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Molecular glues for protein-protein interactions: progressing towards a new dream

Markella Konstantinidou! and Michelle R. Arkin®*

IDepartment of Pharmaceutical Chemistry and Small Molecule Discovery Center (SMDC), University of California,
San Francisco 94143, United States
Correspondence: michelle.arkin@ucsf.edu

Summary

The modulation of protein-protein interactions with small molecules is one of the most rapidly developing
areas in drug discovery. In this review, we discuss advances over the past decade (2014-2023) focusing on
molecular glues (MG) — monovalent small molecules that induce proximity, either by stabilizing native
interactions or by inducing neomorphic interactions. We include both serendipitous and rational
discoveries and describe the different approaches that were used to identify them. We classify the
compounds in three main categories: degradative MGs, non-degradative MGs or PPI stabilizers, and MGs
that induce self-association. Diverse, illustrative examples with structural data are described in detail,
emphasizing the elements of molecular recognition and cooperative binding at the interface that are
fundamental for a molecular-glue mechanism of action.

Keywords molecular glues, degraders, covalent, stabilizers, molecular recognition, PPI, ternary complex,
cooperativity, proximity, native interactions, neomorphic

Introduction

Protein-protein interaction (PPl) networks play a central role in biological processes, including cell
signaling, homeostasis, cell proliferation and differentiation. They are often dysregulated in diseases and
thus have become a significant focus of chemical biology and drug discovery. In our previous decennial
reviews we described PPl inhibitors, discussing the unique properties and challenges associated with the
discovery of PPl inhibitors in 2004! and then their evolution towards clinical trials in 2014.% In the last ten
years, the field of PPl modulation has rapidly evolved and expanded to new, fascinating directions. In our
current review, we shift our focus from PPl inhibition to molecular glues and PPI stabilization, covering the
period between 2014-2023. We are particularly interested in this new direction because stabilizing —
rather than inhibiting — PPIs has the potential to target intrinsically disordered proteins (IDPs). Many IDPs
remain important “undruggable” targets. However, upon binding to their protein partners, disordered
domains may form ordered and ligandable structures at the PPl interface. Furthermore, targeting a protein
pair allows modulation of a single complex for a scaffolding protein that interacts with many partners.

Many terms have appeared recently to describe these emerging concepts, including “chemically induced
proximity”, “molecular glues”, “molecular glue degraders” and “PPI stabilizers”. Quite often these terms
are used interchangeably, despite underlying differences in these modalities. Herein we consider
“molecular glues” (MGs) as monovalent small molecules that bind cooperatively at a PPI interface.
Typically, MGs have low or unmeasurable affinity to at least one of the protein partners; upon binding,
they enhance or strengthen interactions at the interface. MGs can bind either to native or non-native /

neomorphic PPIs. The term “molecular glue degraders” (MGDs) refers to the subclassification of MGs in
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which the binding partner is an E3 ubiquitin ligase (E3 ligase). E3 ligases transfer ubiquitin onto a substrate
protein, usually to target that protein for degradation through the proteasome. MGDs induce native or
non-native proteins-of-interest to be ubiquitinated by the E3 and lead to the proteins’ proteasomal
degradation. “PPI stabilizers”, another subtype of MGs, usually refers to two protein partners that have
intrinsic affinity in the absence of the glue, indicating native PPIs as the target. Here, we distinguish PPI
stabilizers from allosteric stabilizers of a single protein. One more subtype of MGs includes compounds
that induce self-association with or without degradation of the target as the outcome. In this case, binding
of MGs results in high-order protein assemblies, usually in unexpected ways. The formed (ternary)
complex differs significantly from the native state of the protein target. No specific term is used in the
literature to describe these MGs, though occasionally the term “target aggregation” appears. In our point
of view “target aggregation” is associated with the formation of energetically stable protein assemblies in
which misfolded or misassembled proteins aggregate, often associated with a disease phenotype rather
than a state that is compound-induced. Finally, the term “induced-proximity” is broader, and although in
some cases appropriate for MGs, it also includes allosteric effects that do not necessarily fall under the
glue-type mechanism of action.

In the last 10 years, numerous examples of MGs have been identified. Their discoveries have varied from
serendipitous discoveries where the mechanism of action remained elusive, to more recent examples of
rationally designed MGs. Here, we review examples from the three main types of molecular glues:
degradative MGs, non-degradative MGs or PPI stabilizers, and MGs that induce self-association. It must be
noted, however, that due to the diversity and complexity of MGs, some examples might belong in more
than one category. The supplementary table (table S1) includes an overview of the MGs described here,
their classification and the main experimental techniques used to establish the molecular-glue type of
action. We emphasize the common features of MGs, namely, the elements of molecular recognition and
cooperative binding at the interface. The goal here is not to provide an exhaustive catalog of known MGs,
but instead to describe distinct examples with structural information and to show the vastly differently
approaches that have led to their discovery. Many excellent reviews have been published recently covering
chemically induced proximity modalities, including molecular glues.>™®

Molecular glues, as monovalent modalities, are typically low molecular weight compounds, with the
exception of some natural products, and have favorable properties for further clinical development.
Because the PPl interface targeted by MGs is “structured,” the individual proteins do not necessarily need
to contain well-defined binding pockets. Thus, targets once considered “undruggable” or “unligandable,”
such as transcription factors and intrinsically disordered proteins (IDPs), are now within reach for
molecular glues. All subtypes of molecular glues, targeting native or neomorphic PPIs with degradative or
non-degradative outcomes rely on molecular recognition and lead to the cooperative binding at an
interface. As shown in the examples described here, quite often the solvent-exposed moiety of the glue is
responsible for initiating its mechanism of action. For certain molecular glue degraders, degrons (on the
client protein/neosubstrate) and hotspot gluing residues (on the ligase) are now defined, allowing the
rational optimization or redirection of MGDs. In other cases, the precise molecular recognition features
are not yet fully elucidated.



Directly related to discovery of the first MGDs, and in parallel to the development of monovalent MGs,
the field of heterobifunctional modalities has also rapidly evolved. After the invention of proteolysis-
targeting chimeras (PROTACs),” heterobifunctional molecules that rely on the recruitment of an E3 ligase
to degrade the protein of interest (POI), a diverse array of new proximity-based modalities followed. Their
applications cover a large set of post-translational modifications and mechanisms of degradation. These
modalities have been extensively reviewed elsewhere, and are mechanistically distinct in several
respects.®%0 Bivalent molecules such as PROTACs include two ligands that bind — often with high affinity —
to the individual proteins, connected by a linker that might play a role in formation of the ternary
complex.’’ One of the exciting features of MGDs and bifunctional molecules is their “event-driven
pharmacology.”1%'? Classic inhibitors directly block the function of the target protein and thus display
occupancy-driven pharmacology. By contrast, the new modalities, especially those with a degradative
outcome, eliminate the target protein and result in a superior and sustained pharmacological effect. For
MGDs and PROTACs, the target elimination reduces both the enzymatic and scaffolding functions of the
target proteins.1%12

For both modalities (monovalent molecular glues and heterobifunctional PROTACs) the term
“cooperativity” is used to quantify a key feature. The structural differences between the two modalities
lead to a differentiation of the meaning of cooperativity. For PROTACs, cooperativity (a) refers to the ratio
of binary binding affinity (ligase/PROTAC; K.p) to ternary binding affinity (ligase/PROTAC/target; Kipr). Thus,
cooperativity describes the effect of a binding partner (such as the E3 ligase) on the PROTAC's interaction
with the other binding partner (POI). The outcome can be synergistic (a>1), antagonistic (a<1) or non-
cooperative (a=1)."%3It is noteworthy that some PROTACs demonstrate target degradation even in the
absence of positive cooperativity.'*¢ On the contrary, for MGs the term cooperativity quantifies the effect
of glue binding on the PPI. In other words, it refers to the ratio of Kd of the binary (Kd""") versus ternary
PPl complex (Kd®™™"), in the absence versus presence of the glue. Thus, cooperativity is a defining feature
for MGs, especially for the formation of neomorphic interactions, where there is low/no affinity for at least
one of the binding partners. An additional difference between the two modalities is the hook effect that
is often encountered for bifunctional molecules, since the compounds can bind to one protein individually
and thus, at high concentrations, suppress formation of the ternary complex. On the other hand, typical
MGs do not cause a hook effect because they show measurable binding affinity to (at most) one protein
in the complex and induce cooperative association.

Degradative Molecular Glues

Natural products

Several classes of natural products acting as molecular glue degraders have been identified retrospectively.
In 2001, Gray et al.}” showed that the plant hormone auxin promoted the degradation of the transcription
repressors AUX/IAA. In 2007, Tan et al.®® provided the structural basis for auxin’s mechanism of action.
Crystal structures revealed that auxin enhanced weak interactions formed between AUX/IAA and TIR1,
which is part of the E3 ligase complex SCF™®, by binding to the beta propeller domain of TIR1 below the
AUX/IAA binding site. In 2010, Sheard et al.'® showed that the plant hormone methyl jasmonate acted via



a similar mechanism and degraded the transcriptional repressor JAZ by recruiting the E3 ligase SCF°,
These early examples showed the ability of small molecules to induce proximity to an E3 ubiquitin ligase
and degrade the binding partner. They also inspired further studies for the identification of natural
degradative glues. For example, in 2020, streptomyces-derived manumycin polyketides (manumycin A and
asukamycin) were reported to function as covalent molecular glue degraders that targeted Cys374 of the
putative E3 ligase UBR7 and promoted interactions with the neosubstrate tumor-suppressor TP53.%°

Synthetic molecular glue degraders

Molecular glue degraders for CRLA®EN, The pivotal study of Ito et al. in 2010 described the first
identification of a synthetic molecular glue degrader’s mechanism of action. Using affinity purification of
Hela cell extracts with thalidomide-coated beads, followed by experiments in zebrafish and chicken
models, they identified cereblon (CRBN), the substrate receptor of the CUL4-RBX1-DDB1-CRBN (CRL4REN)
E3 ubiquitin ligase as the molecular target of the drug thalidomide.?! Thalidomide was prescribed in West
Germany in 1957 as an anti-emetic and sedative to pregnant women but was withdrawn from the market
in 1962 due to its teratogenic side-effects.?? Currently, thalidomide and its analogs (pomalidomide,
lenalidomide, also known as immunomodulatory drugs, IMiDs, or CRBN E3 ligase modulatory drugs,
CELMoDs) are used in multiple myeloma and other hematologic malignancies. In 2014, key structural
studies by Chamberlain et al.?® and Fischer et al.* elucidated the architecture of the ternary complexes of
lenalidomide, thalidomide and pomalidomide with CRBN-DDB1 (DNA damage binding protein-1, an
adaptor protein component of the DDB1-CUL4—Rbx1 ubiquitin ligase (CRL4)) (Fig 1A). Crystallographic
data showed that IMiDs bound on the surface of CRBN in a shallow, hydrophobic pocket, comprising three
tryptophan residues (Trp380, Trp386, Trp400). This shallow pocket accommodated the glutarimide ring,
which formed hydrogen bonds with His378 and Trp380 (CRBN). The isoindolinone ring was exposed on the
surface of the CRBN—lenalidomide complex, implicating this moiety in the formation of a neomorphic
interface for substrate recruitment. Upon binding to CRBN, IMiDs inhibited the ubiquitination of the
endogenous CRLAREN substrates and at the same time reprogramed the ligase to target new proteins for
degradation. IMiDs promoted neomorphic interactions with the C;H,-type zing-finger transcription factors
Ikaros (IKZF1) and Aiolos (IKZF3) leading to their ubiquitination by the E3 ligase CRL4“*®N and subsequent

proteasomal degradation. %’

