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Abstract

Many essential biological processes are regulated through proximity, from
membrane receptor signaling to transcriptional activity. The ubiquitin-
proteasome system controls protein degradation, with ubiquitin ligases as
the rate-limiting step. Ubiquitin ligases are commonly controlled at the level
of substrate recruitment and, therefore, by proximity. There are natural and
synthetic small molecules that also operate through induced proximity. For
example, thalidomide is effective in treating multiple myeloma and functions
as a molecular glue thatstabilizes novel protein-protein interactions between
aubiquitin ligase and proteins not otherwise targeted by the ligase, leading to
neo-substrate degradation. Emerging data on new degrader molecules have
uncovered diverse mechanisms distinct from molecular glues, which often
mirror the regulatory mechanisms that control substrate-ligase proximity in
nature. In this review, we summarize our current understanding of biological
and synthetic regulation of protein degradation and share our view on how
these diverse mechanisms have inspired novel therapeutic directions.
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1. INTRODUCTION

Targeted protein degradation (TPD) is a rapidly evolving conceptin drug discovery. By using small
molecules (commonly referred to as degraders) to redirect the cellular machinery to destroy spe-
cific proteins, researchers have the opportunity to discover powerful new therapeutics in multiple
disease areas. Importantly, proteins that were considered undruggable to conventional therapeu-
tic strategies can be targeted for degradation. Despite these bold claims, small-molecule protein
degraders are far from being distant research goals, as there are several approved anticancer drugs
that achieve clinical efficacy through protein degradation.

The fundamental approach in TPD is to discover synthetic low—molecular weight molecules
that alter the specificity of the cellular machinery involved in protein degradation: the ubiquitin-
proteasome system (UPS). In the UPS, ubiquitin is covalently attached to a target protein, a pro-
cess referred to as ubiquitination. Ubiquitination is carried out by a three-enzyme cascade consist-
ing of a ubiquitin-activating enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a ubiquitin
ligase (E3), which act in sequence to attach ubiquitin to a lysine side chain on the substrate pro-
tein. While the major role of ubiquitination is to initiate protein degradation, multiple additional
functions for this posttranslational modification (PTM) have been uncovered, including the reg-
ulation of transcription, localization, and signaling, which have been reviewed elsewhere (Dwane
et al. 2017). After a substrate has been modified with a degradative ubiquitin signal, it is shuttled
to the 26S proteasome for degradation.

Ubiquitin E3 ligases confer specificity in the UPS. Ubiquitination is a proximity-driven re-
action such that recruitment to a ligase through a sequence or structural degron on a target is
generally sufficient for modification (Zheng & Shabek 2017). Given the energetically expensive
nature of ubiquitin-dependent degradation and protein resynthesis, many regulatory mechanisms
have evolved to precisely control access of a substrate to its cognate ligase (Figure 1). These
mechanisms include PTM, protein quality control, substrate oligomerization, and ligand binding.
Considering the important role of regulating protein expression, it is not surprising that many
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Regulated recruitment of a substrate to a ubiquitin ligase: schematic demonstrating the different ways in which substrate proteins are
recruited to E3 ubiquitin ligases for ubiquitination. Abbreviation: PTM, posttranslational modification.
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pathogens encode accessory proteins to hijack the UPS as part of their replication cycle. Alto-
gether, the UPS is a vast signaling network to precisely tune cellular proteostasis.

The UPS offers tremendous and largely untapped opportunities for therapeutic intervention.
There are already molecules in the clinic that target the UPS, including proteasome inhibitors
and lenalidomide, both of which are effective treatments in hematologic malignancies (Manasanch
& Orlowski 2017, Palumbo et al. 2012). Lenalidomide binds to the substrate receptor cereblon
(CRBN) of the CRL4“REN E3 ubiquitin ligase and scaffolds a protein-protein interaction (PPI)
to recruit multiple neo-substrates for ubiquitination and subsequent degradation (Chamberlain
et al. 2014, Donovan et al. 2018, Fischer et al. 2014, Ito et al. 2010, Kronke et al. 2014, Lu et al.
2014). The ability to alter the specificity of E3 ubiquitin ligases with small molecules and redirect
them to proteins linked to disease is an exciting area for therapeutic expansion. It is becoming
increasingly clear that small-molecule ligands that lead to protein degradation are more preva-
lent than initially anticipated and that the mechanisms by which degradation can be achieved are
diverse. While overwhelming at first, when classified alongside our understanding of how ligases
are controlled by nature, it becomes clear that the diversity of mechanisms for small-molecule de-
graders is reflective of that observed in nature. In this review, we contrast new synthetic modalities
of TPD with biological UPS regulatory mechanisms in health and disease, and we consider their
future therapeutic potential in the context of past and current clinical development.

