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Synthetic modification of protein surfaces to
mediate induced-proximity pharmacology

Molecular glues and bifunctional small molecules, such as targeted protein degraders, induce protein

Received 26th May 2024,
Accepted 7th August 2024

DOI: 10.1039/d4md00388h

proximity to mediate gain-of-function pharmacology. Emerging technologies that synthetically manipulate
protein surfaces to create neoproteins, and the development of covalent chemical probes for intra- and
inter-protein surface labeling are described. Ligand-directed protein surface modification strategies have

the potential to enhance the induced-proximity pharmacology toolkit and expand the druggable proteome,

rsc.li/medchem

Molecular glues - from serendipitous
discoveries to rational drug
development

Natural products have been a rich source of medicinal
compounds, and many possess molecular modes-of-action
that have inspired the development of novel therapeutic
modalities and drug discovery technologies. For example, the
antifungal metabolite and immunosuppressive drug
rapamycin acts as a ‘molecular glue’’ by engaging the
immunophilin FKBP12 and forming a ternary complex with
mTOR, allosterically inhibiting its kinase function (Fig. 1).> In
1994, just as the detailed mechanism of rapamycin was being
elucidated,” 1 helped develop novel semi-synthetic ‘rapalogs’
with optimized pharmaceutical properties during a placement
at Sandoz Pharma. We fortuitously discovered an oxidative
decomposition synthetic by-product of the cyclohexanol
subunit of rapamycin (Fig. 1) and decided to probe the
structure-activity relationships (SARs) in this region in a
systematic manner using sequential Swern and Baeyer-
Villiger mediated oxidations.> We discovered that oxidative
cleavage of the cyclohexanol group reduced binding to
FKBP12 only 6-fold, but the immunosuppressive activity was
>380-fold weaker. These complex SARs, which are now
appreciated as a common feature of molecular glue medicinal
chemistry programs,”’™® were subsequently elucidated using
structural biology studies that provided a molecular
understanding of the disconnect between binding and
function. As we anticipated, the cyclohexyl motif is located at
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and this Opinion considers the opportunities and challenges that lie ahead.

the interface of the FKBP12 and mTOR molecules and is thus
a component of the so-called ‘effector domain’ of rapamycin
(Fig. 1).” A related natural product glue called FK506
possesses the same FKBP binding domain as rapamycin, but
an alternative effector moiety that binds and inhibits the
phosphatase calcineurin.> These findings suggested that
novel rapalogs may be developed to glue different partners to
FKBP12 beyond mTOR (and calcineurin) through changes to
the effector domain. Inspired by this potential, the group of
Jun Liu prepared a 45000-member synthetic library of
macrocyclic hybrid molecules by swapping the effector motif
with oligopeptides.® Screening the library in cells yielded a
molecule called rapadocin that potently and selectively
inhibited the nucleoside transporter SLC29A1 by forming a
complex with FKBP12. Although there is a lack of structural
biology information, presumably due to the complexities of
generating a ternary complex structure with an integral
membrane protein, it is likely that the binding domain of
rapadocin engages FKBP12, while the peptidic effector
element mediates simultaneous intracellular binding of
SLC29A1 such that adenosine import is blocked by
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Fig. 1 Rapamycin structure showing the binding domain that engages
FKBP12, and the effector domain that binds mTOR. The cyclohexanol
motif binds at the interface of FKBP12 (orange surface) and mTOR
(blue surface).
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sequestration of the FKBP. Other examples of natural
product-inspired molecular glues in clinical development
include sanglifehrin analogs that form a complex between
cyclophilin and RAS proteins,’ and rocaglamide derivatives
that glue eiF4A to mRNA polypurine sequences.’

