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of Chemistry Targeted covalent inhibitors possess advantages over reversible binding drugs, that include higher potency,
enhanced selectivity and prolonged pharmacodynamic duration. The standard paradigm for covalent
inhibitor discovery relies on the use of a,B-unsaturated carbonyl electrophiles to engage the nucleophilic
cysteine thiol, but due to its rarity in binding sites, the amino acid is often not available for targeting. 10
years ago we highlighted the emerging potential of sulfonyl fluoride chemical probes that were initially
found to serendipitously modify residues beyond cysteine, including tyrosine, lysine, histidine, serine and
threonine. Since then, the rational application of sulfonyl fluorides and related sulfonyl exchange
warheads to site-specifically target diverse amino acid residues in proteins using small molecules,
oligonucleotides, peptides and proteins, has made considerable progress, which has significantly

advanced covalent therapeutic discovery. Additionally, sulfonyl exchange chemistry has recently shown
Received 9th April 2025

Accepted 5th May 2025 utility in the labeling of RNA and carbohydrates, further expanding the biomolecular diversity of

addressable targets. This Perspective provides not only a timely update regarding this exciting area of
DOI: 10.1039/d55c02647d research, thus serving as a useful resource to scientists working in the field, but areas of challenge and

rsc.li/chemical-science opportunity are highlighted that may stimulate new research at the chemistry—biology interface.

Introduction tlTaditional de('ep.pockets, wlr.lile o.thers may posses.s bindi.ng

sites that are similar, or even identical, to other proteins, which
Many therapeutically relevant targets have been deemed hinders the development of potent and selective ligands.
‘undruggable’, or at least ‘difficult-to-drug’ using small mole- Moreover, there are many proteins that have been found to be
cules for a variety of different reasons. Some may lack ‘ligandable’ using structural bioinformatics or

chemoproteomics-based methods, but this does not equate

strictly to ‘druggable’ where the physicochemistry of the pocket
“Dana-Farber Cancer Institute, Boston, MA, USA. E-mail: lyn_jones@dfci.harvard.edu may dictate challenges for the medicinal chemist to be able to
*Harvard Medical School, Boston, MA, USA balance the required pharmacokinetic-pharmacodynamic
(PKPD) profile needed to deliver a drug with a sensible dose and
therapeutic index. As a result, there has been a steady increase
in the diversity of therapeutic modalities being explored in the
drug discovery community with the objective of expanding the
druggable proteome.

Targeted covalent inhibitors (TCIs) have become an impor-
tant addition to the medicinal chemistry toolkit to help address
challenging targets. TCIs possess a number of advantages over
reversible binding ligands, the most obvious being the reaction
between the small molecule and protein that drives a consider-
able increase in potency. It is not unusual for drug discovery
programs to stall when reversible binding ligands developed for
a target protein that possess high potency in biochemical or
biophysical assays using isolated recombinant proteins, are
only weakly active in cells. This drop-off in potency is often
attributed to low unbound cellular levels of the drug, usually
driven by physicochemical features that impart high non-
specific binding to biomolecules, sequestration into lyso-
somes, or high desolvation energies that limit cellular
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permeation.” Another reason might be due to high concentra-
tions of potent endogenous binders such as metabolites that
compete with the inhibitor for binding. Highly potent TCIs may
overcome many of these issues through time-dependent
increases in engagement of the target and thus enhanced
temporal inhibition of the active site.

An electrophilic protein-reactive warhead is, by definition,
a structural alert that may cause immune-related toxicities
resulting from haptenization.” However, context-specific latent
electrophiles designed to label a residue only present in the
target site may enhance safety by increasing selectivity against
related off-targets.>* Additionally, a TCI may possess a pro-
longed PD duration if the target has a long half-life, because
protein function only returns following its resynthesis.>® In
these instances, intermittent dosing regimens of relatively high
clearance TCIs are feasible, that may enhance therapeutic
indices by reducing body exposure (area under the curve, AUC),
although high free C,,,-driven toxicities such as hERG would
still need to be understood and potentially managed.”