Follow-up studies showed that IMiDs had distinct degradation profiles?® and could recruit different
neosubstrates, including casein kinase 1A1 (CKla) and the translation termination factor GSPT1.
Crystallographic studies supported the hypothesis that the specificity in the formation of neomorphic
interactions was indeed dictated by the solvent-exposed area of the compound in the IMiD/CRBN-binary
structure. The crystal structure of lenalidomide/DDB1-CRBN/CK1a showed that the binding was
cooperative, since CK1a binding to CRBN was strictly dependent on the presence of lenalidomide.?® CRBN
and lenalidomide provided the binding interface for a CK1a B-hairpin-loop located in the kinase N-lobe. In
addition to the previously described interactions with CRBN, CK1a interacted with the solvent exposed
part of the compound via residues lle37, Thr38 and Gly40 (Fig 1A). In the case of CC-885, a novel CRBN
modulator with improved anti-tumor activity’® GSPT1 was recruited to CRLABN and degraded.
Crystallography showed that CC-885 maintained the key interactions with CRBN and additional



interactions were formed with Glu377 (CRBN), Val570 and Gly575 (GSPT1), as well as direct interactions
between CRBN and GSPT1, allowing the identification of the residues involved in the recruitment of GSPT1
(Fig 1A). The crucial feature that mediated the GSPT1 binding to CRBN was a surface turn containing the
key glycine residue (Gly575). A CRBN modulator with improved degradation of Ikaros and Aiolos, CC-220
was also reported.3! A similar binding mode to CRBN was observed from the glutarimide ring (Fig 1A),
whereas the additional rings, in the solvent exposed area, formed more interactions with CRBN (Glu377,
Pro352, Phel02, Phe150) and these additional interactions correlated with the observed increased affinity
to CRBN.

Collectively, the observations for the recruitment of seemingly diverse neosubstrates by the IMiDs led to
the degron hypothesis.®3 Despite the fact that lkaros, Aiolos, CK1a and GSPT1 were structurally and
functionally unrelated and lacked an obvious sequence homology, the presence of a homologous
interacting structural feature (degron), defined by a specific loop containing a glycine residue at a key
position, was sufficient for their recruitment. Mutation of the key glycine to alanine resulted in loss of
function. Further studies revealed that the IMiDs disrupted a broad transcriptional network by degrading
several C;H, zinc finger transcription factors3? and the human C;H, zinc finger degrome was defined.® The
teratogenic effects of thalidomide and its metabolite, 5-hydroxythalidomide, were associated with its
induced degradation of the embryonic transcription factor SALL4.3* The crystal structure of SALL4-
pomalidomide-CRBN-DDB1 was solved shortly thereafter and provided the rational basis for designing
IMiDs with reduced teratogenic risk.®

Rational optimization of novel CRBN modulators has led to a new generation of IMiDs/CELMoDs. Two
CELMoDs (CC-3060 and CC-647) targeting the transcription factor ZBTB16 were reported in 2020.3¢
Interestingly, the two compounds recognized distinct structural degrons within different zinc finger
domains (1 and 3) of ZBTB16. The discovery of CC-92480 followed.3” CC-92480 is a CELMoD specifically
designed for efficient and rapid degradation kinetics, and is currently in clinical trials for multiple myeloma.
Improved GSPT1 degraders with increased potency and selectivity, such as ZXH-1-161% and CC-90009%*
were also reported. CC-90009 was the first clinical candidate to selectivity target GSPT1. Structurally, CC-
90009 showed similarities with the binding mode of CC-220, including interactions with both with CRBN
and GSPT1. A notable structural difference was the lack of interaction with Glu377 (CRBN) and instead a
new bond was formed with His353 (Fig 1A). Together, these crystallographic studies were fundamental for
defining the binding mode of IMiDs to CRBN and its neosubstrates and for establishing rational drug
development based on the degron hypothesis.

In 2022, a groundbreaking study by Watson et al.*° showed that IMiD/ CELMoD compounds regulated the
conformation of cereblon. Cryo-electron microscopy (cryo-EM) was used to compare the apo complex of
DDB1-CRBN to the structure of CELMoD-DDB1-CRBN with or without neosubstrates. Binding of CELMoDs
to CRBN’s thalidomide-binding domain (TBD) was sufficient to induce an allosteric rearrangement of CRBN
from an open conformation to the closed conformation seen in the crystal structures. The closed
conformation observed in the crystal structures with CELMoD enabled the structure-guided optimization
of CELMoDs towards more potent and more-neosubstrate specific compounds. Remarkably, in the cryo-



EM studies, Ikaros associated only with the closed CRBN conformation. Three compounds [pomalidomide,
iberdomide (CC-220), and mezigdomide (CC-92480)] had distinct effects on the observed conformations
of CRBN, which correlated with the compounds’ potency. Pomalidomide was sufficient to induce the
closed conformation of CRBN for only ~20% of the particles. Iberdomide, which has ~20-fold improved
affinity and ~24-fold enhanced lkaros degradation, shifted nearly 50% of the particles to the
CRBN¢¢d conformer. For mezigdomide, which induced rapid neosubstrate degradation and was
efficacious in relapse or refractory patients who no longer responded to primary treatment with
lenalidomide and/or pomalidomide, 100% of the particles were in the closed conformation (Fig 1A). The
study thus elucidated the cryptic role of allostery and the significance of conformational control for CRBN
molecular glue degraders, allowing further rational designs of MGDs with improved neosubstrate
selectivity and efficacy.

Molecular glue degraders of RBM39 (recruiting CRL4P“AF1%), After the IMiDs/ CELMoDs, the second type
of molecular glues discovered to recruit neosubstrates to an E3 ligase were the splicing inhibitor
sulfonamides [SPLAMS: indisulam, tasisulam, E7820 (NSC 719239) and chloroquinoxaline sulfonamide
(CQS or NSC 339004)] (Fig 1B). In 2017, two groups reported that SPLAMS promoted the recruitment of
RBM39 (RNA binding motif protein 39, also known as CAPERa) to the E3 ubiquitin ligase CUL4-RBX1-
DDB1-DCAF15 (CRL4PAF15) |eading to RBM39 polyubiquitination and proteasomal degradation*>#2,

Extensive biochemical and structural studies, including ternary complexes solved by crystallography and
two cryo-EM structures, were reported in 2019%*% and 2020* and elucidated the molecular-glue
mechanism of action. These studies showed that the sulfonamides had low binding affinity for the
individual proteins and emphasized the structural complementarity of the sulfonamides with the ternary
complexes. For example, indisulam’s Kiwas > 50 uM for the DCAF15-DDB1-DDA1 complex, whereas its
binding affinity in the presence of RBM39 decreased to 187 nM, a >100-fold enhancement (determined
by ITC). In all three structural studies, the aryl sulfonamides bound synergistically, promoting the binding
of DCAF15 to the RNA-recognition motif (RRM) of RBM39 (RBM39grm2) and forming a stable ternary
complex by functionalizing a shallow, non-conserved cavity on the surface of DCAF15 (Fig 1B). The binding
and recruitment of RBM39 to the DCAF15-sulfonamide interface was mediated through a single a helix of
RBM39, which interacted with DCAF15-sulfonamide through both main-chain carbonyl oxygens and side
chains. The large total buried surface area of the RBM39ram—DCAF15 PPI (1,150 A%) was able to
compensate for the weak binding affinity of the compounds to DCAF15 alone. The aryl sulfonamide
moiety, common to all reported RBM39 degraders, formed hydrogen bonds with the main chains of Ala234
and Phe235 of DCAF15 via the oxygen atoms. Water-mediated hydrogen bonds were formed with Thr262
and Asp264 of RBM39 via the nitrogen atom of the sulfonamides. Additionally, an extensive non-polar,
hydrophobic network between DCAF15-RBM39 sidechains led to the high-affinity ternary complex.
Notably, in cryo-EM structures, DCAF15 engaged the second RRM domain of RBM39 with an extended,
non-conserved surface area not commonly observed in CRL (Cullin-Ring E3 ligases) substrate receptors.
The selectivity implied by the positioning of DCAF15 and the binding mode in the ternary complexes was
further validated with mass spectrometry (MS)-based proteomic experiments for E7820 to determine its



degrome. Other than RBM39, only RBM23 with 100% sequence identity across all interacting residues was
degraded out of the ~11,000 proteins detected.

In 2020, Mayor-Ruiz et al, reported a scalable chemical profiling approach as a rational strategy for the
discovery of molecular glue degraders using an E3-ligase agnostic approach.*® The strategy took advantage
of the requirement for neddylation of CRLs to become activated, by comparing the sensitivity of
hyponeddylated (UBE2M™ KBM7) vs neddylation-proficient (KBM7) cells to compound-mediated cell
death. Screening ~2,000 cytostatic/cytotoxic small molecules both in wildtype and UBE2M™*KBM7 cells,
led to the identification of chemical scaffolds that appeared to be functionally dependent on uninterrupted
neddylation levels. Among them a novel sulfonamide, dCeMM1 was identified to reprogram the
CRL4PAF3 Jigase and selectively degrade RBM39, sparing RBM23.

Excitingly, the MGDs targeting CRL4PAF1> differed from the IMiDs in chemical structure, E3 ligase target,
neosubstrate structure, and size of the PPl interface. The existence of two entirely distinct classes of MGDs
suggested that molecular glues could be everywhere if one knew how to look for them.

Molecular glue degraders for cyclin K. Another successful approach to discover new MGDs focused on
known inhibitors to identify a suspected missing degradation component. In 2020, three independent and
nearly simultaneous studies reported structurally diverse small molecules that induced the degradation

1.*” hypothesized that a cytotoxic compound could demonstrate cell-line selectivity

of cyclin K. Stabicki et a
based on the expression a required-but-unidentified ubiquitin-ligase component. They performed
systematic database mining to correlate the cell-line sensitivity of 4,518 clinical and preclinical small
molecules with the respective mRNA levels of E3 ligase components across 578 human cancer cell lines.
They observed a correlation between the cytotoxicity of a cyclin-dependent kinase (CDK) inhibitor, CRS,
and the mRNA levels of the CUL4 adaptor protein DDB1. Further mechanistic studies proved that CR8
acted as a molecular glue degrader by inducing the formation of a complex between CDK12/cyclin K and
DDB1. It is noteworthy that DDB1+CDK12 formed a weak protein complex with a large, structurally
complementary interface (2,100 A2) with a basal affinity of ~50 uM in ITC experiments. CR8 enhanced the
interaction by 500-1000-fold (K4 = 100-500 nM). Structurally, CR8 occupied the ATP binding site of CDK12,
bridging the CDK12-DDB1 interface and forming discrete contacts with one of the beta propeller domains
of DDB1 (Fig 2A). The key structural feature on CR8 was the hydrophobic phenylpyridine ring system, which
was solvent exposed on the kinase surface and induced the complex formation with the ligase adaptor
DDB1 by interacting with Arg928 (DDB1). Cyclin K bound on the opposite face of CDK12 and did not interact
directly with DDB1. Notably, CDK12 is not a constitutive E3 ligase component. Structure-guided mutational
analyses and TR-FRET assays showed that in the presence of CR8, CDK12 assumed the role of a glue-
induced substrate receptor and placed cyclin K in a position typically occupied by CRL4 substrates; thus,
binding was mutually exclusive with a canonical DCAF substrate receptor. The authors rigorously proved
that CR8, a promiscuous kinase inhibitor, was a selective cyclin K degrader.

