impairments by proteasome inhibitor bortezomib. HAP1
cells were pre-treated with DMSO vehicle or bortezomib (1 uM) for 1 h prior to treatment
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of cells with DMSO vehicle or EN450 (50 uM) for 24 h, and cell viability was assessed by
Hoechst staining. Data in (d, f, g) are average + sem of n=3-6 biologically independent
replicates/group with individual replicate values also shown. Statistical significance is
expressed as *p<0.05 compared to siControl or DMSO control groups in (d, f, g), #p<0.05
compared to corresponding siControl or DMSO pre-treated treatment groups, and calculated
with Student’s unpaired two-tailed t-tests. Related to Table S1.
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Figure 2. Chemoproteomic profiling and validation of EN450 targets in HAP1 cells.
(a) Cysteine chemoproteomic profiling of EN450 targets in HAP1 cells using isoTOP-ABPP.

HAP1 cells were treated with DMSO vehicle or EN450 (50 uM) for 3 h, after which

resulting cell lysates were labeled with an alkyne-functionalized iodoacetamide cysteine-
reactive probe (200 uM) for 1 h, and an isotopically light (for DMSO) or heavy (for EN450)
biotin-azide handle bearing a TEV protease recognition peptide was appended by CuAAC.
Control and treated proteomes were combined in a 1:1 ratio, taken through the isoTOP-
ABPP procedure and light/heavy probe-modified peptides were analyzed by LC-MS/MS
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and quantified. Shown in blue are probe-modified peptides with light/heavy ratios >1.3
with adjusted p<0.05. Shown in red is C111 of UBE2D. Data shown are average ratios
from n=4 biologically independent replicates/group. (b) structure of alkyne-functionalized
probe derivative of EN450—EK-1-8 with cysteine-reactive acrylamide warhead highlighted
in red. (c) Attenuation of HAP1 cell viability impairments by NEDDylation inhibitor
MLN4924. HAP1 cells were pre-treated with DMSO vehicle or MLN4924 (1 uM) for 1

h prior to treatment of cells with DMSO vehicle, EK-1-8 (100 uM) for 24 h, and cell
viability was assessed by Hoechst staining. (d) EK-1-8 labeling of recombinant pure human
UBE2D1 C85S mutant protein. UBE2D1 C85S mutant protein was labeled with DMSO
vehicle or EK-1-8 for 30 min, after which an azide functionalized rhodamine handle was
appended onto probe-labeled protein by CUAAC, after which proteins were resolved by
SDS/PAGE and visualized by in-gel fluorescence. Protein loading was assessed by silver
staining. Gels are representative of an n=3 biologically independent replicates/group. (e)
UBE2D1 pulldown from HAP1 cells with EK-1-8 probe. HAP1 cells were pre-treated

with DMSO vehicle or EN450 (50 uM) for 1 h prior to treatment of cells with DMSO
vehicle or EK-1-8 (10 pM) for 3 h. Probe-labeled proteins from resulting cell lysates

were subsequently appended to an azide-functionalized biotin handle by CUAAC, avidin-
enriched, eluted and separated by SDS/PAGE and blotted for UBE2D1 and unrelated protein
GAPDH. Shown on the blot are also input UBE2D1 and GAPDH protein levels between the
three groups shown. Blots are representative of an n=3 biologically independent replicates/
group. (f) Confirmation of UBE2D1 knockdown. HAP1 cells were transiently transfected
with siControl or siUBE2D1 oligonucleotides and UBE2D1 and loading control GAPDH
expression were assessed after 72 h by Western blotting. Blot is representative of n=3
biologically independent replicates/group. (g) Percent HAP1 cell proliferation in siControl
and siUBE2D1 cells treated with EN450 for 24 h compared to DMSO vehicle-treated
controls. Data shown in (c) and (g) are average + sem of n=6-30 biologically independent
replicates/group with individual replicate values also shown. Statistical significance in (c) is
expressed as *p<0.05 compared to DMSO-pre-treated control groups and #p<0.05 compared
to DMSO-pre-treated EK-1-8-treated groups and in (g) is expressed as *p<0.05 compared
to the corresponding treatment group in siControl cells. Related to Table S2, Figure S1, and
Figure S2.
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Figure 3. Identification of the protein degraded by EN450.
(a) TMT-based quantitative proteomic profiling of EN450 in HAP1 cells. HAP1 cells were

