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Electrophilic biocompatible warheads, particularly cysteine-reactive acrylamides, have enabled the
development of covalent inhibitor drugs and chemical biology probes, but cysteine is rarely present in
protein binding sites. Therefore, expansion of the list of targetable amino acid residues is required to
augment the synthetic bology toolkit of site-selective protein modifications. This work describes the first
rational targeting of a specific histidine residue in a protein binding site using sulfonyl exchange
chemistry. Structure-based drug design was used to incorporate sulfonyl fluoride and triazole reactive
groups into the isoindolinone thalidomide congener EM12 to yield potent covalent inhibitors of the
cereblon E3 ubiquitin ligase complex through engagement of His353. Conversely, the fluorosulfate
derivative EM12-FS labels His353, but degrades a novel neosubstrate, the protein N-terminal glutamine
amidohydrolase NTAQ1, which is involved in the N-end rule pathway and DNA damage response.

Received 18th March 2022,
Accepted 8th July 2022

Targeted protein degradation using cereblon ligands has become an important new drug discovery
modality and the chemical probes and covalent labeling strategy described here will broadly impact this
exciting area of therapeutic research.
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of selective inhibitors. As a result, alternative approaches are
required to advance small molecule modulators that engage

Introduction

Targeted covalent inhibitors of proteins often possess enhanced
pharmacological effects driven by improvements in potency,
selectivity and pharmacodynamic duration compared to reversible
binders." The rational targeting of cysteine in protein binding
sites has led to the successful development of numerous covalent
drugs and chemical probes.”” However, cysteine may not present
itself as a targetable residue due to its rarity in protein binding
sites.>” Additionally, the high intrinsic nucleophilicity of the
cysteine thiol functionality creates challenges for the development

“ Center for Protein Degradation, Dana-Farber Cancer Institute, Boston, MA, USA.
E-mail: lyn_jones@dfci. harvard.edu
b Department of Biological Chemistry and Molecular Pharmacology,
Harvard Medical School, Boston, MA, USA
¢ Department of Cancer Biology, Dana-Farber Cancer Institute, Boston, MA, USA
 Department of Cancer Biology, Department of Oncologic Pathology, and
Blais Proteomics Center, Dana-Farber Cancer Institute, Boston, MA, USA
¢ Department of Pathology, Brigham and Women’s Hospital,
Harvard Medical School, Boston, MA 02115, USA
f Department of Chemical and Systems Biology, ChEM-H, Stanford Cancer Institute,
School of Medicine, Stanford University, Stanford, CA, USA
t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2¢b00078d

© 2022 The Author(s). Published by the Royal Society of Chemistry

residues beyond cysteine.> Sulfur(vi}-fluoride exchange (SuFEx)
chemistry has shown considerable promise as a synthetic click-
able hub'® and a chemical biology platform with impactful
applications in drug discovery."™'? In particular, sulfonyl fluoride
and fluorosulfate electrophilic warheads incorporated into small
molecule ligands have been shown to site-selectively modify
multiple residues on diverse proteins in cells, including tyrosine,
lysine and serine."'> The targeting of histidine is relatively
understudied," despite its preponderance in protein active sites,
often acting as an acid-base catalyst due to its amphoteric
properties, or as a catalytic nucleophile in RNA/DNA-binding
proteins."** Histidine is also frequently proximal to drugs and
drug-like molecules in protein binding sites."> The covalent ATP
mimic 5'-fluorosulfonylbenzoyl 5'-adenosine (FSBA), that preferen-
tially labels tyrosine and lysine, was shown previously to fortuitously
engage a histidine residue in the mitochondrial F;-ATPase
enzyme.'® A functionally important histidine that interacts with
ATP in the binding pocket of Salmonella typhimurium 5-phos-
phoribosyl-o-1-pyrophosphate (PRPP) synthetase was also found to
be labelled by FSBA."” These serendipitous discoveries demonstrate
the potential for sulfonyl fluorides to modify histidine side chains,®
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Fig. 1 (a) Chemical structures of the immunomodulatory drugs thalido-
mide, EM12 and lenalidomide. (b) Crystal structure of the lenalidomide
(green), CRBN (grey), DDBL (cyan) and CKla (gold) complex (PDB 5FQD).22
(c) Inset shows the proximity of CRBN His353 to the 6-position of
lenalidomide.

but the rational targeting of specific endogenous histidine resi-
dues in proteins has not been reported. A variation of the SuFEx
strategy called sulfur-triazole exchange (SuTEx) chemistry was
recently reported where the fluorine is replaced by triazole
heteroaromatic rings that enable further tuning of the leaving
group to modulate reactivity and specificity.’*>" Promiscuous
SuTEx probes were shown to chemoselectively target tyrosine
residues in proteomics experiments, whilst the labelling of histi-
dine was negligible. We hypothesized that sulfonyl-exchange
chemistry could be a broadly applicable platform for the specific
targeting of histidine residues in proteins through the rational
design of chemical probes with optimal equilibrium binding
interactions.