Using a different approach, Mayor-Ruiz et al.*® established a comparative chemical screening assay in
hyponeddylated cellular models with broadly abrogated ligase activity. As described above, the strategy



was validated by the identification of the sulfonamide dCeMM1 that degraded RBM39. Additionally, three
small molecules (dCeMM2/3/4) were identified as dependent on functional CRLs to exert their toxicity.
Cellular treatment and quantitative expression proteomics showed that dCeMM2/3/4 profoundly
destabilized cyclin K and more mildly destabilized the associated kinases CDK12 and CDK13. Further
validation with orthogonal assays, including quantitative proteomics, functional genomics, drug-affinity
chromatography, and cellular proximity assays, revealed the compound-induced association of CDK12-
cyclin Kand DDB1-CUL4B.

At the same time, Lv et al.*®
that surprisingly led to the identification of HQ461, a molecular glue degrader of the same CDK12/cyclin
K/DDB1 complex. Gain-of-function screening based on hypermutation, CRISPR-cas9 screening,

reported a high-throughput phenotypic screening approach for NRF2 inhibitors

biochemical assays, and cross-linking confirmed the glue-type mechanism of action.

In 2021, Dieter et al.*® reported a high-throughput screen of a library consisting of 80,000 small molecules
without known activity against a heterogeneous collection of patient-derived metastatic colorectal cancer
(CRC) spheroids. Follow-up transcriptomics and chemical proteomics validated compound NCT02 as a
molecular glue that induced the ubiquitination of cyclin K and the proteasomal degradation of its partner,
CDK12. A notable difference from CR8 was the lack of detectable CDK12 kinase inhibitory activity for
NCTO2.

In 2022, Jorda et al.*° reported a series of 3,5,7-substituted pyrazole[4,3-d]pyrimidine based inhibitors of
CDKs. Among them, compound 24 induced the degradation of cyclin K. Molecular docking studies
suggested a similar binding mode to CR8. It must be noted that with the exception of the crystal structure
of CR8, no crystal structures for the other cyclin K degraders were reported in the original studies.

A remarkable observation from these studies was the structural diversity of the compounds that degraded
cyclin K with the same molecular-glue mechanism of action. In 2023, Kozicka et al.°! thoroughly
investigated the structure-activity relationships (SAR) of cyclin K degraders. Over 90 structurally diverse
compounds were evaluated; first in vitro using a TR-FRET assay that measured complex formation between
CDK12—cyclin K and DDB1 in the presence of small molecules, and then in cellular assays. 40 of these
compounds showed low nanomolar affinity (<100 nM in vitro) for the CDK12-DDB1 complex and the
structures of 28 ternary complexes were solved by crystallography (Fig 2A). The role of Arg928 in DDB1 as
a hotspot residue for gluing moieties was confirmed. The glues targeted Arg928 preferentially with -
cation interactions, and in some cases via hydrogen bonds and hydrophobic interactions. Overall, arenes
and heteroarenes with varying sizes, and even weaker aliphatic groups were able to engage with Arg928
and enabled CDK12/DDB1 interactions. Appropriate electronic and steric effects for m-cation interactions
with DDB1 were crucial for forming a high-affinity complex. Notably, the purine moiety interacting with
the hinge kinase residues (Met816, Glu814, Tyr815 in CDK12) was unable to enhance gluing activities
independently, but only synergistically in cases that the Arg928 (in DDB1) was appropriately targeted. Even
smaller analogs — as exemplified in compound 919278 — that lacked the typical purine-based kinase
inhibitor moiety were able to form sufficient interactions with the kinase hinge residues and Arg928, thus



acting as molecular glue degraders. These observations demonstrated that a minimal pharmacophore
fingerprint for cyclin K degraders was the hinge-interacting acceptor—donor motif, which is common for
kinase inhibitors, and an additional gluing moiety including an aromatic system extending from the
hydrogen bond donor.

Thorough cellular validation and characterization of the compounds followed and included reporter
assays, viability assays, kinase inhibitory profiling, proteomics, and RNA-seq. An important observation
was that the inhibiting versus degrading functions were directly tunable and could largely be decoupled,
especially when small compounds with no inhibitory activity were used as starting points for the
development of degraders. The ubiquitination and subsequent degradation of cyclin K further required
additional compound-mediated interactions. The authors also noted that the biochemical ternary affinity
was predictive of degradation in cellular systems.

The structural diversity of cyclin K degraders and tolerant SAR were linked to the large, complementary
PPl interface in this case, where the degraders contributed to ~20% of the binding surface. The identified
glues showed specificity for CDK12 and CDK13, whereas other kinases were not targeted. The specificity
for the CDK12/cyclin K complex or the structurally similar CDK13/cyclin K could be explained by the unique
CDK12/13 C-terminal tail that contributed to the neomorphic PPI interface. As a more general conclusion,
the authors proposed that structure-activity relationships and substrate specificity correlated with the
absolute size of the PPl interface, as well as the relative contribution of the compound to the interface.
From a discovery perspective, the diverse screening approaches that uncovered the same CDK12/DDB1
complex encourages future innovation.

Degraders of B-catenin. In 2019, Simonetta et al. described the identification and rational design of
molecular glues that restored the native PPI between the oncogenic transcription factor B-catenin and its
cognate E3 ligase, SCFP™P 52 The WNT pathway is often dysregulated in cancer, with diverse mechanisms
leading to reduction in B-catenin phosphorylation at the phosphodegron residues Ser33 and Ser37. Loss
of phosphorylation impairs its ability to effectively bind to SCFFT® and prevents its degradation. A
fluorescence polarization (FP) binding assay was developed utilizing B-catenin phosphodegron residues
and recombinant B-TrCP/Skpl complex (referred as B-TrCP subsequently). The binding affinity of singly
phosphorylated peptide (phospho-Ser33/Ser37) was more suitable for the development of an HTS assay
than unphosphorylated or phospho-Ser37 peptides. Screening a 350,000-compound library led to the
identification of four structurally similar compounds, including NRX-1532. The compound was further
validated with TR-FRET and SPR assays. The crystal structure of the ternary complex of B-catenin/B-
TrCP/NRX-1933, a structurally similar but more soluble tetrazole analog, was solved (Fig 2B). The
compound bound in the PPl interface and formed interactions with both partners. The
trifluoromethylpyridone group filled an additional small hydrophobic pocket that was revealed due to the
absence of Ser37 phosphorylation and acted as a phosphate mimic. The TR-FRET assay further supported
the cooperative binding mode.



The crystal structure b-factors suggested that the N-terminus of the B-catenin peptide was not tightly
bound and could potentially reveal a larger and more druggable binding pocket. This hypothesis was tested
with compounds such as NRX-2633 that included a phenoxy substituent and were able to induce the
rearrangement of Leu31, thus creating a larger pocket. NRX-2633 showed improved potency in the binding
assay and enhanced cooperativity (13-fold). Structure-guided optimization of the phenoxy substituent to
diarylthioethers led to analogs NRX-252114 and NRX-252262 with significant improvements in both
potency (ECso values of 6.5 nM for NRX-252114 and 3.8 nM for NRX-252262; an improvement of >10,000-
fold) and cooperativity (>1500-fold), compared to the screening hit. The two compounds were further
evaluated in cell assays and were able to potentiate the binding of S37A mutant B-catenin to B-TrCP,
increase K48-linked ubiquitination of mutant B-catenin and restore its proteasomal degradation.

The study highlights the importance of cooperativity since the molecular glues bind to the ternary complex
but not to B-TrCP alone. An important advantage of restoring a native PPl with molecular glues, as
showcased here, is that there is a naturally occurring interface and accessible lysine residues on the
substrate for ubiquitination and degradation. Additionally, the molecular glues were selective for the
mutant form of B-catenin; thus, the wild-type function in normal tissues should not have been affected by
this strategy. This work represents the first rational example of molecular glues targeting native substrate—
E3 ligase interactions. The strategy could be applied to other native PPls weakened by mutations at the
PPl interface. The B-catenin example also highlights a potential pitfall for biochemical screening for weak
PPIs; namely, if binding is too weak to detect, it can be difficult to develop the assay and biological
relevance could be compromised.

Non-degradative molecular glues / PPI stabilizers

Natural products

Several classes of natural products stabilize PPls without leading to the degradation of either protein.
Among these are the well-studied examples of rapamycin and microbial macrolides, such as FK506 and
cyclosporin A. In all three cases, the MG mechanism of action was discovered retrospectively. Cyclosporin,
an immunosuppressive agent, binds to cyclophilin and calcineurin, a Ca?*/calmodulin-dependent protein
phosphatase.>®* Upon formation of the ternary complex, the phosphatase activity of calcineurin is
inhibited, leading to activation of interleukin-2. Calcineurin is also the target of microbial macrolides, like
FK506 (also known as tacrolimus), which simultaneously binds to FK506-binding protein 12 (FKBP12) and
calcineurin. The formed ternary complex reduces the activity of the peptidyl-prolyl cis-trans isomerase of
FKBP12 and the phosphatase activity of calcineurin. Rapamycin, a potent immunosuppressive agent, binds
simultaneously to two proteins: the FK506-binding protein (FKBP12) and the FKBP-rapamycin-associated
protein (FRAP), also known as the mechanistic target of rapamycin (mTOR). The crystal structures of
FK506/FKBP12/calcineurin in 1995°* and rapamycin/FKBP12/FRAP in 1996° are the first examples of
ternary complexes of molecular glues. In both cases, the natural products form extensive ligand-protein
interactions with both protein partners and contribute to 25-50% of the total buried surface area.

14-3-3 PPI stabilizers. Another important class of non-degradative natural product MGs are the
fusicoccanes. Fusicoccin-A (FC-A) and cotylenin-A stabilize native PPls between the scaffolding, adaptor
protein 14-3-3 and its clients.>*>° 14-3-3 proteins have a very extensive interactome that includes tumor
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promoters, tumor suppressors and transcription factors. 14-3-3 exerts its functions by recognizing and
binding to short phospho-serine/threonine (pS/pT) motifs on intrinsically disordered domains/regions of
the client protein.®®®! Binding of 14-3-3 to its clients leads to diverse biological effects depending on the
localization, function, and role of the client. For transcription factors, such as ChREBP®2 and estrogen
receptor alpha (ERa)%, binding to 14-3-3 has an inhibiting effect, controlling their shuttling between the
nucleus and the cytoplasm. Modulating the native interaction between 14-3-3 and ERa by FC-A inhibited
ERa binding to DNA and reduced cell growth in ERa-dependent cell lines. Thus, 14-3-3/ERa stabilization
may be an alternative therapeutic strategy for breast cancer treatment, where mutations often occur in
the ligand-binding domain of ERa. 14-3-3 is also a central regulator of the MAP kinase signaling pathway,
where it has a dual role.%3% As a dimeric protein, 14-3-3 maintains RAF kinases in an inhibited state by
interacting with two RAF phosphorylation sites (pS259 and pS621 on C-RAF). Upon pathway activation,
interaction with RAS and dephosphorylation of the inhibiting pS259 site, conformational changes occur
that allow the dimerization of two RAF’s kinase domains bound to one 14-3-3 dimer. The active RAF homo-
or heterodimers promote MAP kinase signaling. Thus, the stabilization of the 14-3-3/RAF inhibitory
complex offers an alternative approach to modulate the MAPK pathway, often dysregulated in cancers and
in certain developmental disorders, instead of direct RAF inhibition.