2. REGULATED RECRUITMENT OF SUBSTRATE TO LIGASE

The past decades of research have uncovered numerous mechanisms by which substrate-ligase
interactions can be regulated. Here we broadly classify and summarize well-characterized sub-
strate recruitment mechanisms. For each class, we describe biological examples of regulation and
then compare these to synthetic examples where small molecules perturb these systems to achieve
substrate degradation.

2.1. Substrate Posttranslational Modifications

PTMs are the covalent attachment of functional groups to proteins to broaden their functional
diversity. Strong regulatory mechanisms exist to prevent unnecessary protein degradation. PTMs
fill this role by acting as a trigger to facilitate recognition by ligase substrate receptors and thereby
initiate subsequent degradation.

2.1.1. Biological. While certain degrons are recognized by their primary amino acid sequence,
a common regulatory mechanism is for ligases to bind a PTM protein that often results from
an upstream signaling input. One of the most well-studied examples of PTM-degrons are the
phosphodegrons, where phosphorylation of key serine, threonine, or tyrosine residues is required
for degron recognition. The cullin ligase SCF (Skp, cullin, F-box), composed of CUL1, Skp1, and
Rbx1, contains numerous substrate receptors, termed F-box proteins, that specifically recognize
phosphodegrons. These F-box proteins include Skp2, which recognizes p27%®! phosphorylated
at Thr187 (Hao et al. 2005); B-TrCP, which binds doubly phosphorylated B-catenin (Wu et al.
2003); and Fbxw?7, which binds doubly phosphorylated cyclin E (Hao et al. 2007). The degron
motifs from the above examples are short amino acid sequences; for example, in B-catenin, the
motif is DpSG®XpS, where @ is a hydrophobic residue and X is any amino acid. Typically, upon
binding to the E3 ligase, the phosphorylated residues on the substrate protein are buried in the
F-box receptors and make extensive hydrogen bonds and charged interactions with the ligase
(Figure 24). The range of affinities among ligase-phosphodegron pairs is surprisingly large, with
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7 uM for Skp2-Cks1-p27%P! 0.5 uM for B-TrCP-B-catenin, and 70 nM for Fbxw7—cyclin E,
demonstrating that high-affinity interactions are not necessary to drive ligase-substrate binding.

As a further example, prolyl hydroxylation generates a PTM-degron that is sensed by the von
Hippel-Lindau (VHL) substrate receptor of the CUL2 ligase. Hypoxia-inducible factor 1 (HIF-
1) is a transcription complex that regulates the cellular response to oxygen availability. At low
oxygen levels, HIF-1 activates a gene expression program to respond to hypoxia. Under normoxic
conditions, Pro402 or Pro564 of the HIF-1a subunit are hydroxylated and bound by VHL, lead-
ing to ubiquitination and degradation (Huang et al. 1998, Kaelin 2018, Pugh et al. 1997). Shape
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Figure 2 (Figure appears on preceding page)