Finally, an overlooked advantage of covalent modalities is
the ease with which occupancy biomarkers can be developed
relative to reversible binding drugs.®* Covalent labelling of the
protein aids its isolation and analysis, often using mass spec-
trometry (MS) based assays, that enables quantification of the
amount of target occupancy by the drug. These assays may be
performed not only in cell and animal models, but also in
clinical ex vivo experiments, and they help us understand how
much target engagement is needed to drive the desired func-
tional pharmacological effect. Consequently, more precise
PKPD predictions are possible that ultimately aid human dose
projection and clinical translation of the drug candidate by
ensuring that the mechanism under investigation is effectively
tested in patients.*’

Despite these advantages, TCIs face two key limitations. The
predominant paradigm relies on the use of acrylamide or
butynamide electrophiles that target the nucleophilic cysteine
thiol residue. Therefore, not only is the electrophilic warhead
toolkit somewhat limited,” but the scarcity of cysteine is
a considerable drawback because it is usually not available for
targeting in protein binding sites."* About 12 years ago my lab
realized this problem and started to explore ‘beyond cysteine’
targeted approaches that would enable a greater swath of
protein binding sites to be addressed, and new modalities to be
explored. We were particularly drawn to the pioneering studies
of Bernard R. Baker, who was the first to put forth the concept of
active-site-directed irreversible enzyme inhibitors,” and who
subsequently incorporated sulfonyl fluoride warheads into
reversible binding molecules to convert them into irreversible
ones.” Sulfonyl fluorides had previously been determined to
covalently target the catalytic serine in proteases by Fahrney and
Gold,**** but it was Baker who harnessed this chemistry to
successfully create a plethora of TCIs. The privileged reactivity
of the warhead, preferring to react with a variety of nucleophilic
amino acid side chains in the context of a binding pocket
(Fig. 1a), whilst possessing quite surprisingly high aqueous
stability, was then harnessed by Roberta Colman in elegant
biochemical studies of nucleotide binding sites.'® Colman
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Fig. 1 (a) Representation of a context-dependent site-specific reac-
tion of a sulfonyl exchange warhead within a protein binding site
illustrating interactions that enhance sulfur electrophilicity. (b) 'SUFEX’
publication count (CAS Scifinder®). (c) Structures of sulfonyl fluoride
chemical probes FSBA and XO44.

made many impactful contributions to covalent chemical
biology, including the development of fluorosulfonyl benzoyl
adenosine (FSBA, Fig. 1b), which was designed to map nucleo-
philic residues in adenosine binding pockets.”” FSBA was shown
to covalently engage the conserved lysine in the ATP-site of
kinases and thus became a useful promiscuous tool for
studying the family, and served as inspiration for our develop-
ment of the cell permeable probe X044 (Fig. 1b),"® which will be
described in detail later.

Baker and Colman, and many investigators since, have
revealed the unique opportunities provided by sulfonyl fluoride
medicinal chemistry and chemical biology, an area that we first
reviewed in 2015 in this journal,” but which has made
considerable progress in the last 10 years. Our motivation to
write the first Perspective was that we had recently exemplified
our prototypical site-specific targeting of tyrosine residues using
sulfonyl fluoride probes (details below),***' and we wanted to
highlight the broader potential of this privileged electrophile. At
a similar time, Sharpless and colleagues published a chemistry-
focussed review that was also influential, approaching the area
from the viewpoint of synthetic methodologies, describing
sulfur-fluorine exchange (SuFEx) reactions as another example
of click chemistry.?* Since then, there has been a steady increase
in ‘SuFEX’ publications (Fig. 1c), including several reviews
focussed on the synthetic utility of SuFEx chemistry.'***-*

Importantly, new synthetic methods have also advanced the
field by considerably enabling the preparation of a wide-variety
of sulfonyl fluoride probes, which have traditionally been quite
challenging due to the intrinsic reactivity of the electrophile.
Early methods for incorporating sulfonyl fluorides into
aromatic rings proceeded through fluorosulfonylation reactions
that originally required the use fluorosulfonic acid, a highly
corrosive reagent.” More convenient methods were subse-
quently developed often employing simple chloride-fluoride
exchange chemistry,”® including on-water biphasic syntheses
using saturated aqueous solutions of KHF,.***” Since sulfonyl
chlorides are themselves highly reactive and sometimes chal-
lenging to prepare, new methods employ oxidative chlorina-
tion-fluorination  of thiols,*®*" or deoxychlorination—-
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fluorination® (or even direct deoxyfluorination)* of sulfonic
acids. More recently, advances in transition-metal catalysis have
facilitated the sulfination of aryl bromides, iodides, and boronic
acids, followed by electrophilic fluorination using Selectfluor,
and related one-pot procedures.**-%¢

A recent review concisely highlighted the use of SuFEx
chemistry to prepare compound libraries and the introduction
of the warhead into biomolecules.?” I believe a timely Perspec-
tive is now needed to assimilate advances in chemical biology
driven not only by SuFEx, but also other sulfonyl exchange
chemistries from the last decade.

The Perspective is structured in a similar manner to our
previous work,*® which groups examples from the literature by
the specific amino acid side chains engaged by different
chemical probes. The key difference is that in 2015 many of the
described instances were fortuitous discoveries based on
sulfonyl fluoride inhibitors that happened to modify a partic-
ular amino acid residue in a protein, but since then there has
been a plethora of studies describing the rational, often
structure-based design of covalent ligands that target sites in
a wide variety of proteins. Most of the examples in this section
describe the development of target-specific inhibitors and
modulators, although reference is also made to kinase-directed
activity-based proteomic probes, that have become quite well-
established in the research community.