Although the underlying biology of 14-3-3 is well understood for several targets, and the potential
advantages of a therapeutic intervention are enticing, the complex nature of the natural product stabilizers
makes them unsuitable for further clinical advancement. Nevertheless, fusicoccanes were significant in
proving the ligandability of the site. Diverse approaches have since been disclosed for the identification of
client-specific 14-3-3 stabilizers, including virtual screens,®® high throughput screens,®®’° and fragment-
based approaches.”* In each case, the screens utilized a phosphopeptide derived from the client protein,
since the disordered domains of client proteins are often difficult to isolate recombinantly. Here, we
describe a few representative examples in more detail (Fig 3A). Although the 14-3-3 stabilizers are not as
preclinically advanced as some of the MGs described above, the focus of these studies has been to develop
a systematic discovery-and-optimization framework for molecular glues; this rational, structure-guided
approach may expose underlying principles for MG discovery more broadly.

A targeted virtual screening approach was used to identify stabilizers of the 14-3-3/ChREBP complex.
ChREBP (carbohydrate-response element-binding protein) is a glucose-responsive transcription factor that
plays an important role in the pathogenesis of glucolipotoxicity.5>6 14-3-3 binding to ChREBP results in its
cytoplasmic retention and suppresses its transcriptional activity. Stabilization of this interaction could
therefore be therapeutically useful for type 2 diabetes. ChREPB is one of the few phosphorylation-
independent 14-3-3 binding proteins and binds to 14-3-3 in a unique a-helical conformation.” The pS/pT
site in the composite PPl interface can accommodate a free sulfate, phosphate, or adenosine
monophosphate (AMP). The screening of phosphonate analogs, which typically inhibit the 14-3-3/ChREPB
PPI, resulted in the identification of one PPI stabilizer, which was rationally optimized further. The
optimized compound 3 stabilized the 14-3-3/ChREBP complex by 14-fold in fluorescence anisotropy
titrations. The ternary crystal structure showed that this phosphonate MG bound cooperatively in the
phospho-accepting 14-3-3 pocket and formed multiple interactions both with 14-3-33 and the ChREBP
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peptide (Fig 3A). Polar interactions were formed with 14-3-3f (Lys51, Arg58, Arg129, Tyr130) and ChREBP
(Arg128). Hydrophobic interactions were also observed between the phenyl ring of compound 3, 14-3-3
(Leu218, Ile219, Leul74, Leu222) and ChREBP (lle120). The phosphonate group of compound 3 formed
polar interactions with Arg128 (ChREBP), which further interacted with Glu182 (14-3-3), thus locking the
conformation of this ChREBP residue. Further optimization of the stabilizers allowed their evaluation in a
cellular setting, where they showed retention of ChREBP in the cytoplasm and repression of ChREBP
transcriptional activity.”’

Fragment-based screens utilizing different technologies have been particularly robust for discovering 14-
3-3/client stabilizers. Fragments, due to their small size, provide useful starting points for targeting the
complex protein surfaces typical of PPI interfaces’®. The peptide-binding groove on 14-3-3 is largely
conserved but the sequence and conformation of the client phosphopeptide varies dramatically from
client-to-client. Thus, the shape and amino-acid composition at the FC-A binding site in the formed 14-3-
3/client complexes are highly divergent, allowing the selective targeting of 14-3-3/client PPlIs.
Furthermore, different residues on 14-3-3 can be targeted as ‘anchor’ binding elements. For instance,
imine-based tethering approaches have been reported for the 14-3-3/p65’® and the 14-3-3/PIN1
complexes.”® Aldehyde-containing fragments that bound to the conserved Lys122 of 14-3-3 in the middle
of the binding groove, showed weak stabilization of the 14-3-3/p65 complex by adopting a conformation
that facilitated interactions with the p65 peptide. In a similar manner, optimized aldehyde-containing
compounds, such as compound 23, stabilized the 14-3-3/PIN1 complex via specific pi-pi interactions with
the tryptophan of the PIN1 peptide (+1 position of the phospho-site) (Fig 3A).

The ease of crystallization of 14-3-3/phosphopeptide complexes has facilitated structure-guided fragment-
linking approaches. A crystallographic screen identified amidine fragments that bound via an anchoring
ionic bond to Glul14 of 14-3-3 at the rim of the interface.”* The fragments stabilized either the 14-3-3/TAZ
or 14-3-3/p53 complexes with distinct binding modes in each case. A second fragment, targeting an
engineered cysteine at Asn42Cys mutation on 14-3-3 was identified using intact mass spectrometry
(disulfide tethering)’?. The disulfide tethering technology relies on the formation of reversible disulfide
bonds between the fragment and native or engineered cysteines.® A tethering screen of 1600 disulfide
fragments identified compounds that bound preferentially in the presence of the ERa-derived
phosphopeptide.’? Co-crystallization demonstrated a favorable positioning of this tethered fragment next
to the previously identified amidines, enabling a fragment-linking approach for the development of non-
covalent 14-3-3/ERa stabilizers.’! The optimized compound 24 stabilized the 14-3-3y/ERa complex by 25-
fold in fluorescence anisotropy (FA) titrations. The binding mode and the interacting amino acid residues
at the interface are shown in figure 3A.

Disulfide tethering screens were also targeted to a cysteine residue on a phosphopeptide client (ERRy’®)
and to the native Cys38 found in 14-3-30 at the periphery of the binding groove.”® In the latter case,
comparative disulfide tethering screens with 14-3-3-binding phosphopeptides with diverse shapes and
binding modes (ERa, C-RAF, FOXO1, USP8, SOS1) identified both non-selective and client-selective
disulfide stabilizers. The binding mode of a C-RAF selective fragment (fragment 7) is shown in figure 3A. It
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is noteworthy that the diversity of the 14-3-3/client interfaces led to a diversity of hits, suitable for further
structure-guided optimization.

A non-selective fragment (fragment 1) was found to stabilize both the 14-3-36/ERa and 14-3-36/CRAF
complexes, with a stronger preference for C-RAF. Fragment 1 was used as a starting point for the
development of irreversible, covalent stabilizers of the 14-3-30/ERa complex via structure-guided
optimization.®? Although the binding mode of the fragment was similar in both cases, the two client
phosphopeptides were vastly different. ERa bound to 14-3-3 via Val595 at the C-terminus of ERa, whereas
C-RAF bound with an internal sequence centered on phospho-Ser259. Chemical modifications of the
fragment included the replacement of the disulfide tether with irreversible electrophiles, modifications in
close proximity to the 14-3-3/ERa interface, aiming for specific interactions with both, and conformational
locking of the warhead at the rim of the interface with spiro-cycles. The overall optimization tuned the
selectivity towards ERa, and a minimal effect was observed for C-RAF due to steric hindrance. Compound
181 showed strongly enhanced potency and cooperativity in biophysical assays, similar to the FC-A natural
product (appKq for the 14-3-3/ERa peptide complex was 18 nM, a 116-fold stabilization at 100 uM
compound). In the crystal structure, 181 bound covalently to Cys38 (14-3-3) and formed water-mediated
hydrogen bonds with Arg4l (14-3-3) and Asp215 (14-3-3) at the rim of the interface (Fig 3A). At the
protein/peptide interface, the p-chloro-aniline moiety formed a halogen with Lys122 (14-3-3). A water
network was formed between the oxygen of the tetrahydropyran, the terminal carboxy group of ERa and
the NH group of the aniline. Hydrophobic interactions were observed between the methyl group and the
shallow, hydrophobic pocket formed by 14-3-3 residues (Leu218, 1le219, Leu222). The presence of the
spiro-cycle locked the overall conformation of the complex, resulting in high shape complementarity in the
binding pocket and significantly improved cooperativity over more flexible analogs. In cell-based ERa
luciferase reporter assays, compound 181 reduced ERa transcriptional activity more effectively compared
to the natural product and blocked breast cancer cell proliferation. In western blots, compound 181
increased phosphorylation levels of the ERa Thr594, indicating that it enhanced binding of 14-3-3 to its
ERa phospho-site, thereby protecting it from phosphatases.”

These 14-3-3/client stabilizers demonstrate that the rational identification of molecular glues for diverse,
native PPls can be achieved via different screening approaches. These approaches are likely applicable to
other targets beyond 14-3-3, and bear resemblance to the B-catenin example described above. Despite
the common binding site on the 14-3-3/client binding grove, selective molecular glues can be developed
by targeting the +1 peptide residue adjacent to the phospho-site of the client, which is significant for
molecular recognition, and at the same time aiming at the chemically unique composite binding pocket
formed by a given 14-3-3/client PPI interface. The 14-3-3/client MGs, as exemplified in the crystal
structures of the ternary complexes, form interactions with both partners. Additionally, they show low or
no intrinsic affinity to the individual binding partners and act cooperatively via enhancing the existing
affinity of the native PPIs. Covalently bound 14-3-3 MGs also bear resemblance to the cereblon-binding
IMiDs. In both cases, the binding to the ‘hub’ protein is consistent, and diversification of the client-binding
side of the compound provides specificity. Full-length structures of cereblon, however, demonstrate large
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conformational changes that also drive ternary complex formation; it remains to be seen whether full-
length ternary complex structures for 14-3-3/client/MGs also show long-range interactions.

Using 14-3-3/client complexes as examples, de Vink et al. have described a cooperativity model®’ to
quantify the efficacy of PPI stabilizers in terms of the cooperativity factor (a) between the stabilizer and
the binding partners, as well as the intrinsic affinity of the stabilizer towards one of the apo-proteins (Kp'")
(Fig 3B). The cooperativity framework relies on fluorescence polarization measurements (2D-FP protein
titrations) and a semi-numerical thermodynamic model based on the sequential binding of protein (R) or
phosphopeptide partner (P) and stabilizer (S). The binding partner binds to the target protein with Kp'. In
the presence of stabilizer, the enhanced affinity becomes Kp'/a. When the partner is already bound to the
target protein the Kp"in the presence of stabilizer is enhanced to Kp"/a.. The model allows the development
of structure-activity relationships, and the efficacy of the stabilizers is attributed to either changes in
cooperativity or intrinsic affinity.