Synthetic molecules repurpose biological regulatory mechanisms: paired examples of biological substrate-
ligase recruitment mechanisms and synthetic drugs that hijack these processes for targeted protein
degradation. (#) Biological PTM (z0p): Doubly phosphorylated B-catenin peptide binds the -TrCP ligase
(PDB ID 1p22). Synthetic PTM (bottorz): NRX-103094 binds in the pocket left unoccupied by the p-catenin
Ser37 mutation to stabilize substrate binding (PDB ID 6m91). (b) Biological oligomerization (top):
homodimer of BCL6 BTB domains (PDB ID 3bim). The ligase CRL1FBXL17 recognizes nonfunctional BTB
heterodimers through the degron residues highlighted in green (His14, Asp33, Ser59). Synthetic
oligomerization (bottorz): BI-3802 binds to the BTB domain of BCL6, inducing protein polymerization
(PDB ID 6xmx; EMD-22265) and foci formation. The ligase SIAH1 colocalizes to the BCL6 foci through
recognition of the VxP motif and induces degradation. (c) Biological ligase replacement (host; rop lef?): The
substrate receptor CSA (b/ue) binds to the adaptor protein DDBI1 (gray) to assemble a functional CRL4 ligase
(PDB ID 4all). Biological ligase replacement (virus; top 7ight): Sv5-V functions as a DCAF for the CRL4
ligase to recruit STAT proteins for degradation (PDB ID 2b5l). Synthetic ligase replacement (botzomz): CR8
binding to CDK12 induces the direct binding of a CDK12-CycK complex to DDBI, leading to degradation
(PDB ID 6td3). (d) Biological molecular glue (/eff): The plant hormone auxin binds in a hydrophobic pocket
of the TIR1 receptor, with IAA Trp5 and Pro7 stacking on top of the ligand (PDB ID 2p1q). Synthetic
molecular glue (right): Lenalidomide binds the substrate receptor CRBN to recruit CKla through its
B-hairpin loop (PDB ID 5fqd). CK1a Gly40 packs between lenalidomide and CRBN Val388. Abbreviations:
DCAF, DDBI1- and CUL4-associated factor; EMD, Electron Microscopy Data Bank identifier; PDB ID,
Protein Data Bank identifier; PTM, posttranslational modification; Sv5-V, simian virus 5 V protein.

complementarity and VHL residues positioned for optimal hydrogen bonding with the degron
explain the exquisite sensitivity for a single hydroxyl group, with an affinity of 30 nM (Hon et al.
2002, Min et al. 2002). The affinity of VHL for a peptide containing unmodified Pro564 is 1,000-
fold weaker than the hydroxylated peptide, again demonstrating that certain substrate receptors
are highly sensitive to subtle chemical modifications of the degron motif. In addition to the PTMs
described above, methylation, acetylation, and N-glycosylation also generate PTM-degrons (Lee
& Zhou 2007, Leng et al. 2018, Van Nguyen et al. 2016, Yoshida et al. 2002). While there is great
chemical diversity in PTM-degrons, they each enable tightly regulated access of a substrate to its
ligase.

2.1.2. Synthetic. One liability of PTM-degrons is that they are disabled by missense mutations
at acceptor sites, a recurrent feature in cancer (Mésziros et al. 2017). In particular, B-catenin is
stabilized by mutations at Ser33 or Ser37 in its doubly phosphorylated degron, which prevents
tight binding and ubiquitination by its substrate receptor, B-TrCP. A recent drug discovery effort
identified small molecules that enhance the interaction between B-TrCP and a B-catenin pep-
tide singly phosphorylated at Ser33 by binding in a small hydrophobic pocket that is available
due to the loss of the phosphate on Ser37 (Simonetta et al. 2019). The molecules contain a 6-
trifluoromethylpyridone core that binds in the vacant pocket on B-TrCP, making hydrophobic
contacts with both the ligase and substrate (Figure 24). The small molecule also functions as
an anionic phosphate mimetic, hydrogen bonding with the backbone amide of 8-TrCP Gly432.
Potent derivatives of this core resulted in ECs, (half-maximal effective concentration) values of
4 nM for the assembly of the ternary complex. This effort demonstrates the feasibility of using
small molecules to glue together broken PTM-degron/ligase pairs.

PTM-binding ligases might be particularly amenable to drugging, and this concept is sup-
ported by the development of high-affinity ligands for the VHL receptor. VHL was one of the
first ligases to be used in a proof-of-concept for proteolysis-targeting chimeras (PROTACs) (Lai
& Crews 2017). The initial VHL binders were HIF-1a peptide mimetics containing a hydroxy-
lated proline. Subsequent efforts were dedicated to synthesizing a small-molecule VHL binder,
ultimately resulting in a ligand with an affinity of 185 nM (Galdeano et al. 2014). The latest
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generation of VHL ligands have been used in a variety of PROTACs to degrade BCR-ABL, ERRa,
RIPK2, and BET proteins (Lai & Crews 2017). With the success of degradation through VHL re-
cruitment, it will be worth considering whether other PTM-binding ligases should be prioritized
for small-molecule development.