A new section has been added, namely Emerging Technol-
ogies and Therapeutic Modalities, which reflects the recent
upsurge in novel approaches using sulfonyl exchange method-
ologies. This section emphasizes the growing impact of the
area, particularly in drug discovery research, including break-
throughs in the development of covalent peptides, proteins and
oligonucleotides. Throughout this Perspective I have aimed to
provide a personal viewpoint of the field and how it has matured
over the last 10 years since our first review of sulfonyl fluoride
chemical biology.

Tyrosine reactivity

The first example of rational site-specific tyrosine targeting was
published by our group in 2015. A sulfonyl fluoride electrophile
was incorporated into a diaminoquinazoline inhibitor of the
mRNA decapping scavenger enzyme DcpS, a target linked to
spinal muscular atrophy and AML.* The para-substituted
derivative SF-p1 was designed to engage Tyr143 at the surface of
the pocket within the homodimeric DcpS complex, glueing the
enzyme closed in the inactive asymmetric conformation (Fig. 2).
To demonstrate the context-dependent nature of residue
modification using the SuFEx warhead, we moved the sulfonyl
fluoride to the ortho-position (yielding SF-01) to deliberately
label Tyr113 at the surface of the partnering protomer.> To my
knowledge, this may be the first example of proximity-induced
covalent modification in trans within a protein complex,
effecting interprotomer targeting within the dimer. The sulfonyl
fluorides were exceptionally potent (picomolar) inhibitors of
DcpS, and an alkyne click handle was incorporated into SF-p1 to
furnish a target engagement probe (SF-pl-yne) that enabled
chemical biology validation studies in human primary cells.*®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Intra- and interprotamer labelling of tyrosine residues at the

surface of the catalytic pocket of DcpS by sulfonyl fluoride
regioisomers SF-pl and SF-o1l respectively. The DcpS homodimer is
glued in an inactive asymmetric conformation by the inhibitors.

Our study also surveyed the microenvironment of labelled
tyrosine residues found within the Protein Data Bank (PDB),
which was later expanded upon in a more detailed structural
analysis.** Modified tyrosines appeared to be proximal to basic
residues (lysine, histidine, and arginine) which likely enhance
reactivity by facilitating deprotonation of the phenol. In the case
of DcpS, Tyr113 and Tyr143 are proximal to His139 and Lys142
respectively, and additional hydrogen bonding interactions
with the sulfonyl oxygens may also increase the electrophilicity
on the sulfur atom.

This work served as the progenitor for a new drug discovery
paradigm in our group that utilizes synthetic manipulation of
protein surfaces to mediate induced-proximity pharmacology,
exemplified using the E3 ubiquitin ligase adaptor cereblon
described in the histidine targeting section below.*’

Following the success of our DcpS studies we started to apply
the sulfonyl exchange platform to other projects within our
portfolio. Among our published works during this time, the site-
specific targeting of the proinflammatory interleukin-17A (IL-
17A) is noteworthy from the perspective of advancing medic-
inal chemistry design strategies for inhibitors of protein-
protein interactions, which are often challenging due to the
shallow nature of the interfacial binding sites.*" In this case, the
team had discovered a linear peptidic inhibitor of the interac-
tion of IL-17A with its receptor IL-17RA,* but in the early stages
of the program we had an incomplete picture of the molecular
mode-of-action of the ligand due to the lack of a crystal struc-
ture, which also hindered structure-based design. A computa-
tional model suggested the inhibitor might be bound in a site in
IL-17A that appeared to be quite proximal to residue Tyr85. A
clickable sulfonyl fluoride probe IL17i-mSF (Fig. 3) was
designed to engage Tyr85, and its selective and complete
modification was confirmed using intact mass and peptide
mapping MS studies on the recombinant protein. This break-
through validated a model in which the peptide would need to
adopt a U-shaped conformation in the pocket and this insight
led to the design of a macrocyclic reversible inhibitor IL17i-
macro (Fig. 3) with improved potency and drug-like properties
over the original linear peptide hit.*