Cereblon (CRBN) is a component of an E3 ubiquitin ligase
complex that was shown to be the physiologically relevant
target of immunomodulatory drugs (or IMiDs) such as thalido-
mide (Fig. 1a).>* IMiDs have been described as ‘molecular
glues’>”* because they bind CRBN and remodel the protein
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surface resulting in the recruitment of protein neosubstrates,
forming ternary complexes that induce polyubiquitination and
subsequent proteasomal degradation of the recruited proteins.?®
IMiDs have also been incorporated into heterobifunctional mole-
cules called proteolysis targeting chimeras (PROTACs) that
co-locate CRBN and target proteins resulting in their polyubiqui-
tination and proteasomal degradation.”” Covalent modulators of
CRBN have thus far not been reported in the literature due to the
lack of a reactive cysteine residue in the IMiD site. Here, we report
the rational targeting of a histidine residue (His353) in the IMiD
binding pocket of CRBN that plays a key role in the recruitment of
degraded substrates. A fluorosulfate-containing IMiD synthetically
re-engineered CRBN, inducing the degradation of a new biological
target, while sulfonyl fluoride and sulfonyl triazole probes were
shown to be potent CRBN inhibitors that have utility in target
validation experiments.

Results and discussion

The IMiD binding site in CRBN has been well-characterized
using X-ray crystallography.?® The histidine residue His353 is
proximal not only to the benzene ring of the IMiDs such as
lenalidomide (Fig. 1), but it is also close to the recruited
neosubstrates of CRBN.>>*??° We reasoned that covalent
engagement of His353 would modulate complex formation
leading either to inhibition of the molecular glue degradation
mechanism or to the recruitment of alternative neosubstrates
compared to reversible binding IMiDs through subtle changes
of the protein surface. The crystal structure of the lenalido-
mide/CRBN/DDB1 complex suggested that incorporation of a
sulfonyl fluoride electrophilic warhead at the 6-position of the
isoindolinone ring would provide the optimal location for
templated covalent adduct formation (Fig. 1b and c). We chose
to use the synthetically simpler core structure of EM12 as the
focus of our design strategy. Sulfonyl fluoride 1 (EM12-SO,F, Fig. 2)
was prepared using a published procedure that utilized a
palladium-mediated conversion of 6-bromo-EM12 to the benzyl
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Fig. 2 Cellular potency measured in a NanoBRET engagement assay and metabolic stability of sulfonyl exchange probes targeting cereblon.
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Fig. 3 (a) Intact MS of CRBN/DDB1 (molecular weight trace of CRBN
shown) and the mass shift of CRBN following treatment with 1 eq. EM12-
SO,F (4 hours), which is commensurate with sulfonylation (Amass = 307). (b)
EM12-SO,F inhibits the degradation of IKZF1 by lenalidomide (Len) as
shown by WB in MOLT4 cells (2 hours pre-treatment with EM12-SO,F
followed by 5 hours incubation with lenalidomide).

sulfide, that was subsequently oxidized using N-chlorosuccinimide
to the sulfonyl chloride and converted to the desired fluoride using
KF (synthetic details are provided for all probes in the ESI).'° To
assess CRBN binding in cells a NanoBRET assay was developed that
measures the dose-dependent reduction in BRET signal following
displacement of a fluorescent CRBN tracer from NanoLuc-tagged
CRBN, similar to a recently reported assay that used transient
transfection.®® Interestingly, we found that the previously developed
BODIPY-lenalidomide probe®* is cell permeable and results in
efficient NanoBRET signal measured by a custom designed
450-80/520 BRET module (BMG Labtech, ESI). EM12-SO,F was
found to be an extremely potent ligand of CRBN in cells. Intact
mass spectrometry of the recombinant CRBN/DDB1 complex
revealed adduct formation as predicted (Fig. 3a and ESIT).
A biochemical CRBN TR-FRET binding assay using terbium-
CRBN and BODIPY-lenalidomide was developed that confirmed a
rapid time-dependent increase in potency of EM12-SO,F (ESIt). The
regioisomer 2 (Fig. 2) positions the warhead in a less optimal
location, which translates to lower potency as expected, yet the
probe is still able to form an adduct with CRBN and labels His353
as shown by peptide mapping mass spectrometry (MS) (see ESIT).
Changing the fluorine leaving group to triazoles 3 and 4 (synthe-
tically achieved in one step from the sulfonyl chloride) retained
potent inhibition of CRBN, though adduct formation was only
observed for probe 3 (labelling of His353 was confirmed using
peptide mapping). We surmised that instability of probe 4 may be
the reason for the observed lack of labelling, and human plasma
stability assessment of the sulfonyl exchange ligands appeared
consistent with this observation (Fig. 2). We decided to prepare
the intrinsically less electrophilic fluorosulfate warhead® to assess
whether equilibrium binding interactions of the IMiD scaffold were
sufficient to template the desired reaction with histidine. Probe 5
(EM12-FS, Fig. 2) was prepared from the precursor phenol using
[4-(acetylamino)phenyl]imidodisulfuryl difluoride (AISF), a reagent
developed recently for the synthesis of fluorosulfates.** EM12-FS