Trametinib: a stabilizer of the MEK/KSR PPI. An unexpected molecular-glue type interaction for a native
PPl was reported for the MEK inhibitor trametinib. In 2020 Khan et al. solved crystal structures of MEK
bound to the pseudokinase KSR (kinase suppressor of RAS) in the presence of MEK inhibitors®® (Fig 3C).
Among them, the FDA-approved drug trametinib directly engaged KSR at the MEK interface, in a molecular
glue type ternary complex. Trametinib, as an ATP-noncompetitive kinase inhibitor, occupied the typical
MEK inhibitor allosteric site adjacent to ATP, but its 3-substituted phenyl acetamide group also extended
into a sub-pocket that reached the KSR interaction interface. This phenyl acetamide was unique to
trametinib compared to other clinical MEK inhibitors. The moiety occupied a pocket formed at the MEK-
KSR interface and formed contacts with both proteins. Trametinib also disrupted the RAF-MEK complex
due to a putative steric clash between the phenyl acetamide and the pre-helix aG loop in BRAF. The
structural information was then used to design a compound imaginatively called trametiglue, to test
whether adaptive resistance to MEK inhibitors could be overcome by alterations at the interfaces of KSR-
MEK and RAF-MEK. Trametiglue had a sulfamide group instead of the acetamide group of trametinib and
this allowed the formation of two additional hydrogen bonds at the interface of KSR-MEK. Co-
immunoprecipitation assays showed that trametiglue, but not trametinib, markedly enhanced capture of
BRAF, suggesting a favorable binding of BRAF to MEK. This strategy could be further applied to the rational
design of MEK inhibitors by targeting the interfacial binding regions of regulatory complexes in the MAPK
pathway with MG-type molecules.

LSN3160440: a stabilizer of GLP-1R/GLP-1 PPI. In 2020 Bueno et al. reported the discovery of LSN3160440,
a molecular glue that stabilized an active-state conformation of a G-protein coupled receptor (GPCR) by
binding cooperatively both to the receptor (GLP-1R) and to an orthosteric ligand [GLP-1-(9-36)].8¢ GLP-1-
(9-36), a metabolite of the native ligand GLP-1(7-36), although functionally inactive, retains weak affinity
to GLP-1R. A 220,000-compound library was screened using GLP-1R expressing HEK293 cells in the
presence of GLP-1-(9-36) at ECy (20% maximum effective concentration) to identify allosteric modulators.
Multiple cycles of SAR optimization of the hits led to compound LSN3160440, which enhanced both the
potency and relative efficacy of GLP-1-(9-36). The complex of GLP-1R bound to LSN3160440 with full-
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length GLP-1, heterotrimeric Gs, and the camelid antibody Nb35 was determined using cryo-EM (Fig 3D).
LSN3160440 bound to the extracellular side of GLP-1R in a pocket formed at the interface of
transmembrane helices TM1 and TM2. Ligand-receptor and ligand-peptide interactions were also formed
at the TM1-TM2 interface. Thus, LSN3160440 bound to GLP-1R and GLP-1 simultaneously, stabilizing a
new interface and potentiating the intrinsic activity of GLP-1(9-36) to fully activate the receptor.
LSN3160440 represents the first example of a PPI stabilizer affecting cell surface signaling.

Molecular glues inducing self-association

In contrast to native PPI stabilizers, there are numerous examples of compounds that induce self-
association, including homo- or heterodimerization, oligomerization or polymerization of the target
protein. In most of the cases, the molecular glue-type self-association mechanism of action was discovered
retrospectively. One striking contrast is the biophysically based, prospective discovery of Tafamidis®,
which stabilizes the tetramer of transthyretin, inhibiting its dissociation and aggregation. Tafamidis is used
to treat patients with transthyretin familial amyloid polyneuropathy (TTR-FAP), a rare autosomal dominant
neurodegenerative disorder. In the 2000’s, the Kelly lab determined that the rate-limiting step in
transthyretin amyloid formation was the dissociation of the tetramer to monomers; by kinetically
stabilizing the tetramer with a small molecule ‘chaperone,’ they were able to slow dissociation and inhibit
amyloid formation. The discovery of Tafamidis represented a rational, structure-based drug design effort
that led to a first-in-class therapeutic agent, and furthermore paved the way for discovering new oligomer-
stabilizing molecular glues.

BCL6 degraders. Development of BCL6 (B-cell lymphoma 6 protein) inhibitors is one of the most-well
known recent examples of compounds leading to high-order polymerization. These compounds could also
be classified as MGDs, but the feature of high-order polymerization makes them in a way distinct from the
MGDs described earlier. The transcription factor BCL6 is involved in lymphoid malignancies and non-
Hodgkin lymphomas, including diffuse large B cell ymphoma (DLBCL). BCL6, as a transcriptional repressor,
binds specific DNA sequences via zinc fingers (ZF) and recruits transcriptional co-repressor complexes via
its BTV/POZ domain. The BTB domain, a protein interaction motif at the N-terminus, forms an intertwined
head-to-tail homodimer and can adopt various oligomeric states. In 2017, Kerres et al. showed that the
BTB domain of BCL6 was highly druggable and performed structure-based drug design to identify
inhibitors.®8 A high-throughput screen by fluorescence polarization (FP) was performed with a library of
1,700,000 compounds monitoring the interaction of a co-repressor peptide with the BTB domain of BCL6.
The hits were further validated with surface plasmon resonance (SPR), crystallography, and a biochemical
ULight co-repressor peptide-binding assay. Structure-guided optimization followed and, interestingly, in
addition to BCL6 inhibitors, a subset of compounds was identified as BCL6 degraders. BI-3812 acted an as
inhibitor, whereas BI-3802 acted as a degrader. Structurally, the authors attributed the different activity to
the pyrimidine-R2 substituent; polar or charged moieties resulted in non-degraders, whereas non-polar
and lipophilic uncharged moieties resulted in degraders (Fig 4A). Importantly, BI-3802 rapidly induced
ubiquitination and degradation of BCL6, resulting in stronger induction of expression of BCL6-repressed
genes and significant anti-proliferative effects compared to equipotent non-degradative inhibitors.
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In 2020, the cryo-EM structure was reported for BI-3802 and showed that the solvent-exposed moiety of
the BCL6 inhibitor contributed to the composite ligand/protein interface.®” Binding of BI-3802 to the BCL6-
BTB domains triggered higher order assembly of BCL6 into filaments. The polymerization resulted in
enhanced ubiquitination of BCL6 by the E3 ligase SIAH1, which recognized a VxP motif distal to the binding
site. Structurally, the dimethyl piperidine moiety of BI-3802 interacted directly with distal amino acids on
the adjacent BTB domain homodimer (Fig 4A). The compound bound in a groove between BCL6 dimers,
and the resulting interface resembled the dimer interface observed in the crystal structure. Direct contacts
were formed with Tyr58 of BTB a and hydrophobic interactions with Cys84 on the adjacent dimer (BCL6
v/8). A key interaction was observed between Arg28 of BTB B and Glu41 of BTB y, which formed a salt
bridge critical for dimer-dimer interaction. The lack of BCL6 polymerization for the structurally similar
inhibitor (BI-3812) was attributed to a steric clash of the longer carboxamide group, as indicated by
modeling in the cryo-EM structure. An additional systematic alanine scan confirmed that the key resides
were located on the polymerization interface (Glu41, Cys84) or in close proximity to the ligand binding site
(Gly55, Tyr58).

Also in 2020, Bellenie et al.® reported a series of benzimidazolone inhibitors of the PPl between BCL6 and
its co-repressors. CCT369260, an analog of BI-3802 with improved properties was an orally bioavailable
degrader and reduced BCL6 levels in a lymphoma xenograft mouse model. Structurally similar compounds,
such as 25a, acted as inhibitors and not degraders. The authors also showed that in the crystal structures
of non-degrader 25a and degrader CCT369260 the binding mode was similar and speculated that the
nature of the substituents rather than a distinct binding mode might be dictating the degrading or non-
degrading behavior of a compound. In contrast to the bulkier carboxamide group in inhibitor BI-3812, for
compounds 25a and CCT369260, the size of the substituents was not vastly different. However, a plausible
hypothesis was that the oxygen in the morpholine ring (compound 25a, inhibitor) would form polar
interactions, whereas the di-fluoro-moiety in that position (CCT369260, degrader) would form non-polar
interactions. This observation supports the conclusion reached for BI-3812 and BI-3802.%

PD-L1 molecular glues. An interesting case of compounds originally designed as PPl inhibitors, but actually
functioning via an entirely different mechanism, are the PD-1/PD-L1 small molecule inhibitors. The PD-
1/PD-L1 axis has emerged as a breakthrough target in cancer immunotherapy.®>°! Programmed death-1
(PD-1), expressed on the surface of activated T lymphocytes, belongs to immune checkpoint receptors.
Binding of ligands PD-L1 or PD-L2 induces a co-inhibitory signal in the T-cell. PD-L1 is often overexpressed
on the surface of cancer cells and as a result, binding of PD-1 to PD-L1 suppressed antitumor immunity
and thus promotes tumor progression.

Following the clinical success of monoclonal antibodies targeting either PD-1 or PD-L1, several classes of
small molecules were reported as PD-1/PD-L1 inhibitors.®>%* Among them was the scaffold originally
disclosed by Bristol-Myers Squibb (BMS) in 2015 (W02015/034820 A1), which included a tri-aromatic core
with a mono-ortho substituted biphenyl substructure.®® Representative examples were BMS-8 and BMS-
202. Initial biological data were obtained by a homogenous time-resolved fluorescence (HTRF) assay. No
further in vitro or in vivo data were disclosed at the time. The true nature of BMS-8 and BMS-202 was
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revealed in 2017, when Zak et al.”” reported the crystal structures with human PD-L1 (Fig 4B), supported
by several additional biophysical methods, including protein NMR and size exclusion chromatography. The
two compounds dissociated the PD-1/PD-L1 complex in NMR studies, induced thermal stabilization of PD-
L1, and - as shown in the crystal structures - led to the formation of a compound-PDL1 complex in a ratio
of 1:2. Both BMS-8 and BMS-202 bound in a cylindrical, hydrophobic pocket created at the interface of the
two monomers. The pocket was solvent accessible on one side of the dimer but restricted by the sidechain
of aTyr56 on the opposite side. Both compounds bound in a similar way and formed key interactions with
the hot spot amino acids Tyr56, Met115, Ile116, Alal21 and Tyr123 at the dimer interface, forming a stable
ternary complex. The 2-methylbiphenyl core was deeply buried in the pocket and formed the majority of
interactions with the hot spot residues, including T-stacking interactions with AaTyr56, m-alkyl interactions
with AMet115 and gAlal21 and additional hydrophobic interactions. In a subsequent study, the crystal
structure of the optimized ligand BMS-1166 was reported®® (Fig 4B). The homodimerization mechanism
was also observed with BMS-1166, a highly potent compound that showed multiple interactions in the
dimer interface and caused a rearrangement of Tyr56. The elucidation of the molecular-glue type
dimerization mechanism and the unambiguous role of the biphenyl core rapidly enabled the numerous

subsequent structure-guided optimization efforts.?"1%

More recently, it was shown that PD-L1 molecular glues can have distinct effects on degradation pathways.
BMS-1166 blocked PD-L1 glycosylation, which is required for the interaction between PD-L1 and PD-1 to
occur. Additionally, binding of BMS-1166 to PD-L1 trapped the latter in the endoplasmic reticulum (ER) by
preventing the transportation of the newly synthesized PD-L1 into the Golgi, limiting further glycosylation.
Consequently, the under-glycosylated PD-L1 in the ER underwent rapid degradation, potentially via the
ER-associated protein degradation pathway (ERAD).1% In contrast to inhibition of protein trafficking, in
2022 Wang et al. showed that compound 17, an oxadiazole bis-aryl analog that dimerized PD-L1, promoted
the reduction of cell-surface PD-L1 by inducing internalization and lysosomal-dependent degradation of
PD-L1.27 The underlying causes of the opposite degradative effects of PD-L1 molecular glues are not yet
fully elucidated.