Chem. Sci., 2025, 16, 10119-10140 | 10121
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It has been very pleasing to see these early applications of
sulfonyl exchange chemical biology to drug discovery give way
to advances in other labs that have successfully addressed
challenging targets such as PPIs. For example, a sulfonyl fluo-
ride warhead was incorporated into a biaryl fragment binder of
the antiapoptotic protein B-cell lymphoma extra-large (Bcl-xL)
to yield BA-SF1 (Fig. 3) that targeted Tyr101 of the BH3 loop
(proximal to Arg100).** Further optimization led to BA-SF2
(Fig. 3) that irreversibly inhibited Bcl-xL, with selectivity over
related Bcl-2 that lacks the analogous tyrosine, and with
improved cell-based activity over reversible inhibitors. In
another example, site-specific covalent inhibition of the BCL6
oncogenic transcription factor was achieved through the
incorporation of a sulfonyl fluoride into a reversible binder of
the lateral groove pocket (BI-3812)* that engages protein
binding partners such as BCOR (Fig. 3). The chemical probe
TMX-2164 (Fig. 3) was designed to modify Tyr58 (proximal to
Arg28), which was confirmed by MS, and showed superior
antiproliferative activity compared to reversible inhibitors.*®
The enhanced cell-based potency of sulfonyl exchange TCIs is
a general feature of irreversible inhibition, and the incorpora-
tion of such electrophiles could be applied more broadly to
convert the ‘ligandable’ to ‘druggable’.

Ral (Ras-like) GTPases are directly activated by oncogenic
Ras GTPases, and although cysteine-targeted covalent inhibitor
drugs of mutant KRAS G12C have been developed, Ral and the
majority of mutant RAS lack a ligandable cysteine. In a cova-
lency-first approach, a screen of 89 sulfonyl fluoride-
containing fragments identified a weak inhibitor of Ral (SOF-
317, Fig. 3) which was anticipated and subsequently
confirmed to engage Tyr82 which resides at the interface of Ral
with the guanine exchange factor Rgl2, inhibiting this interac-
tion.*® A crystal structure of the Ral-probe complex unexpectedly
revealed a well-defined druggable cryptic site in the protein that
had not been identified previously. This discovery formed the

10122 | Chem. Sci., 2025, 16, 10119-10140

basis for optimization of more potent inhibitors with improved
metabolic stability and activity in cancer cell invasion assays.*’
These results demonstrate another potentially important
feature of covalency - the likely ability to more readily identify
and characterize cryptic sites that may enhance the chemical
tractability of challenging targets lacking obvious deep pockets.
Recently, DNA-encoded library (DEL) technology was applied to
the creation of a 67-million-member library of sulfonyl fluoride
containing small molecules.*® To illustrate the utility of the
library, it was screened against three diverse enzymes, phos-
phoglycerate mutase 1 (PGAM1), glutathione S-transferase 1
(GSTP1) and dipeptidyl peptidase 3 (DPP3), and tyrosine-
targeting inhibitors were identified (SF-Probe 1a, SF-Probe-2a
and SF-Probe-3a respectively, Fig. 3). This approach has the
potential to significantly advance covalency-first hit discovery
screening strategies.

The development of selective kinase inhibitors is hindered
due to the similarity of the ATP-site across the kinome family.
To illustrate this, the ALK inhibitor drug alectinib (Fig. 3) was
shown to inhibit several other kinases previously, including
SRPK1/2 which regulate mRNA splicing and contribute to
tumorigenesis.” To develop a selective chemical probe of
SRPK1/2 for target validation studies, a sulfonyl fluoride elec-
trophile was rationally incorporated into alectinib to engage
Tyr227 in the ATP-site. The irreversible inhibitor SRPKIN-1
(Fig. 3) was considerably more selective than alectinib, and
only weakly inhibited ALK, as determined using competition
chemoproteomics experiments.” We have previously mapped
the targetable ‘tyrosinome’ across the kinase family to illustrate
opportunities for the development of additional selective TCIs
using sulfonyl exchange chemistry.>

One of the main challenges of developing sulfonyl fluorides
as chemical probes for in vivo applications, or as drug candi-
dates, is their relatively high intrinsic electrophilicity that
imparts stability issues, particularly in serum and plasma.** The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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additional oxygen atom present within the fluorosulfate
warhead attenuates this reactivity and significantly enhances
metabolic stability, and the motif is thus finding utility in drug
design strategies.*” Indeed, the stability of fluorosulfate has
been used to develop **F PET tracers for in vivo applications.’*-
In an example of rational TCI design, a fluorosulfate inhibitor of
the lysine deacylase SIRT5 (a target linked to cardiac stress) was
developed with considerably improved cell-based activity over
its parent reversible binder (SIRT5i-1 versus SIRT5i-mFS,
Fig. 3).”” The probe SIRT5i-mFS was designed to modify
Tyr102, proximal to Arg105, within the substrate binding active
site. This covalent peptidic inhibitor likely possessed inade-
quate bioavailability for oral dosing but showed requisite serum
stability to achieve in vivo SIRT5 target engagement in the hearts
of mice when delivered intravenously. Although the covalent
inhibitor was rapidly cleared from blood, medicinal chemistry
optimization (¢f. macrocyclization of IL17i-mSF) may deliver
more advanced inhibitors for pharmacological validation.