© 2022 The Author(s). Published by the Royal Society of Chemistry
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retained CRBN binding affinity and labelled the protein at His353
exclusively. The regioisomer 6, which was prepared analogously
from the phenol and AISF, was found to be a weaker binder than
EM12-FS (Fig. 2) and only partially labelled CRBN (ESIY) as expected
based on the result of the isomeric sulfonyl fluoride congeners 1
and 2. Isomer 7 engages CRBN quite potently, presumably due to
more optimal equilibrium binding interactions with the protein,
since there is negligible covalent modification of the protein (ESIt).
Further metabolic profiling of EM12-FS revealed impressive stabi-
lity in human plasma, microsomes (HLM) and hepatocytes (Hhep),
in line with its lower intrinsic reactivity compared to the sulfonyl
fluoride and sulfonyl triazoles (Fig. 2).

The human plasma half-life of EM12-FS is superior to that of
thalidomide (22 minutes) and EM12 (119 minutes), and
between those of pomalidomide and lenalidomide (159 and
284 minutes respectively).?> These results demonstrate that the
fluorosulfate warhead possesses adequate stability to be suita-
ble for covalent drug design strategies.*

We also explored structure-activity relationships and CRBN
labelling in a simple, previously reported, benzylamide series of
CRBN ligands.?” Regioisomeric probes 8 and 9 were weak
binders of CRBN and yet still able to covalently engage the
protein as shown by intact MS (Fig. 2 and ESIt).

The pharmacological effects of incorporating such covalent
warheads into EM12 were determined using quantitative degra-
dation proteomics in MOLT4 cells employing a procedure that
was recently published.*® Probes 1-4, 8 and 9 do not degrade a
single protein to any considerable extent, likely due to deleter-
ious His353 conformations that perturb productive neosub-
strate complex formation (ESIT).

To demonstrate the utility of EM12-SO,F in cell-based target
validation experiments, we showed that the degradation of the
neosubstrate zinc finger transcription factor IKZF1 by lenali-
domide was inhibited in cells by the highly potent sulfonyl
fluoride probe (Fig. 3b). EM12-SO,F thus complements CRBN-
targeting PROTACs*>*® and genetic methods of perturbation
(CRISPR, RNAI) to validate phenotypic modes-of-action that
depend on CRBN-mediated degradation.*'

However, proteomic profiling of the fluorosulfate EM12-FS in
MOLT4 cells revealed selective downregulation of NTAQ1, a
protein N-terminal glutamine amidohydrolase involved in the
Arg/N-end rule pathway of protein degradation (Fig. 4a).** Further
confirmation was achieved by showing exclusive degradation of
NTAQ1 in an additional cell line using quantitative MS proteo-
mics (THP1, see ESIt). NTAQ1 was confirmed as a degraded target
in western blot follow-up experiments using FLAG-tagged NTAQ1
(blotting for both anti-NTAQ1 and anti-FLAG, Fig. 4b). The activity
of cullin ring ligases (CRLs) has been shown to be reliant upon
neddylation, and the NEDDS-activating enzyme (NAE) inhibitor
MLN4924 is often used as confirmatory evidence that degradation
is mediated by CRLs, including the CRBN E3 ubiquitin ligase
complex CRL4ARN 1344 pre-treatment of cells with MLN4924
rescued downregulation of NTAQ1 by EM12-FS, showing that
degradation required the active CRL (Fig. 4b).

A TR-FRET CRBN-NTAQ1 dimerization assay was developed
to further validate the molecular mode-of-action of EM12-FS

RSC Chem. Biol., 2022, 3, 105-11M0 | 1107
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Fig. 4 (a) MOLT4 cells were treated with EM12-FS and protein abundance
changes were determined using MS proteomics. NTAQ1 was the only
protein degraded to a significant extent (red dot). (b) EM12-FS degrades
NTAQ1 in MOLT4 cells in a neddylation-dependent manner. (c) Time-
dependent dimerization of CRBN and NTAQl mediated by EM12-FS
measured by TR-FRET. (d) Correlation of CRBN-NTAQl maximum
TR-FRET ratio from (c) with the extent of CRBN labelling by EM12-FS,
determined using intact MS (see ESI¥).