These studies complement the phenotypic assessments of
molecules not derived directly from natural products that
have also unearthed diverse therapeutic modalities, including
molecular glue activity. For instance, immunomodulatory
imide drugs (IMiDs) thalidomide, lenalidomide and
pomalidomide (Fig. 2a) are used to treat multiple myeloma,
but their mechanism was determined following approval.
IMiDs were found to bind cereblon (CRBN),'° the substrate
adaptor subunit of the E3 wubiquitin ligase complex
CRL4°®®N " and remodel its surface to induce interactions
with neosubstrates, that are subsequently polyubiquitinated
and degraded.” Traditional neosubstrates possess the so-
called ‘G-loop’ degron which is a f-hairpin loop containing a
key glycine residue that enables binding to the IMiD-CRBN
surface (Fig. 2b).">" Many CRBN neosubstrates, such as
zinc-finger transcription factors, were previously deemed
undruggable because they lack small molecule binding
pockets." Consequently, there are considerable research
efforts in the drug discovery community currently exploring
the breadth of the degradable proteome through the
development of novel molecular glue degraders that recruit
CRBN."

In another example of fortuitous discovery, mechanistic
studies of aryl sulfonamide antiproliferative compounds
discovered they bind the E3 ligase DCAF15 causing the
recruitment and degradation of the RNA splicing factor
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Fig. 2 a) Chemical structures of the IMiDs. b) Ternary complex crystal
structure of lenalidomide/CRBN/CK1a showing the proximity of His353
to the IMID scaffold. Gly40 in the G-loop degron of neosubstrate CKla
is highlighted in yellow. c) Schematic of the reaction of His353 in the
CRBN sensor loop with the fluorosulfate electrophile of molecular glue
degrader EM12-FS. d) Structure of covalent BRD4 degrader FS-ARV-
825.
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RBM39, and one such compound (E7820) is currently in a
trial for myeloid cancers."®'® Ligands of the VHL E3 ligase
have been chemically linked to protein binders to create
numerous bifunctional degraders (PROTACs),"® but a recent
study revealed that a small molecule binder of VHL recruited
the neosubstrate cysteine dioxygenase (CDO1).>° These
studies suggest that ligands of a variety of E3 ligases may act
as molecular glue degraders.

Synthetic neofunctionalization of
protein surfaces

Missense mutations and post-translational modifications
(PTMs) play key roles in evolutionary biology through the
formation of new protein interactions that drive phenotypic
diversity.”*> Taking this inspiration from Nature and
applying the learning of molecular glue SARs such as those
mentioned above, we hypothesized that synthetic re-
engineering of protein surfaces in cells using covalent
molecular glues has the potential to mimic PTMs and
missense mutations by creating neo-associations in a site-
specific manner. Ligand-directed covalent labelling of a
protein surface may impose distinct conformations and
present physicochemistry not available to reversible binding
small molecules. Equally, covalent surface engagement may
deliver more potent and longer duration neo-associations. As
a proof-of-principle, we rationally developed an IMiD
containing a sulfonyl exchange warhead, the fluorosulfate
EM12-FS, to covalently modify His353 in the sensor loop of
CRBN,* locking this motif in the closed conformation that is
necessary for neosubstrate recruitment (Fig. 2b and c).**
Based on computational modelling, we expected the modified
His353 surface residue to assume a different conformation to
that required for traditional neosubstrate binding and the
sulfonyl oxygen atoms of the neoprotein were also expected
to clash with the canonical G-loop degron.*® Indeed, EM12-
FS degraded exclusively a novel neosubstrate never previously
observed for reversible binding IMiDs, namely N-terminal
glutamine hydrolase 1 (NTAQ1), that is involved in the N-end
rule pathway and formerly considered undruggable.*® Further
work includes structural confirmation of the alternative
binding mode of NTAQ1, and the use of EM12-FS to probe
NTAQ1 and N-end rule pathway biology. Notwithstanding the
opportunities for further research, this case study clearly
exemplifies the concept of synthetic neofunctionalization of
proteins in cells using small molecule drugs.