2.2. Protein Quality Control

Cells have developed exquisite mechanisms of protein quality control to regulate proteostasis.
Misfolded proteins can be detrimental to the cell and can be recognized by chaperones via their
exposed hydrophobic patches and are either refolded or directed to cellular degradation machinery
for elimination from the cell.

2.2.1. Biological. A class of substrate degrons are presented to ligases as a result of protein
quality control. In this system, degron exposure can occur upon unfolding, proteolytic cleavage,
or failure to assemble into a functional protein complex. The chaperones Hsp90, Hsp70, and the
constitutively expressed Hsc70 assist in folding client proteins to their native state. Hsp70 recog-
nizes exposed hydrophobic residues, which can result from stress-induced protein denaturation.
The inability of a client to properly fold leads to a form of molecular triage in which the unfolded
protein is targeted for degradation. The ubiquitin ligase CHIP (C terminus of Hsc70-interacting
protein) binds to all three chaperones through a TPR (tetratricopeptide repeat) motif (Connell
etal. 2001, Demand et al. 2001) and induces ubiquitination of client proteins, playing an essential
role in the degradative triage of protein quality control.

There are several quality control pathways that recognize degrons exposed at either the N or C
terminus. For N-terminal degrons, the classic regulatory mechanism is the N-end rule, which con-
sists of an Arg/N-end and an Ac/N-end branch. In the Arg/N-end pathway, proteins with basic or
large hydrophobic residues at the N-terminus are recognized by the N-recognin ligases UBR1,
UBR2, and UBR4. In the case of UBRI, an acidic cleft in its UBR box binds the N-terminal
positively charged amine, as well as the side chain of the first basic residue (Choi et al. 2010).
The Ac/N-end rule is proposed to regulate protein complex stoichiometry, in which excess sub-
units are recruited to a ubiquitin ligase by their exposed N-terminal acetylation mark that would
normally be buried by complex formation (Hwang et al. 2010). N-terminal glycine was recently
shown to function as an N-degron targeted by CUL2”YG!1B and CUL27FR! (Timms et al. 2019)
in the clearance of protein fragments generated by caspase cleavage, or by the failure to undergo
N-myristoylation.

Similarly, the DesCEND (destruction via C-end degrons) pathway degrades many proteins
with C-terminal degron motifs. Multiple CUL2 (KLHDC2, KLHDC3, KLHDC10, APPBP2,
FEM1B, and FEM1A-C) and CUL4 (DCAF12 and TRPC4AP) substrate receptors recognize a
variety of one- to four-residue C-degrons (Koren et al. 2018, Rusnac et al. 2018). For both N- and
C-degrons, a simple dipeptide motif is often sufficient for ligase recruitment, highlighting again
that rather minimal structural requirements can lead to highly specific ligase interactions.

2.2.2. Synthetic. The estrogen receptor a (ERa) is a ligand-activated transcription factor and
an important drug target in breast cancer with multiple approved therapies. It was found that
the potent antiestrogen compound ICI 164,384 induces the degradation of ERa (Dauvois et al.
1992). A close analog of ICI 164,384, fulvestrant (Faslodex®, 2002), belongs to a family of se-
lective ER downregulators (SERDs), many of which have been approved by the FDA (US Food
and Drug Administration) for the treatment of metastatic breast cancers or have recently entered
clinical trials for their ability to downregulate ERa (Osborne et al. 2004, Xiong et al. 2017). The
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proposed mechanism for SERDs is that binding to ERa induces conformational changes that ex-
pose a hydrophobic patch on the surface of ERq, leading to degradation (Wittmann et al. 2007).
The structure of ERa in complex with the modulator GW5638 reveals that the small molecule
repositions helix 12 of ERa away from a buried core and exposes hydrophobic residues (Leu536,
Leu539, Leu540, and Met543) to the protein exterior (Wu et al. 2005). Furthermore, recent work
has shown that fulvestrant treatment leads to ER nuclear immobilization (Guan et al. 2019). In-
terestingly, creating hydrophilic or charged substitutions for the hydrophobic residues of helix 12
both blocked degradation and prevented immobilization. While the mechanism connecting ex-
posed hydrophobicity to nuclear immobilization and protein turnover is unresolved, fulvestrant
clearly takes advantage of protein quality control surveillance.