JH-RE-06 dimerizes REV1. In 2019, Wojtaszek et al. described the molecular glue-type mechanism of
action of compound JH-RE-06 as an inhibitor of mutagenic translesion DNA synthesis.'® The compound
acted as a dimerization inducer of REV1 and thus a disruptor of the REV1-REV7 PPIl. DNA-damaging
chemotherapeutics, such as cisplatin, are known to generate DNA lesions, which cannot be repaired by
high-fidelity DNA polymerases. To bypass the lesion site at the cost of replication fidelity, specialized DNA
polymerases are used in a process known as translesion synthesis (TLS). In mammalian cells, TLS is a two-
step process; first, an insertion TLS DNA polymerase (POL n, POL (, POL k, and REV1) introduces the
nucleotide opposite to the lesion and then an extending TLS DNA polymerase, such as the B-family
polymerase complex POL T (POL Zy: REV3L/REV7/POLD2/POLD3) extends the 3’-terminus. Among these
TLS polymerases, REV1 and POL T play an important role in the survival of cancer cells in the presence of
cisplatin. Therefore, inhibition of REV1-POL L interaction is a promising strategy to sensitize cancer cells to
chemotherapeutic drugs such as cisplatin and prevent acquisition of drug resistance. However, the
development of small molecules inhibitors with high specificity and in vivo efficacy has been challenging.
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The authors focused on the evolutionarily conserved interaction between REV1 and POL T, specifically by
targeting a shallow pocket on the REV1 C-terminal domain (CTD) and the REV7 subunit of POL . The
authors noted that in addition to the REV7-binding surface to REV1 CTD being shallow, it also contained a
conformationally dynamic C-terminal tail, which could further hinder the identification of small molecule
inhibitors. An ELISA assay was designed to screen for inhibitors that would specifically target the REV7-
binding surface of the REV1 CTD to disrupt the REV1-REV7 interaction. Screening 10,000 structurally
diverse compounds led to the identification of compound JH-RE-06, which inhibited the REV1-REV7
interaction at 10 uM. Follow-up validation was performed by a quantitative AlphaScreen assay, revealing
an ICso value of 0.78uM, which was in close agreement with the ITC dissociation constant (Kg=0.42uM).
ITC showed protein-to-ligand stoichiometry of 2:1 REV1:compound. A co-crystal structure unexpectedly
revealed that although the conserved REV7-binding surface of the REV1 CTD was the target of JH-RE-06,
the compound bound to the REV1 CTD by inducing its dimerization, consistent with the 2:1 ratio observed
by ITC (Fig 5A). Additionally, distinct conformations of the C-terminal tails of the REV1 CTD subunits were
observed in the ternary complex, indicating the formation of an asymmetric dimer. Multiple ligand—protein
interactions were formed in the dimer interface, including several hydrophobic interactions and direct
polar interactions. The formed REV1 CTD dimer created a large binding pocket for JH-RE-06, where nearly
all the functional groups of the compound interacted with the monomers. Additionally, the formation of
the dimer concealed the REV-7-binding surface, thus blocking the REV1 CTD interaction with REV7 and
POL T recruitment. Further evaluation of the compound showed that it sensitized tumors to cisplatin and
reduced mutagenesis in vitro. In xenograft mouse models of human melanomas, co-administration of JH-
RE-06 with cisplatin successfully suppressed tumor growth and prolonged animal survival. As the authors
highlighted, small molecules could surprisingly target dynamic and seemingly featureless protein
interfaces once considered undruggable.

NVS-STG2 oligomerizes STING. In 2023, Li et al. reported the activation of human STING (stimulator of
interferon genes) by a molecular glue-like compound (NVS-STG2), which induced high-order
oligomerization of STING.!® STING, a dimeric transmembrane adapter protein, has been extensively
studied for its role in human innate immune response to infection and for its antitumor activity. High-order
oligomerization is required for its activation. Activation occurs by binding of cyclic di-nucleotides (CDNs),
such as cGAMP to the ligand-binding domain (LBD) located on the C-terminal cytosolic region of STING.
The N-terminal region forms the transmembrane domain (TMD), which includes four transmembrane
helices from each subunit that stabilize the dimeric state.

To search for small-molecule activators of STING, HTS phenotypic screening in THP1-dual cells containing
an interferon stimulated response element-luciferase (ISRE-Luc) reporter gene was performed. The hit
compound NVS-STG1 was characterized by differential scanning fluorimetry (DSF); in contrast to cGAMP,
NVS-STG1 did not bind to the LBD of human STING (hSTING). SAR optimization was performed to improve
potency before returning to identifying the mechanism of action. The optimized analog NVS-STG2 showed
over 100-fold induction of ISRE-Luc reporter and strongly induced phosphorylation of IRF3, the key
transcription factor downstream of the STING pathway. Photoaffinity labeling and quantitative chemical
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proteomics confirmed that NVS-STG2 had a direct effect on STING. Additionally, the activation of STING by
NVS-STG2 was confirmed with an in vitro assay by monitoring the high-order oligomerization of purified
STING with native gels. In the absence of ligands, STING existed predominantly in a dimeric state. In the
presence of cGAMP or C53, a hydrophobic compound that was recently shown to bind in a cryptic pocket
in the human TMD,% relatively small high-order oligomers were formed. NVS-STG2 strikingly induced
high-order oligomerization. The combination of cGAMP, C53, or both with NVS-STG2 promoted the
formation of more and larger oligomers, indicating that a different binding site in the TMD was targeted.

Structural biology confirmed and further explained this oligomer-forming mechanism of activation. A cryo-
EM structure of STING in complex with cGAMP and NVS-STG2 at 4 A resolution showed the formation of
oligomers consisting of approximately 3-6 dimers. The cryo-EM structure of STING bound to
cGAMP/C53/NVS-STG2 at 2.9 A showed longer and more abundant oligomers, consisting of 10-30 dimers.
All three ligands had well-defined densities; two NSV-STG2 molecules bound to the interface between the
TMDs of two neighboring STING dimers, while cGAMP bound to the LBD and C53 bound to the TMD
pockets within each STING dimer. In both cryo-EM structures, NSV-STG2 effectively acted as a molecular
glue that enhanced the interface of two STING dimers and formed stabilizing interactions with both protein
surfaces (Fig 5B). The central phenyl group occupied a cavity between the TMDs of the two neighboring
STING dimers. The carboxylic acid of NVS-STG2 formed a salt bridge with Arg95 (TM3) and additional
electrostatic interactions with Arg94. Additional residues interacting with NVS-STG2 were GIn55, Leu98,
Leul34, Leul36 of one STING dimer and Leul34 of the second dimer. Hydrophobic interactions were
observed between the ligand and Val48, Leu51, Ala52, Leu101 and Phel05 from one STING dimer and
Leud4, Leud7, Leu51 and Leul39 from the second dimer. Notably, more contacts were formed between
the TMDs of the two STING dimers, further stabilizing the high-order oligomerization. Overall, the authors
rigorously demonstrated the mechanism of action of NVS-STG2 as a molecular glue and provided the
structural basis for the rational development of STING agonists or potentially even STING antagonists by
introducing bulky compounds that would bind to the pocket without allowing the side-by-side packing
required for the high-order oligomerization.

MERS-CoV non-native dimerization. In 2020 Lin et al. identified orthosteric stabilizers of a non-native PPI
to target the Middle East respiratory syndrome coronavirus (MERS-CoV).!!! This discovery started from a
cloning artifact; a non-native dimeric interface was revealed by crystallization of the N-terminal domain of
the MERS-CoV nucleocapsid protein (N-NTD), in contrast to previous N-NTD monomeric structures. The
dimerization was facilitated by two nonendogenous N-terminal vector-fusion residues (His37 and Met38)
that were present during protein expression. Cross-linking experiments and further analysis of the dimeric
structure showed that residue Trp43 was essential for the formation of the hydrophobic pocket that
accommodated the vector-fusion residues and mediated the dimerization. A structure-based virtual
screen was performed, targeting the hot spot residue Trp43. The hits were filtered based on shape and
hydrophobic complementarity and three compounds were selected for further evaluation. One of them,
5-benzyloxygramine (P3) was able to stabilize wildtype MERS-CoV N-NTD via fluorescent thermal stability
assays. A crystal structure of compound P3 with full length wildtype MERS-CoV N-NTD showed the N-NTD
as a dimer, with compound P3 forming multiple hydrophobic interactions with both monomers (Fig 5C).
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Small-angle X-ray scattering (SAXS) and cell-based assays further revealed that compound P3 induced
abnormal full-length N protein oligomerization, decreased MERS-CoV nucleocapsid protein and
suppressed N protein expression. The compound halted both viral production and replication in Vero6
cells after 48 h at 100 pM.

ISRIB acts as a “molecular staple” stabilizing the active decameric form of the elF2B holoenzyme. The
eukaryotic integrated stress response (ISR) senses and integrates diverse stressors. ISR reprograms
translation and controls protein homeostasis, providing a checkpoint for cells to repair damage or induce
cell death. The ISR is controlled by phosphorylation of the general eukaryotic translation initiator factor
elF2. Four upstream kinases (PERK, PKP, GCN2, HRI) are activated by different stress conditions. In turn,
they phosphorylate Ser51 in the a-subunit of elF2 (elF2a). elF2 binds GTP and the initiator Met-tRNA to
form the ternary complex (elF2-GTP-Met-tRNAi), which then associates with the 40S ribosomal subunit to
form the 43S pre-initiator complex (PIC) that scans the 5’UTR of mRNAs for the initiating AUG codons.
Phosphorylation of Ser51 in elF2a turns elF2 into a competitive inhibitor of its guanine exchange factor
(GEF), elF2B. The binding of phosphorylated elF2 to elFB2 prevents the interaction of the elF2 complex
with GTP. Thus, when Ser51 is phosphorylated, formation of the ternary complex is blocked, and
translation initiation is reduced. The difference in the relative abundance of elF2B and elF2 indicates that
phosphorylation of even a small fraction of the total elF2 will have a significant cellular effect. While
phosphorylation diminishes general protein synthesis, it allows the preferential translation of some
mRNAs that contain upstream open reading frames (UORFs) in their 5’UTR.

In 2013, Sidrauski et al.**? performed a cell-based screen for inhibitors of PERK signaling, which lies at the
intersection of ISR and the unfolded protein response (UPR) that maintains protein homeostasis in ER. The
authors screened a library of ~107K compounds using an engineered luciferase reporter assay that allowed
monitoring of PERK activation in living cells. Hits were triaged using an orthogonal assay that employed a
fluorescent reporter and microscopy read-out; twenty-eight compounds were validated. One of the
validated hits, a symmetric compound called ISRIB (integrated stress response inhibitor), was highly potent
at blocking the ISR in cells (ICso = 40 nM). The two diastereomers were synthesized and the trans-ISRIB was
100-fold more potent than cis-ISRIB (ICso = 5 nM and 600 nM, respectively). Further validation of ISRIB
showed that ISRIB did not affect PERK phosphorylation or kinase activity. Instead, cells treated with ISRIB
were resistant to the effects of elF2a phosphorylation at Ser51. ISRIB had favorable pharmacokinetic
properties, crossed the blood-brain barrier, and was further evaluated in rodents, where it enhanced
cognitive function and increased long-term memory. The overall effects of ISRIB suggested that elF2a
phosphorylation played a significant role in the modulation of higher-order brain function; however, the
molecular target of ISRIB was unknown.