treated with DMSO vehicle or EN450 (50 pM) for 24 h. Shown in red is the only protein
reduced in levels by >4-fold with p-value <0.05—NFKB1. Data shown are from n=3
biologically independent replicates/group. (b) Western blotting analysis of p105 and p50
isoforms of NFKB1 and loading control vinculin levels in HAP1 cells treated with DMSO
vehicle or EN450 (50 uM) for 24 h. (c, d) Quantification of experiment described in (b). (e)
NEDDylation inhibitor attenuates NFKB1 loss by EN450 treatment in HAP1 cells. HAP1
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cells were pre-treated with DMSO vehicle or MLN4924 (1 uM) for 1 h prior to treatment of
cells with DMSO vehicle or EN450 (50 uM) for 24 h. NFKB1 and loading control vinculin
levels were assessed by Western blotting. (f) Quantification of experiment described in (e).
(9) Ternary complex formation between UBE2D1, EN450, and NFKB1. Recombinant pure
human GST-NFKB1 and UBE2D1 proteins were incubated with DMSO vehicle or EN450
(50 uM) for 1 h, after which GST-NFKB1 was enriched and the pulldown eluate was blotted
for NFKB1 and UBE2D1. (h) Quantification of pulldown experiment described in (g). (i, j)
Ubiquitination assay with UBE2D1, ATP, FLAG-Ubiquitin, and NFKB1 pure proteins with
the exclusion or addition of the CUL4AA/RBX1/NEDDS Cullin complex. This incubation
was treated with DMSO vehicle or EN450 (50 pM) for 1 h. NFKB1 ubiquitination was
detected by Western blotting visualizing FLAG-Ub in (i) and NFKBL1 in (j). Blots shown

in (b, e, g) are representative of n=3 biologically independent replicates/group. Data shown
in (c, d, f, h) are average + sem of n=3-8 biologically independent replicates/group with
individual replicate values also shown. Statistical significance in (c, d, f, h) are expressed

as *p<0.05 compared to DMSO vehicle-treated controls and NS denotes not significant.
Related to Table S3 and Figure S3.
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Figure 4. Understanding the role of NFKB1 in EN450-mediated effects.
(a) Stable lentiviral overexpression of FLAG-NFKBL1 in HAP1 cells assessed by Western

blotting for NFKB1, FLAG, and loading control GAPDH. (b) HAP1 eGFP control or
FLAG-NFKB1 overexpressing cell viability from cells treated with DMSO vehicle or
EN450 for 24 h. (c) Attenuation of HEK293T cell viability impairments by NEDDylation
inhibitor MLN4924. HEK293T cells were pre-treated with DMSO vehicle or MLN4924 (1
uM) for 1 h prior to treatment of cells with DMSO vehicle or EN450 (50 puM) for 24 h,

and cell viability was assessed by Hoechst staining. (d) NFKB1 and loading control vinculin
levels in HEK293T cells pre-treated with DMSO vehicle or MLN4924 (1 uM) 1 h prior to
treatment of cells with DMSO vehicle or EN450 (50 uM) for 24 h, assessed by Western
blotting. (e) Transient transfection and overexpression of FLAG-NFKB1 in HEK293T

cells assessed by Western blotting of NFKB1, FLAG, and loading control GAPDH. (f)
HEK?293T eGFP control or FLAG-NFKB1 overexpressing cell viability from cells treated
with DMSO vehicle or EN450 (50 uM) for 24 h. Blots shown in (a, d, e) are representative
of n=3 biologically independent replicates/group. Data shown in (c, f) are average + sem of
n=3-8 biologically independent replicates/group with individual replicate values also shown.
Statistical significance in (c, f) are expressed as *p<0.05 compared to DMSO vehicle-treated
controls or eGFP-expressing control cells and as #p<0.05 compared to DMSO pre-treated
EN450-treated groups in (c) or EN450-treated eGFP-expressing cells in (f).
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-NFKB p105/p52 Abcam Cat#ab323670; RRID:AB_776748

Rabbit monoclonal anti-SFT Abcam Cat#ab176561

Mouse monoclonal anti-UBE2D2 Origene Cat#TAB806600;
RRID:AB_2628172

Rabbit monoclonal anti-UBE2D3 Abcam Cat#ab176568

Mouse monoclonal anti-UBE2D4 Invitrogen Cat#MA5-27358;
RRID:AB_2725609

Rabbit monoclonal anti-UBE2M/UBC12 Abcam Cat#ab109507;

RRID:AB_10892148

Rabbit monoclonal anti-DYKDDDDK tag

Cell Signaling Technology

Cat#14793; RRID:AB_2572291

Mouse monoclonal anti-vinculin

Bio-Rad

Cat#MCA465S;
RRID:AB_2214389

Mouse monoclonal anti-GAPDH

Proteintech

Cat#60004-1-Ig;
RRID:AB_2107436

Goat anti-mouse 1gG IRDye 680RD Secondary Antibody LI-COR Cat#926-68070;
RRID:AB_10956588

Goat anti-rabbit 1gG IRDye 800CW Secondary Antibody LI-COR Cat#926-32211; RRID:AB_621843

Bacterial and virus strains

One-Shot™ Stbl3™ Chemically Competent £. coli Invitrogen C737303

HI-Control BL21 (DE3) Chemically Competent Cells Lucigen 60435-1

Biological samples

Chemicals, peptides, and recombinant proteins

Recombinant Human UbcH5a/UBE2D1 Protein, CF

Boston Biochem Inc.