The induction of surface hydrophobicity, termed hydrophobic tagging (HyT), has also been
utilized to develop degraders for the androgen receptor (AR). In this strategy, the attachment
of a hydrophobic adamantyl group to an AR ligand (e.g., RU59063) mimics a partially unfolded
state once the compound is bound to AR (Gustafson et al. 2015). Whether through forced surface
hydrophobicity (SERDs) or imitated instability (HyT), eliciting the activity of the protein quality
control machinery for target destruction is an effective strategy.

2.3. Substrate Oligomerization

"To balance the targeting of unfolded proteins mentioned above, cells also contain quality control
systems targeted towards dimerized or oligomerized proteins, enabling coordinated regulation
of cellular proteostasis. These higher-order protein structures are recognized by specific ligases,
resulting in ubiquitination and subsequent degradation.

2.3.1. Biological. Many proteins require dimerization or higher-order oligomerization for ac-
tivity. Several protein domains serve as dimerization modules, including the BTB domain, the
RING domain, and coiled coils. The BTB domain generally leads to homodimerization between
identical proteins. It was recently shown that the ubiquitin ligase CRL1FEXY functions in BTB
homodimerization quality control, in which the ligase binds and ubiquitinates nonfunctional BTB
heterodimers (Mena et al. 2018). The heterodimer degron contains three residues (His15, Asp34,
and Ala60) adjacent to the dimer interface, and the current model is that proper homodimeriza-
tion buries these degron residues and prevents FBXL17 recognition (Figure 25). Depletion of
FBXL17 levels increased the formation of nonfunctional BTB heterodimers in cells, highlighting
the extent of cellular surveillance mechanisms to maintain a functional signaling proteome (Mena
etal. 2018).

2.3.2. Synthetic. B cell lymphoma 6 (BCL6) is a master transcriptional repressor and known
driver of germinal center—derived lymphoma development. Drug discovery efforts have focused
on the disruption of the PPI between BCLG6 and its cofactors for the treatment of diffuse large
B cell lymphomas. Recently, an effective BCL6 degrader, BI-3802, was discovered (Kerres et al.
2017). Investigation into the degradation mechanism revealed that BI-3802 binding to the BTB
domain of BCL6 stimulates the formation of regular higher-order oligomers (Figure 2b). This
polymerization of BCL6 alters its cellular localization and promotes the formation of BCL6 foci
and degradation (Slabicki et al. 2020b). Since it has been speculated that many proteins evolve
on the edge of self-assembly due to internal symmetries and many can self-assemble into higher-
order structures in response to cellular stimuli (Garcia-Seisdedos et al. 2017, Li et al. 2012), this
mechanism creates a clear therapeutic opportunity for using small molecules to trigger substrate
oligomerization to enhance ligase binding.
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2.4. Replacement of Ligase Components to Redirect Ubiquitination

Cullin ligases are modular assemblies that utilize a large pool of different substrate receptors to re-
cruita diverse array of substrates for ubiquitination. This modular nature of ligases can be hijacked
through structural and functional mimicry to induce degradation of neo-substrates.

2.4.1. Biological. Viral and bacterial pathogens have evolved an impressive form of structural
and functional mimicry in which they hijack the host UPS by circumventing substrate receptors to
induce the degradation of host factors that interfere with viral replication. Both the paramyxovirus
V protein and the hepatitis B virus X protein (HBx) bind the DDB1 adaptor of the CUL4 ligase
to enable efficient viral replication. The V protein mimics a substrate receptor and recruits the
STAT proteins, which are critical for interferon signaling, for degradation (Figure 2c¢). Both the
V protein and HBx utilize a short helical motif to dock into the B-propeller C of DDBI1 (Li et al.
2010). The substrate receptors for CUL4 also utilize a helix-loop-helix motif to bind DDBI in
an identical manner (Figure 2¢) (Fischer et al. 2011, Li et al. 2010); therefore, the viruses have
evolved precise structural mimicry that enables effective integration into the host cell UPS system.