Shortly after the identification of ISRIB, two structural papers demonstrated that elF2B was a
heterodecameric complex.!®!1* |n 2015, two independent groups almost simultaneously reported
mechanistic studies that revealed that elF2B was the molecular target of ISRIB. Sidrauski et al.,'*> using
unbiased genetic screens and structure/activity analyses, showed that ISRIB was an activator of elF2B,
induced the self-association of elF2B in cells, and enhanced the GEF activity of elF2B. The symmetry of the
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molecule was crucial for the stabilization of the activated elF2B in cells, as supported by further SAR.
Sekine et al.1*® explored ISRIB’s mechanism of action by screening cultured mammalian cells for somatic
mutations that reversed the effect of ISRIB on the ISR. This study showed that ISRIB targeted an interaction
between elF2 and elF2B and functioned independently of elF2 phosphorylation. In 2016, Hearn et al.}"’
described thorough structure-activity relationships of ISRIB analogs. The improved analogs, with
picomolar cellular ICs values, made cells insensitive to the effects of elF2a phosphorylation by activating
elF2B and allowing global protein synthesis to proceed with residual unphosphorylated elF2a. The authors
hypothesized that the compounds stabilized the formation of the elF2B protein complex.

Proof of the binding mode of ISRIB came in 2018, when Tsai et al. reported the cryo-EM structure!*® (Fig
5D). Formation of the fully active, decameric human elF2B holoenzyme depended on the assembly of two
identical tetrameric subcomplexes, followed association of the elF2Ba homodimer. ISRIB bound in a deep
cleft within this decameric elF2B at the central symmetry interface. Structurally, residues in the N-terminal
loop of the & subunit contributed significantly to the binding of ISRIB (6Val177, §Leu179, 6Leu485) with
hydrophobic interactions. The center of the binding site was formed by residues in the B subunit (BAsn162,
BHis188) that were closer to the more polar moieties of ISRIB, whereas hydrophobic residues were also
involved (BVal164, Blle190). A key interaction was the C-H-1t interaction between one of the two C-H bonds
of the glycolamide a-carbon of ISRIB and the aromatic histidine ring of BHis188; mutation of His to Ala led
to loss of stabilization of the decamer by ISRIB. Notably, ISRIB did not form direct interactions with the a
subunit, but instead stabilized the symmetry interface of the B- and - subunits, which enhanced the stable
binding of the elF2B(ay).

Two additional cryo-EM studies were published in 2020 and 2021'?° focusing on allostery. Zyryanova et
al.'*® showed that ISRIB and the Ser51-phosphorylated elF2a. [elF2(aP)], bound distinct sites in their
common target, elF2B. Nevertheless, in vitro, ISRIB and elF2(aP) reciprocally opposed each other’s binding
to elF2B. Cryo-EM also showed that binding of both elF2B regulatory sites by two elF2(aP) molecules
remodeled both the ISRIB-pocket and the pockets that would engage elF2a during active nucleotide
exchange; thus, both binding events cannot occur simultaneously. These observations demonstrated that
ISRIB and elF2(aP) were mutually incompatible ligands of elF2B, indicating the significance of antagonistic
allostery. In 2021, Schoof et al.'*° additionally showed that ISRIB promoted the assembly of elF2B
tetramers into active octamers and also inhibited the ISR even when elF2B decamers were fully assembled.
Cryo-EM structures supported the allosteric communication of physically distant elF2, phosphorylated
elF2, and ISRIB binding sites. The overall evolution of the understanding of ISRIB’s mechanism of action
indicated that although it was initially considered an inhibitor of the ISR, it had stabilizing PPl properties,
that would allow its classification as a “molecular staple.”

All these examples of self-association were selected as representative cases of compound-induced effects.
However, it is worth mentioning that this might not always be the real cause of high-order protein
polymerization and thus investigating the underlying mechanisms is crucial. One unusual example that
falls in the latter category was reported by Morreale et al.1?! The authors identified a fragment targeting
the Fanconi anemia ubiquitin-conjugating enzyme Ube2T. Although biophysical and biochemical
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characterization supported the observed activity, the co-crystal structure indicated that the observed
effects were in fact caused by a contaminating zinc ion. Surprisingly, zinc binding to the active site cysteine
induced an unprecedented domain swap in Ube2T that resulted in target trimerization. Whether this was
a unique case for metal ions, or a small molecule might be able to induce a domain swap remains to be
seen. Nevertheless, orthogonal assays and structural information are fundamental for deciphering the
causes of compound induced self-association.

Discussion

The dramatic entry of molecular glues on the drug-discovery scene has fundamentally changed our
understanding of how to modulate PPIs. Targets once considered undruggable via traditional strategies
have been successfully targeted with MGs. Since MGs can target both native and neomorphic PPls, there
are now vast opportunities to modulate PPls in ways that a decade ago were inconceivable. New concepts,
such as shape complementarity at the PPl interface, cooperativity, and compound-induced proximity, had
to be developed to characterize MGs and are now allowing drug hunters to identify them in a more rational
way. Better understanding of both the structure and dynamics of PPl interfaces — thanks in large part to
cryo-EM — have been pivotal to enhancing our understanding of how MGs work on an atomic level. In
particular, MGs bind to both sides of a protein interface and induce or enhance formation of the PPl itself;
both MG/protein and protein-protein interactions define a highly cooperative complex.

When MGs like CELMoDs were first characterized, the PPls were not thought to exist without the MGs and
were thus “neomorphic” interactions. By contrast, natural products like fusicoccanes stabilized existing
interactions. Further structural and functional analysis suggests that these two ideas exist on a continuum.
For instance, there is often an intrinsic affinity and shape complementary between the proteins, such as
the DDB1-CDK12 example, that is too weak to have a biological effect, but that is stabilized by the MG
which “glues the complementary surfaces” by forming interactions with hotspot residues at the interface.
Thus, the MG converts a weak affinity PPl to a highly cooperative ternary complex. Thermodynamic
modeling® provides a framework to quantify the different binding interactions and to calculate the
intrinsic cooperativity for the ternary (or larger) complex. The incorporation of “omic” approaches and
large-scale datasets have also revolutionized the field by facilitating deconvolution of phenotypic screens
and the identification of molecular targets. The huge structural diversity of PPIs provides countless
opportunities both for chemical biology and drug discovery.

As shown in the examples here, diverse strategies can be employed to discover MGs rationally. Some
approaches include:

Cell-based screens. Traditionally, phenotypic screens have led to the discovery of first-in-class drugs,
whereas target-based approaches have led to more best-in-class drugs.'?? While phenotypic screens yield
cell active compounds directly, defining the molecular target can be complex. In the case of MGs, several
companies have screened MG-like libraries in cells and monitored degradation of a target-of-interest. This
approach limits the target deconvolution scope to validating the degradation mechanism. As shown in the
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case of cyclin K degraders, diverse phenotypic screen approaches can be highly successful in the
identification of MGDs.

Biophysical assays adapted to stabilization. Typically, target-based screens in the MG space use proximity
assays, such as fluorescence polarization/anisotropy or energy transfer, that monitor the formation of the
PPI. When using these assay formats to screen for inhibitors, usually only the ECso — the concentration of
compound at which 50% of the PPI is inhibited — needs to be measured. For stabilization assays, however,
one must evaluate two independent parameters —the ECsp and the quantification of efficacy/cooperativity.
This would include the quantification of fold-stabilization, ie, the shift in appKq4 from native binary complex
to ternary complex in the presence of the MG>27482, Depending on the complexity of the system, a factor
determination and thermodynamic modeling could also be applied.*” Screening for a gain-of-function
instead of inhibition in a biophysical setting requires modification of screening conditions. Typically, FP/TR-
FRET screens are performed at ECy. As the efficiency of MGs improves, it is not uncommon to encounter
affinities tighter than the theoretical dynamic range of the assay. To circumvent this issue modifications in
the concentrations of reagents are necessary. The associated challenge, however, is the limited assay
window. In certain cases, biophysical assays rely on the use of peptides to simplify the screens. Caution is
required to ensure that the simplification of the system does not overly compromise its biological
relevance or artificially reduce the opportunity to identify a MG; for instance, ZBTB16 has nine Zn-finger
domains and so far, two of them that can be induced to bind CRBN with different MGs.3® In general,
humility must accompany biochemical and biophysical assays, since for the sake of precision, we simplify
the system and likely sacrifice some biological context. The mechanistic picture emerges through a
diversity of assay formats, including diverse cellular readouts.

Covalent MGs. Another challenge for MG discovery is the 3-body problem, especially in systems with low
intrinsic affinity and/or when one of the targets is intrinsically disordered. The 3-body problem refers to
the need for both proteins and the molecule to associate at the same time, which is statistically unlikely.
In the case of IMiDs/CeLMODs, the MGDs have high affinity for CRBN; however, in the general case, the
MG could bind weakly to both partners yet with high cooperativity to the PPl complex. In this case,
reversible or irreversible covalent modes of screening are particularly well-suited, since covalency
enhances the affinity to one of the proteins and could slow the binding kinetics to approximate a 2-body
association. Covalent screening approaches include chemoproteomics with irreversible binders!?*1%* and
biophysical screens with irreversible or reversible binders.”?>738° Reversible covalent ligands, such as the
aldehydes and disulfides screened for 14-3-3, have the further advantage that binding is
thermodynamically (vs kinetically) driven. Thus, compounds are identified as MGs because the ternary
complex is most stable, rather than just the fastest to form.

Needless to say, there is a lot of excitement for the discovery of MGs and the term is encountered more
and more often in recent publications. We believe, however, that this term should not be used lightly.
Instead, it should be demonstrated that compounds act as MGs. First, the formation of a ternary complex
in the presence of the glue should be exemplified, ideally with a structure, but also using biophysical
methods, cell-based assays, and/or mutagenesis. Another key factor for defining a MG would be the
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evidence of cooperativity at the PPl interface, since MGs show weak or low affinity to at least one of the
binding proteins. For bifunctional molecules, such as PROTACs, cooperativity is not strictly required, as in
some cases PROTACs with negative cooperativity were still able to lead to target degradation.

What do we expect to see 10 years from now?

As the field of MGs is rapidly evolving, we have great expectations for the next 10 years. A distinction is
appropriate here between MGDs and the other subtypes of MGs, since MGDs are the main type currently
evaluated in clinical trials. This primarily includes MGDs targeting CRBN and E7820 that targets DCAF15.

An overview of current status of clinical trials can be found in recent reviews. 12126

For MGDs, we expect extensive research efforts targeting new ligases, identifying diverse neosubstrates,
and new degrons. Chemical biology tools can significantly aid our understanding of the mechanism of
action of molecular glues. In recent reports there is the emerging concept that MGDs often stabilize pre-
existing, E3 ligase/target interactions, which might functionally appear to be inconsequential in the
absence of the glue.5127128 Weak, nonfunctional interactions suggest a continuum between ‘native PPI’
and ‘neomorphic PPI’ that can be stabilized by a MG.

New mechanisms and strategies for targeted degradation are actively being pursued at multiple biotech
companies, and there are already published examples moving in this direction. For instance, the PI3K
inhibitor inavolisib/GDC-0077 was recently reported to act as degrader of mutant PI3Ka. The exact

mechanism of degradation remains unclear for now.'?