Covalent bifunctional molecules also hold significant
promise by providing a modular approach to induced-
proximity pharmacology. For instance, in a pilot study we
developed a covalent PROTAC by linking EM12-FS to the
BRD4 inhibitor JQ1 to create FS-ARV-825 that degraded BRD4
in cells (Fig. 2d).”® FS-ARV-825 possessed a more durable
pharmacodynamic effect through modification of His353
CRBN versus the reversible binding PROTAC ARV-825.
Ligand-directed protein labelling can also be exploited to
functionalize the surface of a target protein with a variety of
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chemical motifs. A methodology developed by the Hamachi
group leveraged ligand-directed bioconjugation strategies to
enable proximity-induced protein surface labelling.>” N-Acyl-
N-alkylsulfonamide (NASA) warheads were appended to small
molecule ligands that labelled lysine residues proximal to the
binding site, delivering fluorescent dyes and biotin tags to
the protein surface (Fig. 3).>” Gray and co-workers attempted
to co-opt this chemistry to deliver a tethered IMiD to the
surface of CDK2 using NASA-mediated acylation of Lys89 in
order to recruit CRL4“R®N 28 Although ligand-directed surface
functionalization was successful, CDK2 degradation was not
observed because the modified CDK2 protein was unable to
form a productive complex with CRBN.

The same NASA labelling approach was used by Fang,
Zhang, Li, and colleagues to deliver an adamantane
hydrophobic tag, supposedly mimicking a protein misfolding
state, to the surface of BRD4 that appeared to mediate
targeted protein degradation.>® Peptide mapping mass
spectrometry revealed several modified lysine residues on
BRD4, though more mechanistic work is required to validate
which labelled sites may have triggered degradation.

A conceptually similar methodology called covalent ligand
directed release (CoLDR) was developed recently by the
London group. The technique employed a cleavable cysteine-
reactive acrylamide warhead to install a CRBN binding ligand
onto the BTK surface through site-specific modification of
Cys481 (Fig. 3).>° The heterobifunctional molecule utilized
the BTK covalent inhibitor drug ibrutinib as the basis for the
ligand-directed motif. Although these early studies show
promise, further work is needed to categorically demonstrate
that covalent tagging is necessary to drive the targeted
degradation event.
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Fig. 3 Heterobifunctional ligand-directed protein surface labelling
strategies using cleavable electrophilic warheads: ligand-directed
N-acyl-N-alkylsulfonamide (LDNASA) and covalent ligand directed
release (CoLDR). A BTK-directed CoLDR degrader probe based on the
BTK inhibitor ibrutinib is shown.
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Ligand-directed inter-protein
labelling

10 years prior to the development of fluorosulfate EM12-FS,
we designed the first covalent chemical probes to site-
specifically modify tyrosine, also using sulfonyl exchange
chemistry.”’ The aryl sulfonyl fluoride warhead was
incorporated into small molecules discovered in a spinal
muscular atrophy phenotypic screen, that were subsequently
found to inhibit the mRNA decapping scavenger enzyme
DcpS (a target more recently linked to leukaemia).
Para-substituted sulfonyl fluoride SF-p1 was designed to label
Tyr143 within the binding pocket that stabilized an
asymmetric and inactive conformation of the homodimeric
enzyme. However, in the first example of its kind, the
ortho-substituted regioisomer SF-o01 was designed to
crossover label Tyr113 on the surface of the partnering
protomer, stapling the dimer shut and preventing
conformational transitions required for enzymatic function.*
This work revealed that monovalent ligand-directed inter-
protein labelling is a chemically feasible concept through the
incorporation of reactive warheads into small molecule drugs
and chemical probes without the need for chemical linkages.

Nomura and co-workers recently published proof-of-
concept studies that applied a modular covalent molecular
glue approach to the discovery of monovalent degraders.***
Phenyl-oxo-butenamide or vinyl sulfonamide covalent
handles appended to a variety of enzyme inhibitors were
found to induce degradation of their respective target
proteins, mediated through serendipitous ligand-directed
crosslinking to E3 ligases RNF126 or DCAF16 respectively,
(e.g., BRD4 monovalent degrader ML 1-50, Fig. 4a). The BTK
degrader example from this work is noteworthy because
certain covalent BTK inhibitors were found previously to
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Fig. 4 a) Structures of BRD4 molecular glue degraders ML 1-50 (ref.
33) and MMH2 (ref. 35) which induce BRD4 proximity with the E3
ubiquitin ligase DCAF16 (vinyl sulfonamide electrophilic warheads in
red). b) CryoEM structure of the BRD4/MMH2/DCAF16 complex
showing crossover labelling of the Cys58 residue and the distal
Cys119.%°
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downregulate the kinase.** Interestingly, as mentioned above,
the labelled cysteine residue (Cys481) sits at the surface of
BTK, and it is thus possible that other covalent inhibitors
may have, at least partially, induced proximity to DCAF16 or
other E3 ligases through fortuitous crossover labelling.