A recent covalency-first screen of a library of 472 fluo-
rosulfates identified hit molecules that modified the HIV-1
capsid protein and inhibited its assembly.”® BBS-103 (Fig. 3)
was found to serendipitously engage Tyr145 (proximal to His62
and Arg162) in the CAP-1 binding site and had antiviral activity
in cell-based assays by perturbing virus production. These
results suggest that larger libraries of weakly-reactive fluo-
rosulfates with greater chemical diversity may find utility as
a general approach for hit generation in drug discovery. A phage
display peptide library is described below in the emerging
technologies section that exemplifies such an opportunity.*®

Other examples of fortuitous tyrosine modification have
been reported using SuFEx chemical probes. For instance, the
sulfonyl fluoride DU172 (Fig. 3) was developed previously as
a potent irreversible antagonist of the A;-adenosine receptor
(AR) GPCR.* DU172 was found to significantly stabilize A;-AR to
enable cryo-EM structural biology analysis of the protein, which
showed that the warhead had modified Tyr2717-*%.** Further
work delivered the sulfonyl fluoride 17b (Fig. 3) that irreversibly
antagonized the related A3;-AR through Tyr265 modification
(analogous to the A;-AR Tyr271).°* Other covalent modalities
incorporating sulfonyl fluoride electrophiles have been devel-
oped for the adenosine receptors, including the A;-AR partial
agonist LUF7746 that persistently activates the receptor (Emax
60%) by targeting Tyr271,** and bivalent ligands bearing two
warheads that putatively bind across the A;-AR homodimer,
with improved selectivity over A;-AR (UOCMP12, Fig. 3).* A
sulfonyl fluoride covalent antagonist of A;nAR was reported
previously which was found to fortuitously label Lys153 (see
following section for examples of rational design of lysine-
reactive probes).®®

The works described above illustrate the diverse nature of
targetable tyrosine sites using sulfonyl exchange chemical
biology across a variety of protein classes and binding sites. The
emerging technologies section below further reveals the
breadth of opportunity for covalent drug discovery through the
site-specific targeting of tyrosine.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Lysine reactivity

Sulfonyl exchange warheads are intrinsically oxophilic (hence
their precedented reactions with tyrosine, serine and threo-
nine), but the chemistry has also been very effectively applied to
the rational development of lysine-targeting probes. In an early
example, the sulfonyl fluoride BAOD-mSF, was designed to
covalently modulate transthyretin (TTR) via modification of
Lys15 in the thyroxine binding site.®® Interestingly, the latent
fluorosulfate BAOD-FS (Fig. 4) also modified Lys15, though
hydrolysis of the resulting adduct yielded the lysine-sulfate.®”
Irreversible probes kinetically stabilized TTR and prevented the
formation of amyloid fibrils that can cause polyneuropathy and
cardiomyopathy. Lys15 is suggested to be pK,-perturbed
because it is proximal to Lys15’ within the partnering TTR
protomer, which would be expected to enhance nucleophilicity.
Lys15 also forms a salt bridge with Glu54, and structural anal-
ysis suggested that the proton associated in this interaction may
activate the electrophile by hydrogen bonding to the leaving
fluoride ion. As expected, the microenvironment of lysine resi-
dues is an important consideration when attempting to target
the side chain in protein binding sites.** Intuitively, a signifi-
cant depression of pK, would be expected to enhance nucleo-
philicity by increasing the proportion of unprotonated amine,
as seen for labelling of the N-terminus of sickle haemoglobin by
the salicylaldehyde-containing drug voxelotor (in this case the
pK, is approximately 7.0).*® However, more research is clearly
needed to fully elucidate the targetable lysinome,* and che-
moproteomics and computational methods may help these
aims (see below).

Cysteine-targeting kinase inhibitors have shown consider-
able utility in drug discovery, but cysteine is not available for
targeting in all ATP-sites, and in cancer the cysteine readily
mutates to serine causing the covalent drug to lose efficacy,
triggering relapse.>®® The catalytic lysine is immutable and
covalent drugs targeting this residue may address these issues,
providing optimization of equilibrium binding interactions can
provide the desired kinome selectivity.”” The catalytic lysine
forms a salt bridge with a conserved glutamate in the kinase
active state, and in the DFG-in conformation the conserved
aspartate also forms a salt bridge with the lysine. Therefore, one
might expect the targeting of the conserved lysine to be chal-
lenging due to the protonation of the side chain, although
recent computational studies have suggested in certain
conformations (DFG-out), and maybe through ligand binding,
the pK, of the residue is possibly reduced significantly.”
Nevertheless, inspired by the studies of Roberta Colman and co-
workers that led to the development of FSBA as a promiscuous
covalent kinase inhibitor (Fig. 1b),'*”> we reasoned that a more
drug-like cell-permeable chemogenomic probe incorporating
a minimalistic click enrichment handle would facilitate an
assessment of kinase targetability mediated via covalent
engagement of the conserved lysine in intact cells. The probe
would also enable assessments of ATP-site occupancy, and thus
selectivity, in living cells, as opposed to the previous use of
biochemical panels employing recombinant proteins or