2.4.2. Synthetic. A small-molecule cyclin-dependent kinase (CDK) inhibitor, CR8, has been
shown to induce the degradation of cyclin K (Slabicki et al. 2020a). CR8-induced degradation
of cyclin K bypasses the requirement of a canonical substrate receptor for the CUL4A ligase.
Instead, CR8 acts as a molecular glue between the DDB1 adaptor protein and the CDK12-cyclin
K complex. A C-terminal extension of CDK12 mimics DCAF binding by inserting itself into the
cleft between B-propeller A and C (Figure 2¢). CR8 binds the active site of CDK12 and makes
contacts with both DDB1 and the kinase, while cyclin K is positioned away from DDB1 toward the
E2-conjugating enzyme for proximity-mediated ubiquitination. This unique mode of degradation
follows the commonly used principle of direct ligase adaptor binding to achieve ubiquitination. As
several other kinase inhibitors, such as MELK-T1 (MELK inhibitor) and PF-06447475 (LRRK2
inhibitor), have also been implicated as inducers of degradation (Beke et al. 2015, Jones 2018,
Lobbestael et al. 2016), it will be interesting to identify the mechanism of action employed for
their degradation.

2.5. Decoration of the E3 Ligase Machinery to Redirect Ubiquitination

As described above, it is possible to repurpose the E3 ligase machinery by replacing specific com-
ponents with exogenous molecules to create a new enzyme. It is also possible to redirect E3 ligase
enzymes by binding to the intact E3 complex and altering the substrate receptor surface to alter
ligase specificity. Recently, surface decoration of E3 ligases has garnered considerable attention,
and since there is a considerable body of literature available, here we separately describe heterob-
ifunctional small molecules and molecular glues.

2.5.1. Heterobifunctional redirection of E3 ligases. Heterobifunctional binding factors ex-
hibit dual specificity, which enables the simultaneous engagement of both target and ligase sub-
strate receptors, leading to proximity-mediated ubiquitination of the target protein, followed by
proteasomal degradation.

2.5.1.1. Biological. Viral mechanisms have been described where the DCAF is bound by a viral
factor that then acts to recruit host proteins, thereby triggering their destruction. For example,
the HIV-1 protein Vpr binds to DCAF1 and directs the CRL4PCAF! E3 ubiquitin ligase to recruit
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UNG2,MUS81, and SLX4 (Ahn etal. 2010, Bouhamdan et al. 1996, Laguette et al. 2014, Wu et al.
2016). The HIV-2 Vpx protein similarly binds to DCAF1 and has been reported to trigger the
degradation of SAMHDI1 (Ahn et al. 2012, Hrecka et al. 2011). Structural studies on the DDB1-
DCAF1-Vpr-UNG?2 complex reveal that Vpr may mimic both a natural substrate of DCAF1 and
the endogenous partner of UNG2 in order to scaffold the complex leading to ubiquitination and
degradation of UNG2.

2.5.1.2. Synthetic. Heterobifunctional molecules composed of E3-binding moieties linked to
target-protein-binding moieties were first described at the beginning of the millennium (Deshaies
etal. 2006, Sakamoto etal. 2001). The linked molecules must be able to simultaneously bind ligase
and substrate to scaffold the ternary complex leading to ubiquitination and degradation. The first
examples, PROTACs, were derived from peptides targeting VHL and demonstrated early proof-
of-concept but were not suitable for in vivo use. Subsequent work was able to expand this concept
to other ligases using nonpeptidic small-molecule moieties (Itoh et al. 2010, Okuhira et al. 2011,
Schneekloth et al. 2008), and eventually in vivo protein knockdown was achieved (Bondeson et al.
2015, Winter et al. 2015). This heterobifunctional approach is conceptually appealing and can take
advantage of known binding moieties, which has led to successful degradation of a vast array of
target proteins (de Wispelaere etal. 2019, Jiang et al. 2019, Lai et al. 2016, Silva et al. 2019, Winter
et al. 2015). Although a comprehensive survey is beyond the scope of this review, this topic has
been extensively reviewed elsewhere (Bondeson & Crews 2017, Burslem & Crews 2020, Neklesa
etal. 2017, Verma et al. 2020).

2.5.2. Ligase-substrate protein-protein stabilizers (molecular glues). Following a mecha-
nism similar to heterobifunctional molecules, molecular glues also recruit target proteins to the
E3 ligase substrate receptor for proximity-mediated ubiquitination. However, molecular glues are
unidirectional molecules that act to bridge interactions between the target protein and the ligase
substrate receptor.