Cat#E2-616-100

Recombinant Human Ubiquitin Activating Enzyme (UBE1), CF Boston Biochem Inc. Cat#E-305
Recombinant Human CUL4A/NEDD8/RBX1A Complex Protein, CF | Boston Biochem Inc. Cat#E3-441
Recombinant Human FLAG-Ubiquitin Protein, CF Boston Biochem Inc. Cat#U-120
Recombinant Human UBE2D1 (1-147) This paper N/A

Recombinant Human UBE2D1 C85S This paper N/A

Recombinant Human UBE2D1 C85S/C111S This paper N/A

Recombinant Human NFkB p105/p50 GST (N-term) Protein Novus Cat#H00004790-P01
Pierce protease inhibitor mini tablets, EDTA-free ThermoFisher Scientific Cat#A32955
Covalent Ligand Library, see Table S1 Enamine N/A

Hoechst 33342 dye Invitrogen H3570

Bortezomib Calbiochem Cat#5043140001; CAS:

179324-69-7
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

NAE Inhibitor, MLN4924

Calbiochem

Cat#5054770001; CAS:
951950-33-7

TAMRA-PEG4-Azide

Click Chemistry Tools, Inc.

Cat#AZ109-5

Biotin picolyl azide Sigma-Aldrich Cat#900912
Tris(2-carboxyethyl)phosphine, hydrochloride Strem Cat#15-7400; CAS:51805-45-9
Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]lamine Sigma-Aldrich Cat#678937; CAS:510758-28-8
Copper(Il)sulfate Sigma-Aldrich Cat#451657; CAS:7758-98-7
High-capacity streptavidin agarose resin ThermoFisher Scientific Cat#20357

Laemmli SDS sample buffer, reducing (4x) Alfa Aesar Cat#J60015

Spectra multicolor broad range protein ladder Thermo Scientific Cat#26634

ReBlot Plus Strong Antibody Stripping Solution, 10x Millipore Cat#2504
N-Hex-5-ynyl-2-iodo-acetamide (1A-alkyne) Chess Gmbh Cat#3187; CAS:930800-38-7
Biotin-TEV-Azide Weerapana et. al, 2010 N/A

Streptavidin agarose resin ThermoFisher Scientific Cat#20349

lodoacetamide 98%

ACROS Organics

Cat#AC122270050; CAS:144-48-9

Sequencing grade modified trypsin, porcine Promega Cat#V511A
UltraPure Dithiothreitol Invitrogen Cat#15508013
ACTEV Protease Invitrogen Cat#12575-015

Formic acid, 99.0+%, optima LC/MS grade

Fisher Scientific

Cat#A117-50; CAS:64-18-6

TMTsixplex isobaric label reagent set ThermoFisher Scientific Cat#90061
Pierce high pH reversed-phase peptide fractionation kit ThermoFisher Scientific Cat#84868
Opti-MEM Reduced Serum Media ThermoFisher Scientific Cat#31985062
Lipofectamine 2000 Transfection Reagent ThermoFisher Scientific Cat#11668027

DharmaFECT 1 Dharmacon Cat#T-2001-02
Glutathione Sepharose 4B beads Cytiva Cat#17075605
N-[2-chloro-5-(dimethylsulfamoyl)phenyl]prop-2-enamide Enamine Cat#EN300-7515212

Critical commercial assays

Q5 Site Directed Mutagenesis Kit New England BioLabs Cat#E0554S
Deposited data

isoTOP-ABPP and TMT quantitative proteomics data PRIDE database PXD039924
Experimental models: Cell lines

Human: Hapl parental cell line Horizon Cat#C859
Human: Hek293T ATCC CRL-3216

Experimental models: Organisms/strains
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REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides

siRNA: ON-TARGETplus Human UBE2D1 SMARTPool Dharmacon Cat#L-0093870-00
siRNA: ON-TARGETplus Human UBE2D2 SMARTPool Dharmacon Cat#L.-010383-00
siRNA: ON-TARGETplus Human UBE2D3 SMARTPool Dharmacon Cat#L-008478-00
siRNA: ON-TARGETplus Human UBE2D4 SMARTPool Dharmacon Cat#L.-009435-00
siRNA: ON-TARGETplus Non-targeting Pool Dharmacon Cat#D-001810-10
siRNA: ON-TARGETplus Human UBE2M SMARTPool Dharmacon Cat#L.-004348-00

Recombinant DNA

pMD2.G Trono Lab Constitutive Addgene plasmid #12259; RRID:
Lentiviral Plasmids Addgene_12259
(unpublished)

psPAX2 Trono Lab Constitutive Addgene plasmid #12260; RRID:

Lentiviral Plasmids
(unpublished)

Addgene_12260

pLenti-C-Myc-DDK-P2A-Puro NFKB1 Origene Cat#RC208384L3
pLenti-C-mGFP-P2A-Puro Origene Cat#PS100093
pCMV6-Entry eGFP Ward et. al, 2019 N/A
pCMV6-Entry NFKB1 Origene Cat#RC208384

Software and algorithms

ImageJ

Schneider et al., 2012

https://imagej.nih.gov/ij/

IP2 proteomics pipeline 5.0.1

Integrated Proteomics
Applications

N/A

Other
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