Chem. Sci., 2025, 16, 10119-10140 | 10123
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Fig. 4 Lysine-targeting covalent chemical probes employing sulfonyl exchange warheads.

methods using lysate, which do not accurately reflect the most
physiologically relevant contexts of target engagement.” In
collaboration with the Taunton group, we developed X044
(Fig. 1b), which incorporated into a promiscuous kinase
inhibitor scaffold the sulfonyl fluoride warhead, to engage the
catalytic lysine, and a terminal alkyne, that was strategically
placed to avoid perturbing kinase binding.'* Subsequent
computational modelling, informed by an EGFR/X044 crystal
structure, suggested that sulfonylation was further enhanced by
hydrogen bonding from a sulfonyl oxygen atom to N-H back-
bone motifs in the P-loop.” Cells treated with XO44 were then
lysed, and protein adducts click conjugated to azido-biotin.
Following streptavidin-mediated enrichment, trypsinization
and MS proteomics, kinases labelled by the probe were inferred
from the identified peptides. X044 captured 133 kinases, a good
proportion of those present in the Jurkat cell line used for the
experiment, and competition proteomics experiments allowed
for an assessment of in-cell kinase selectivity of dasatinib for
the first time.” X044 has since been used widely in the
community to determine the cell-based selectivity of several
inhibitors, including PF-06873600 (a CDK2/4/6 inhibitor),”
a bitopic inhibitor DasatiLink-1,”* and NVP-BHG712 (an EphA2/
4 inhibitor).”” Even though this technology was directed towards
the assessment of kinase engagement, XO44 was able to enrich
hundreds of non-kinases from cells, and unsurprisingly, the list
was enriched for nucleotide-binding proteins. Additionally,
arecent approach using X044 in conjunction with phosphonate
enrichment tags identified 715 liganded tyrosines in cells.””
These results suggest that chemogenomic probes such as X044
may reveal targets that could provide new avenues for chemical
probe and drug development (see emerging technologies
section below).

X044 also serves as a useful broad-spectrum tool to under-
stand the changes in functional expression of kinases in cells.
For example, lenvatinib is a multitargeted kinase inhibitor in
clinical trials for hepatocellular carcinoma, and X044 was used
to understand potential resistance that may emerge to the
candidate through kinase rewiring processes, as seen for other
kinase inhibitor drugs.”® Through quantitative chemo-
proteomic profiling using X044 it was revealed that CDK6 was

10124 | Chem. Sci, 2025, 16, 10119-10140

significantly upregulated in lenvatinib-resistant HCC cells
compared to mock controls, highlighting its role in the regu-
lation of resistance. As a result, it was shown that CDK6 inhi-
bition or degradation using PROTACs synergized with
lenvatinib treatment.”®

We also developed a TCI of the cancer target EGFR using
erlotinib as the scaffold. A sulfonyl fluoride was incorporated
into the inhibitor using structure-based design and the probe
Erlotinib-SF (Fig. 4) was shown to selectively modify the
conserved lysine.” The terminal alkyne already present within
erlotinib then served as a handle to perform click chemistry
with azido-biotin that enabled the development of a target
occupancy probe in living cells. A related covalent EGFR
inhibitor bearing a sulfonyl fluoride warhead (UPR1444, Fig. 4)
that engaged the conserved lysine was shown to possess supe-
rior antiproliferative effects against a clinically relevant triple
mutant (L858R/T790M/C797S) over the acrylamide osimertinib
that modifies C797.%°

Others have followed the XO44 work and used alternative
warheads to engage the conserved lysine. For example, a diverse
set of sulfonyl fluoride and fluorosulfate versions of X044,
possessing a range of intrinsic reactivities, were used to explore
and expand the targetable kinome (e.g. fluorosulfate FS-Probe-5,
Fig. 4).*** These works confirm that an ameliorated electro-
phile can site-specifically label the conserved lysine. A non-
clickable fluorosulfate FS-Probe-18 (Fig. 4) that labelled
AURKA was shown to have a moderate oral bioavailability of
23% in rats, illustrating promise for the use of the warhead in
drug development.®” Indeed, a fluorosulfate version of our
sulfonyl fluoride erlotinib probe above also labelled the EGFR
conserved lysine and possessed 32% oral bioavailability in rats
(EGFR-Probe-FS, Fig. 4).%