2.5.2.1. Biological. Plantgrowth and developmentare controlled by structurally distinct phyto-
hormones including auxins, jasmonates, gibberellins, strigiolactones, and salicylic acid (Guilfoyle
et al. 2015). These phytohormones act as molecular glues for stabilizing the interactions between
SCEF substrate receptors and various transcriptional repressors. Auxins bind to the substrate recep-
tor TIR1, leading to the recruitment of the Aux/IAA (indole-3-acetic acid) repressors (Dharmasiri
et al. 2005, Rogg & Bartel 2001), and to a hydrophobic surface pocket on TIR1, where an auxin
carboxyl group anchors the small molecule to the floor of the pocket through a salt bridge and
hydrogen bonding with the receptor (Figure 2d) (Tan et al. 2007). An analogous example is jas-
monate, where the active form of the hormone is (3R,7S)-jasmonoyl-L-isoleucine (JA-Ile), which
binds to the SCF substrate receptor COI1 (coronatine insensitive 1) to direct the ubiquitination of
the jasmonate ZIM domain family of transcriptional repressors (Xu et al. 2002). Similar to auxin,
(3R,75)-JA-Ile is bound in a surface pocket of COI1, secured to the basic pocket floor via a network
of salt bridges and hydrogen bonding (Sheard et al. 2010). Hydrophobic packing with the recep-
tor further stabilizes the small molecule toward the top of the pocket. Given the number of plant
hormone molecular glues and the structural parallels with mammalian hormones, it is possible
that this molecular glue degradation mechanism is prevalent among higher-order species.

2.5.2.2. Synthetic. Thalidomide, lenalidomide, and pomalidomide are FDA-approved drugs
and were utilized as therapeutics long before they were classified as molecular glues. These

molecules create a structural bridge between the CRL4REN ligase and several neo-substrates,
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including IKZF1/3, SALL4, and CKla (Donovan et al. 2018; Gandhi et al. 2014; Ito et al. 2010;
Kronke etal. 2014, 2015; Lu et al. 2014; Matyskiela et al. 2018a). Thalidomide analogs (sometimes
referred to as CRBN modulators) bind in a hydrophobic pocket on CRBN, creating a favorable
interaction surface for neo-substrates.

Similarly, aryl sulfonamides, including indisulam, tasisulam, and E7820, bind to the
CRLA4PCAFIS E3 Jigase and create a structural bridge between the DCAF15 substrate receptor
and the neo-substrates, RBM39 and RBM23 (Bussiere et al. 2020, Du et al. 2019, Faust et al.
2020, Han et al. 2017, Ting et al. 2019, Uehara et al. 2017). The sulfonamides bind in a shallow
pocket between the N- and C-terminal domains of DCAF15 with relatively weak affinity (E7820
4 uM, indisulam > 50 uM) for DCAF15. Once the ligand is bound, ternary complex formation is
driven by a large protein interaction surface between the RRM2 domain of RBM39 and DCAF15.
The RRM2 primarily interacts with DCAF15 through its two a-helices, with the a1 helix buried
in the sulfonamide-binding cleft of DCAF15 contacting both the ligase and the ligand.

While the first PROTACs have entered clinical trials (NCT03888612 and NCT 04072952,
https://clinicaltrials.gov), neither the structures of these molecules nor their exact properties
have been disclosed. Our current best understanding of properties necessary for successful clin-
ical translation is thus limited to a rather small set of molecular glue drugs, yet they are highly
informative for establishing a conceptual framework for TPD.

3. LESSONS FROM POSTCLINICAL DEVELOPMENT

Surprisingly, given their serendipitous discovery, clinical molecular glue-based degraders operate
through the CUL4 substrate receptors CRBN or DCAF15 and therefore offer an interesting op-
portunity for comparison. Both classes of molecules were discovered and developed using empiri-
cal phenotypic approaches with limited knowledge of mechanism (Fukuoka et al. 2001, Owa et al.
1999). Furthermore, both were advanced into the clinic for the treatment of multiple myeloma
and only subsequently were found to repurpose the CRL4 E3 ubiquitin ligase. Now that detailed
structural and molecular information is available for both CRBN and DCAF15 systems, in addi-
tion to broader surveys of the neo-substrate proteins they target for degradation, we can attempt to
use these two degradation systems to extract common principles and estimate the future potential
for degradation therapeutics.