Interesting approaches have been described
recently for the development of BRD4 degraders, starting from the structure of the well-known BET
bromodomain inhibitor, JQ1 (Fig 6A). The solvent exposed moiety bearing a p-Cl substituent was modified
to include an alkynyl “degradation tail”, resulting in monovalent BRD4 degraders, including compound
GNE-0011.13%131 A CRISPR screen revealed that this BRD2/4 MGD recruited DCAF16.13? Although the
structural and biochemical characterization were pending, the recruitment of the relatively
uncharacterized E3 ligase DCAF16 was intriguing. Earlier this year, a series of covalent BRD4 MGDs that
bind to DCAF16 were reported.’® These compounds were derivatives of JQ1 and contained diverse
electrophilic warheads. The cryo-EM of the ternary complex of compound MMH2 with DCAF16 and
BRD45°2 was reported and interestingly supports the notion of pre-existing structural complementarity
between DCAF16 and BRD4 (Fig 6B). The solvent-exposed covalent warhead on the BRD4 inhibitor
recruited the E3 ligase by binding to Cys58 on DCAF16. In contrast to non-covalent MGs, in this case the
hook effect was observed. The authors also noted that DCAF16, unlike most other DCAF proteins, lacked
the canonical WD40 propeller and was predicted to be largely unstructured. This ligase-as-intrinsically-
disordered-protein represented a more extreme case for the structural adaptivity already seen for CRBN*°,
which was found to have a high degree of conformational flexibility that might facilitate the glue-type
activity. Further studies should explore the role of protein dynamics in our ability to discover MGDs.

An intriguing new mechanism of action was reported by Ciulli et al. regarding intramolecular bivalent glues

(IBGs).22Although our main focus on this review was on monovalent molecular glues, this very recent
work described a “new modality” that lay in the gray zone between monovalent glues and bivalent
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degraders. Compound IBG1 comprised the BET bromodomain inhibitor JQ1 and the aryl sulfonamide
E7820 (the MGD of RBM39 that recruited DCAF15; Fig 1B). In contrast to a typical PROTAC mechanism of
action, IBG1 degraded BRD4 by binding intramolecularly in two adjacent domains on BRD4 (BD1 and BD2)
and inducing a conformational change, which was recognized by the E3 ligase DCAF16, not DCAF15.
Orthogonal biophysical assays, including ITC, TR-FRET, AlphaLISA displacement assays and SEC proved the
intrinsic basal affinity between BRD4 and DCAF16, which was enhanced by IBG1 in the presence of both
bromodomains. A cryo-EM structure of the ternary complex of IBG1/BRD4/DCAF16/DDB1 showed that
both bromodomains (BD1, BD2) bound simultaneously to DCAF16. IBG1 bound at the interface of
DCAF16/BD1/BD2 with its JQ1 portion in the BD2 pocket and the E7820 portion in the BD1 pocket (Fig 6C).
This binding mode significantly enhanced the surface complementarity with the E3 ligase. The authors
also showed that a structurally similar compound, IBG4, comprising of JQ1 and a short rigid ligand,
degraded BRD4 via DCAF11. In both cases, intrinsic affinities were identified between BRD4 and the E3
ligases in the absence of the compounds, supporting the emerging concept of pre-existing interactions
between E3 ligases and target proteins.

The generalizability of bifunctional degraders, eg, PROTACs, has led to a burst of creative induced-
proximity designs. As examples, diverse bifunctional molecules have been demonstrated to functionally
activate deubiquitinases, kinases, phosphatases, and acetyl transferases towards proteins-of-interest and
RNA nucleases towards RNAs-of-interest (comprehensively reviewed in °). In principle, MGs could also
perform these mechanisms of action, if suitable discovery assays could be developed. As with MGs
discovered to date, such compounds could activate native complexes or induce non-native biology.

For rationally designed, non-degradative molecular glues and glues inducing self-association, it remains to
be seen how rewiring of the underlying biology and PPl modulation translates into a clinical outcome. A
potentially groundbreaking non-degradative MG was recently reported for KRAS'**, including chemical
remodeling of a cellular chaperone (CYPA). A natural product-inspired macrocycle remodels the surface of
cyclophilin A, creating a neomorphic interface that has high affinity and selectivity for the active state of
mutant KRAS®!2¢. Notably, neither CYPA nor its natural product ligand were previously reported to interact
with KRAS. The resulting tricomplex inactivated oncogenic signaling. An optimized ligand is currently
undergoing clinical trials.

Overall, for all types of MGs we anticipate that chemical biology approaches will further elucidate aspects
of molecular recognition, shape complementarity, cooperativity, underlying dynamics, and degrons for E3
ligases. For instance, observations of a very narrow SAR or observed SAR for seemingly solvent exposed
parts of the molecule in binary crystal structures could be hints that one should look for a glue-like
mechanism of action. As shown here with multiple examples, the solvent-exposed parts of the molecules,
although typically considered of minor importance, were actually fundamental for molecular recognition
and the glue-like mechanism of action. Representative examples were the CELMoDs, the degraders of
cyclin K, the BCL6 degraders, the PD-L1 MGs and the BRD4 MGDs. Eventually, we anticipate that one will
be able to predict the ternary complexes formed based on the composite surface of the protein+glue.
Furthermore, we expect to see many more MGs, now that investigators are more likely to systematically
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distinguish inhibitors from glues early in compound validation. The better understanding of chemical
biology will largely enable the more rational and efficient development of new clinical tools. Vice versa,
data from on-going clinical trials will allow better understanding of potential limitations of the field,
including the identification of the most appropriate proteins to target.
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Figure and table legends

Figure 1. Molecular glue degraders for CRLAREN and CRL4PCAFLS

A. Ternary complexes of CELMoD compounds, interacting aminoacids and chemical structures. Top left: crystal
structure of lenalidomide/CRBN/DDB1 (PDB 4TZ4). Top middle: crystal structure of lenalidomide/CRBN/DDB1/CK1a
(PDB 5FQD). Top right: crystal structure of CC-885/CRBN/DDB1/GSPT1 (PDB 5HXB). Bottom left: crystal structure of
CC-220 (iberdomide)/CRBN/DDB1 (PDB 5V30). Bottom middle: crystal structure of CC-90009
(eragidomide)/CRBN/DDB1/GSPT1  (PDB  6XK9). Bottom right: cryo-EM  structure of CC-92480
(mezigdomide)/CRBN/DDB1/Ikaros ZF1-2-3 (PDB 8D7Z). B. Left: cryo-EM structure of human DDB1-DDA1-DCAF15 E3
ubiquitin ligase bound to RBM39 and indisulam (PDB 6SJ7). Middle: close-up views on interacting amino acids with
MGD indisulam (PDB 6SJ7), tasisulam (PDB 6Q0V) and E7820 (PDB 6QOR). Right: chemical structures of RBM39
MGDs.

Figure 2. Molecular glue degraders of cyclin K and B-catenin

A. Top feft: the cyclin K/CDK12/DDB1 complex with a molecular glue degrader (PDB 6TD3). Top right: structural
diversity of cyclin K MGDs, middle: ternary complexes with MGDs/CDK12/DDB1 and interacting aminoacids (PDBs
6TD3, 8BUC, 8BUB, 8BUG, 8BU5, 8BUH, 8BU7, 8BUA). B. Left: Monophosphorylated pSer33 B-Catenin peptide bound
to b-TrCP/Skp1 complex (PDB 6M94), middle: ternary complexes with MGDs/monophosphorylated pSer33 B-Catenin
peptide/ b-TrCP/Skp1 (PDBs 6M93, 6M92, 6M91), right: chemical structures of B-catenin MGDs.

Figure 3. Non-degradative molecular glues / PPI stabilizers for 14-3-3/clients, KSR/MEK and GLP-1R/GLP-1

A. Ternary complexes of 14-3-3/client PPI stabilizers, chemical structures, and close-up view of interactions; top right:
compound 3/14-3-3/ChREPB (PDB 6YGJ), middle right: compound 23/14-3-3/PIN1 (PDB 7BG3), bottom left: fragment
7/14-3-3/CRAF (PDB 8A6H), bottom middle: non-covalent compound 24/14-3-3/ERa (PDB 8BWX), bottom right:
covalent compound 181/14-3-3/ERa (PDB 8APS). B. Cooperativity model to quantify the efficacy of 14-3-3/client PPI
stabilizers. C. Crystal structure of ternary complex MG/MEK/KSR2. Chemical structures of trametinib and trametiglue
and close-up view of interacting amino acids (PDB 7JUR and 7JUV, respectively). D. Cryo-EM structure of the GLP-1R
complex bound to LSN3160440 with full-length GLP-1, heterotrimeric Gs and the camelid antibody Nb35 (PDB 6VCB),
close-up view and chemical structure of LSN3160440.

Figure 4. Molecular glues inducing self-association: BCL6 degraders and PD-L1 molecular glues

A. Left: Chemical structures of BCL6 inhibitors and molecular glues. Top middle: crystal structure of MG BI-3802 in
BCL6 BTB domain (PDB 5MW?2), and cryo-EM structure of BI-3802 in the polymer BCL6 (PDB 6XMX), with a close-up
view of interacting amino acids at the interface. Top right: crystal structure of inhibitor compound 25a in BCL6 BTB
domain (PDB 6TOL). Bottom right: crystal structure of MG CCT369260 in BCL6 BTB domain (PDB 6TOM). B. Left:
Ligand-induced dimerization of PD-L1. Examples of chemical structures and crystal structures of PD-L1 ligand-bound
dimers with a close-up view of interacting amino acids.

Figure 5. Molecular glues inducing self-association: REV1, STING, MERS-CoV and elF-2B

A. Left: Chemical structure of JH-RE-06. Middle: two REV1 monomers with the ligand bound in the dimeric interface.
Right: close-up view of interacting amino acids (PDB 6C8C). B. Left: chemical structure of NVS-STG2. Middle: cryo-EM
structure of STING bound to cGAMP (cyan sticks) and NVS-STG2 (magenta), and close-up of interacting amino acids
(PDB 8FLK). Right: Cryo-EM structure of STING bound to cGAMP (cyan sticks), NVS-STG2 (magenta) and C53 (purple
spheres), and close-up with interacting amino acids (PDB 8FLM). C. Left: chemical structure of 5-benzyloxygramine
(P3). Middle: crystal structure of the dimer MERS-CoV N-NTD with the ligand bound in the dimeric interface. Right:
close-up view of interacting amino acids at the interface (PDB 6KL6). D. Left: chemical structure of ISRIB. Middle:
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cryo-EM decameric structure with ISRIB bound at the interface of subunits beta/delta. Right: close-up view of
interacting amino acids at the interface (PDB 7L7G).

Figure 6. BRD4 inhibitors and molecular glues

A. Chemical structures of a BRD4 inhibitor, monovalent MGDs and intramolecular bivalent glues (IBGs). B. Left:
Chemical structure of MMH2. Middle: cryo-EM structure of MMH2 bound to DDA1/DDB1/DCAF16/BRD48P2, Right:
close-up view of interacting amino acids (PDB 8G46). C. Left: chemical structure of IBG1. Middle: cryo-EM structure
of IBG1 bound to DDB1deltaBPB/DCAF16/BRD48/BP2 Right: close-up view of interacting amino acids (PDB 80V6).

Table S1. Overview of molecular glues, classification, and main experimental techniques
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