A recent report described a further development of this
strategy that incorporated two fluorosulfates into a reversible
inhibitor of the PI4KIIIB kinase that labelled the conserved
lysine (Lys549) and a tyrosine (Tyr385) within the ATP-site, that
was confirmed by X-ray crystallography (PI4KIIIB-Probe-FS,
Fig. 4).** Interestingly, the probe appeared to lack activity in
a biochemical assay, but a significant time-dependent increase
in cell-based potency was observed, which was in-line with the
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slow rate of kinase labelling as shown by intact MS. Although
further optimization of equilibrium interactions and enhance-
ments to the rate of templated reactions with the warheads
would be required to deliver a more effective inhibitor, these
preliminary studies hold great promise for the development of
highly selective and mutant-resilient TCIs, and the strategy
could be applied to other protein targets.

There are several reported examples of rational lysine tar-
geting beyond kinases, as might be expected from the
unbiassed chemoproteomic profiling of X044 described above.
For example, several heat shock proteins were enriched by
X044, and coincidentally a TCI of HSP72 was developed
subsequently by another group that engaged Lys57 near the
ATP-binding site (HSP72-Probe-SF, Fig. 4).%° A surface exposed
lysine on Hsp90 was targeted using the chemical probe HSP90-
Probe-SF (Fig. 4) bearing a chiral, conformationally constrained
linker that orients a sulfonyl fluoride warhead to react rapidly,
and in an enantioselective manner, with the amine side chain.®¢
Interestingly, covalent modification of Lys58 Hsp90 promoted
degradation of the protein, though via an unknown mecha-
nism. Targeted protein degradation by TCIs has been observed
in other studies and more work is needed to explore the
underlying mechanisms at play.*”*

A rational covalency-first approach was described recently
targeting eukaryotic translation initiation factor 4E (eIF4E), an
mRNA cap-binding protein (like DcpS) that stimulates the
translation of proteins involved in cancer cell proliferation and
metastasis. The binding site is highly polar and previously re-
ported reversible inhibitors are charged guanine derivatives
with poor cellular permeability, which has hindered their
development. An irreversible binder would be expected to
circumvent these challenges, and although the cap binding site
lacks targetable cysteines, Lys162 (which binds to the cap
phosphate) appeared ligandable.”® The residue sits in a basic
pocket and is flanked by lysine and arginine residues that likely
further enhance nucleophilicity by reducing the Lys162 amine
pK,.>* Covalent docking of more than 80k sulfonyl fluorides
yielded 7 virtual hits that were acquired and screened for
covalent binding to eIF4E. Structure-informed optimization of
the most potent of two hits led to the identification of an
inhibitor that was crystalized with the protein to enable further
design. The chemical probe SF-Probe-12 (Fig. 4) possessed
a higher rate of adduct formation with eIF4E and was the first
inhibitor shown to possess cellular activity, albeit with weak
potency, (likely compromised by the instability of the sulfonyl
fluoride electrophile towards hydrolysis and glutathione-
mediated reduction).”® Although this is clearly a proof-of-
concept study, the work provides a starting point for the
development of more efficacious TCIs with improved pharma-
cokinetics, and the methodology serves as a blueprint for hit
discovery efforts using covalent docking and sulfonyl exchange
chemical biology.

As described in the tyrosine targeting section above, sulfonyl
exchange chemistry is well-suited to the development of PPI
inhibitors. Interactions between the WBM site of WD repeat
domain 5 (WDR5) and MYC are believed to play a role in cancer
and inhibition of the PPI may have therapeutic potential. A
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high-throughput screen (HTS) of 330k compounds was per-
formed at Novartis and reversible inhibitors of the WDR5-MYC
interaction were discovered.”> The sulfonyl fluoride WM-586
(Fig. 4) was developed using SBDD that modified Lys250 in
the WBM site, and inhibited the WDR5-MYC interactions, albeit
weakly (ICs, 5.8 uM). More recently, an unbiased
chemoproteomics-based methodology identified a probe for
Tyr228 that also resides in the WBM site, which appears to be
a more tractable starting point for optimization and is
described below in the emerging technologies section.”

In another example of effective PPI inhibition, fluorosulfates
targeting the inhibitor of apoptosis proteins (IAPs) were
described recently that engaged a lysine within the BIR3 pocket
of these proteins.”* The TCIs possessed cellular efficacy and
prolonged plasma stability as expected, providing further
evidence of the suitability of this warhead for drug
development.