(ESIT). Time-dependent increases in the dimerization of CRBN-
NTAQ1 induced by EM12-FS correlated with the extent of CRBN
labelling, strongly suggesting that covalent engagement of
His353 is required to recruit and degrade NTAQ1 (Fig. 4c and
d). The extent of dimerization induced by EM12-SO,F is con-
siderably less than EM12-FS (see ESIf), suggesting that the
subtle changes in conformation formed within the complex
through sulfonyl exchange chemistry affect ubiquitination and
subsequent degradation of NTAQ1.

Conclusions

Sulfonyl exchange chemistry has emerged as a powerful plat-
form to rationally target nucleophilic amino acid residues such
as tyrosine, lysine and serine in protein binding sites, deliver-
ing covalent chemical probes and functional chemical biology
tools. This work shows for the first time that sulfur exchange
chemistry is well-suited to the development of histidine target-
ing small molecule protein ligands and drugs. Synthetic mod-
ification of CRBN through rational targeting of a histidine
residue in the IMiD binding site using sulfonyl exchange
chemistry yielded potent inhibitors and a degrader of a novel
neosubstrate. Sulfonyl fluoride and triazole probes covalently
modify His353 and do not possess significant neosubstrate
degradation capacity. These probes block the IMiD binding site
and therefore supplement the CRBN target validation toolkit.
Remarkably, the addition of a single oxygen atom to yield the
intrinsically less electrophilic fluorosulfate EM12-FS also modi-
fied His353 exclusively but induced the efficient heterodimeri-
zation of CRBN and NTAQ1 leading to the selective degradation of
the latter. This is the first reported example of a small molecule
modulator of NTAQ1, a protein annotated as unligandable.*’
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NTAQ1 is involved in the DNA damage response and the degra-
ders described here may be useful starting points for the develop-
ment of anticancer agents.*® Our results suggest that binding in
the IMiD site and covalent engagement of His353 is not sufficient
to trigger degradation of NTAQ1. The subtle variations in con-
formation at the CRBN surface effected by different electrophilic
warheads appear to control the functionality of the re-engineered
complex. We expect the sulfonyl oxygen atoms present in the
probes described here to clash with the G-loop degron, perhaps
explaining why traditional neosubstrates such as zinc finger
transcription factors do not appear to be degraded. NTAQ1
possibly presents a new degron motif, although additional bio-
chemical and structural biology studies are required to categori-
cally confirm this. Nevertheless, our work demonstrates that
inhibitor EM12-SO,F and degrader EM12-FS are useful chemical
probes that will enable further biological studies of CRBN, NTAQ1
and the Arg/N-end rule pathway.

A lenalidomide derivative bearing a diazirine photoaffinity
handle was recently shown to label His353 in CRBN following
UV irradiation,”” through a mechanism that may involve
nucleophilic attack of the imidazole residue on the diazo
intermediate.*® This study and ours reveal the surprisingly high
reactivity of His353 in CRBN (a residue that is highly conserved
across species) and we thus speculate that this may reflect its
possible role in the endogenous function of CRBN. Previously,
sulfonyl exchange chemistry has been shown to identify protein
phosphosites and nucleophilic residues involved in (oligo)-
nucleotide binding/cleavage and further studies may unearth
such a role for His353."""°

Previously, the mode-of-action of the natural products fumagil-
lin and ovalicin were determined to be through fortuitous labelling
of a histidine residue in the active site of methionine aminopepti-
dase 2 (MetAP-2) by their spiroepoxide electrophiles.*>*® Ovalicin
was conjugated to an IxBo phosphopeptide that is recognized by
the ubiquitin ligase complex SCF*™ P to create the first PROTAC
molecule that degraded MetAP-2.>" Having established the feasi-
bility of covalently modifying CRBN, our work also enables the
future development of covalent PROTACs but with enhanced
pharmacodynamic efficacy and catalytic efficiency because the
warhead labels the E3 complex rather than the protein-of-interest.>®

Additionally, other programmable E3 ligases possess ligand-
able residues beyond cysteine (including tyrosine, lysine and
now histidine). Covalent remodelling of the surface of E3
complexes could provide a general strategy to explore the
recruitment and degradation of diverse neosubstrates. We also
believe suitably designed covalent ligands are capable of site-
selective chemical mutagenesis in cells enabling synthetic
modification of protein surfaces to engender neofunctionaliza-
tion of the target. Applications of these methods should find
broad utility in synthetic biology and drug discovery.
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