In a recent study from Gray, Fischer, Ebert, and
colleagues, JQ1 derivatives bearing covalent handles were also
shown to crossover label DCAF16 (Fig. 4a).*®> CryoEM of the
complex showed surface complementarity between the
proteins and validated labelling of Cys58 on DCAF16 by vinyl
sulfonamide MMH2 (Fig. 4b), which is a different residue to
that modified by ML 1-50 (Cys119). Noticeably, Cys119 sits at
the DDB1-binding domain of DCAF16, and so more
mechanistic studies are required to explain these results.
Meanwhile, Cys58 is located at a position where substrates
are expected to bind and at the same interface of non-
covalent ‘intramolecular bivalent glues’ that were discovered
recently.*®

Outlook

Synthetic manipulation of protein surfaces, through inter- or
intra-protein ligand-directed labelling strategies, promises to
deliver a new paradigm in induced-proximity pharmacology.
However, there are several hurdles that must be addressed
for this field to realize its full potential. Some prospects and
challenges are briefly described below:

e Considerable medicinal chemistry optimization of
bifunctional molecules is required to deliver ‘beyond rule-of-
five’ compounds with adequate pharmacokinetics for in vivo
experimentation and drug discovery. The progress made thus
far improving the pharmacokinetics of PROTACs is readily
applicable to this field,”” though with the added
complication of ensuring the covalent warheads are drug
compatible. Covalent molecular glues offer the advantage of
being more amenable to traditional lead optimization
strategies.

e It is important to confirm that induced-proximity
pharmacology and the resulting phenotypic effects are a
consequence of on-target neo-association and are not driven
by off-target binding or labelling. Competition of functional
effects with a reversible binding inhibitor in a dose-
responsive manner, and site-directed mutagenesis of labelled
residues may substantiate specificity. Clickable covalent
probes will aid target occupancy measurements and
selectivity determination through enrichment of labelled
proteins followed by MS analysis. Confirmation of complex
formation may be achieved biochemically using isolated
proteins and through structural biology investigations.

e Covalent drug discovery is dominated by cysteine-
targeting acrylamides, and the toolkit of drug compatible
warheads is limited. To advance drug discovery, electrophiles
must be developed that possess the desired on-target latent
reactivity, where labelling only occurs in a ligand-directed
and selective context, and where desirable properties such as
metabolic stability and permeability are retained.

This journal is © The Royal Society of Chemistry 2024
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e Although some examples are described above, cysteine
is rarely available at protein surfaces for site specific covalent
modification. Advances in the development of next-
generation covalent drug discovery are needed to enable
targeting of residues beyond cysteine.*® For example, sulfonyl
exchange chemistry is particularly well-suited to ligand-
directed protein surface modification, as shown by EM12-FS.
Moreover, sulfonyl exchange electrophiles readily modify
tyrosine residues, which are enriched at protein interfaces.*

e Based on emerging studies, it would appear that many
small molecule inhibitors could feasibly be converted into
molecular glues through the incorporation of covalent motifs
that label protein surfaces. A variety of electrophilic warheads
may enable exploration of SARs where specific modifications
of distinct residues may glue alternative proteins, leading to
diverse functional effects.

e Ligand-directed technologies using cleavable covalent
tethers such as NASA and CoLDR may enable induced-
proximity pharmacologies beyond degradation by installing
novel tags and PTM mimics onto protein surfaces.

e Site-specific installation of dehydroamino acids onto
protein surfaces using ligand-directed covalent chemistries
may yield new ways to crosslink proteins in cells.** This
could be a way to mimic protein polymerization chemistry in
nature and enable the construction of higher-order structures
with applications in synthetic biology.

By harnessing the fields of covalent drug discovery and
induced-proximity pharmacology I believe there will be a
plethora of opportunities in the future to expand the
druggable proteome. Specifically, medicinal chemistry may
be on the verge of developing the tools to be able to rewire
signalling pathways and correct aberrant biological processes
through the creation of neoproteins in cells.

Data availability
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