Histidine reactivity

The first example of rational histidine targeting in a protein
binding site using sulfonyl exchange chemical probes was re-
ported recently by our group. Molecular glue degraders called
immunomodulatory imide drugs (IMiDs), including thalido-
mide, lenalidomide, pomalidomide, and the isoindolinone
congener of thalidomide called EM12 (Fig. 5), bind a pocket on
cereblon (CRBN), an adaptor protein for an E3 ubiquitin ligase,
and remodel its surface to induce proximity with neosubstrates,
resulting in their targeted degradation. We reasoned that CRBN
modulators that covalently engage residues at the surface of the
pocket would mimic hotspot mutations and post-translational
modifications (PTMs) that broadly drive the evolution of neo-
associations in Nature, enforcing new surface physicochemistry
that would induce the recruitment of non-canonical neo-
substrates. However, the IMiD binding site does not contain
a targetable cysteine residue, but a histidine (His353) at the tip
of the so-called ‘sensor loop’ was within striking distance of the
IMiD scaffold.”® EM12-SF (Fig. 5) was designed to engage His353
and very efficiently modified the residue in cells.”® Based on
computational docking, the sulfonylated His353 was expected
to inhibit recruitment of canonical neosubstrates that possess
a distinct B-hairpin structural G-loop degron. Indeed, EM12-SF
failed to degrade any protein significantly in cells (determined
using expression level MS proteomics), and the probe has
therefore found utility in target validation experiments by con-
firming the degradation mechanism-of-action of IMiD-based
modulators through blocking of the CRBN binding site.”
Remarkably, switching to the fluorosulfate congener EM12-FS
(Fig. 5), which also site-specifically modified His353, degraded
a single protein, the N-terminal glutamine amidohydrolase
NTAQ1, which is involved in the first step of the Arg/N-degron
pathway.®® Interestingly, NTAQ1 had not been degraded previ-
ously by any reversible binding molecular glue or PROTAC, thus
substantiating our original strategy of identifying novel neo-
substrates using covalent neofunctionalization. Biochemical
studies showed that degradation of NTAQ1 was reliant upon
CRBN His353 covalent labelling, and we determined that the
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Fig. 5 NanoBRET cell-based cereblon potency, plasma stability and CRBN labelling efficiency of rationally designed, covalent EM12-based
chemical probes incorporating SUFEx, SUTEx and SuDEx warheads that site-specifically label His353 in the sensor loop of CRBN.

binding mode is novel since NTAQ1 does not contain a G-loop
degron. Importantly, and as for many other neosubstrates,
NTAQ1 was previously deemed undruggable, and so EM12-FS
serves as the first pharmacological modulator that can be
used to probe its biological function. This study exemplifies
a potential new paradigm in drug discovery, that leverages
neoprotein synthesis in cells to effect gain-of-function phar-
macology using covalent small molecules.*® As mentioned
above, sulfonyl fluorides and fluorosulfates are expected to
possess different metabolic stabilities, and here we showed that
EM12-FS was considerably more stable than EM12-SF in human
plasma (Fig. 5) even though both molecules were stable in
human liver microsomes and hepatocytes, which is due to the
polarity of the molecules rather than specific metabolic
vulnerabilities of the warheads.*®

The sulfonyl triazole congeners EM12-SO,Trl1 and EM12-
SO,Tr2 were shown to label His353 efficiently as expected, but
they also suffered from poor plasma stability, similar to the
sulfonyl fluoride (Fig. 5). Sulfur electrophilicity and leaving
group ability were attenuated by developing a series of sulfur
diazole exchange (SuDEx) warheads, and most derivatives
retained very effective His353 modifying capability, and the
sulfonyl imidazole in particular had very good plasma
stability.”® These results show for the first time that not only
fluorosulfates, but also sulfonyl imidazoles, and no doubt other
SuDEx warheads, are suitable for drug development (Fig. 5).

A screen of covalent sulfonyl fluoride fragments prepared
using a direct-to-biology methodology identified hits for BCL6
that engaged Tyr57,' the same site of modification as the
rationally designed inhibitor TMX-2164 described above.** The
screen also identified probes that engaged His115 in the same
binding pocket, but at the opposite end to Tyr57.

The studies described in this section suggest that histidine
should be considered alongside tyrosine and lysine as target-
able residues using sulfonyl exchange chemistry. Indeed,
histidine has a lower pK, than lysine, and is usually deproto-
nated, which aids reaction with electrophiles.'*'** Additionally,
histidine is frequently proximal to ligands in the PDB, and is the
most prevalent nucleophilic catalytic residue in active sites,
reflecting its intrinsic nucleophilicity in proteins.'**'** For these
reasons, I believe we will see histidine-targeting increasing in
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popularity in covalent drug discovery research in the near
future.

Serine and threonine reactivity

The initial breakthrough in sulfonyl fluoride 