3.1. Cereblon Demonstrates Broad Substrate Accommodation

Structural studies on thalidomide analogs have elucidated the molecular basis for the recruitment
of substrate proteins. CRBN modulators exhibit a wide range of neo-substrate proteins that they
can recruit to CRL4“RBN (An et al. 2017, Donovan et al. 2018, Kronke et al. 2015, Lu et al. 2014,
Matyskiela et al. 2016, Petzold et al. 2016, Sievers et al. 2018). For example, the clinical activity
in myeloma is mediated by recruitment of the zinc finger transcription factors IKZF1 and IKZF3
(Gandhi et al. 2014, Kronke et al. 2014, Lu et al. 2014), and the activity in del(5q) myelodysplastic
syndrome is mediated by recruitment of the protein kinase CK1a (Krénke etal. 2015). In addition,
proteomic and library-based approaches have determined that considerably more substrates may
be targetable, including many additional targets from the C,H, zinc finger transcription factor
family (Donovan et al. 2018, Sievers et al. 2018). All currently reported thalidomide analogs bind
CRBN via the conserved glutarimide ring, with variable chemical groups decorating the phthal-
imide or isoindolinone ring displayed on the surface (Chamberlain et al. 2014, Fischer et al. 2014).

Despite exhibiting diverse protein folds and sequences, all currently described CRBN neo-
substrates exhibit a shared structural degron composed of a B-hairpin loop containing a glycine

Faust et al.
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residue in a specific position (Figures 2d and 34) (Donovan et al. 2018; Matyskiela et al. 2016,
2020; Petzold et al. 2016; Sievers et al. 2018). This degron mediates interactions both with the
surface of CRBN and with the bound CRBN modulator.

Chemical modification of thalidomide analogs has been shown to alter the recruitment of neo-

substrates. For example, extension on the isoindolinone ring found on lenalidomide results in
iberdomide and CC-92480, molecules with enhanced CRBN binding and potent degradation of
IKZF1/3 (Hansen et al. 2020, Matyskiela et al. 2018b). Iberdomide is in phase Ib clinical trials in
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Figure 3 (Figure appears on preceding page)

Principles of substrate recruitment for CRBN and DCAF15. (4, /eff) Cartoon representation of CRBN bound to neo-substrates. A
B-hairpin loop with a positionally conserved glycine is the degron for CRBN neo-substrates, including the IKZF1 (PDB ID 6h0f) and
SALL4 (PDB ID 6uml) ZnF transcription factors (z9p), and the non-ZnF targets CKla (PDB 5fqd) and GSPT1 (PDB ID 5hxb)
(bottom). (a, right) The chemical structures of pomalidomide, lenalidomide, and CC-885, as well as the B-hairpin loop sequences. The

conserved glycine residues

in the degron are colored in green in both the cartoon structures and the sequences. (b)) Lenalidomide bound

to CRBN is exposed on the surface of the receptor, where it contacts the CKla degron. (c, /eft) A surface representation of DCAF15
demonstrates that the sulfonamide E7820 is buried in a groove, making it less accessible to neo-substrates compared to lenalidomide
bound to CRBN. The second RRM of RBM39 displays high shape complementarity to the ligand-bound face of DCAF15, packing
tightly against the receptor to contact E7820 through Met265. RBM39 Gly268 (green) is a critical position for indisulam resistance
mutations. (Right) The chemical structure of E7820 and the sequences of the al helix for the DCAF15 neo-substrates RBM39 and
RBM23. Residues in magenta in the sequence are the positions of indisulam resistance mutations. Abbreviations: PDB ID, Protein Data

Bank identifier; RRM, RNA recognition motif; ZnF, zinc finger.
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lupus and in phase II for relapsed refractory myeloma; CC-92480 is in phase I clinical trials for
relapsed refractory myeloma.

In addition to altering the potency, chemical modification can also enable novel neo-substrate
recruitment. For example, of the approved thalidomide analogs (thalidomide, lenalidomide, and
pomalidomide), lenalidomide is unique in degrading CKla (Krénke et al. 2015). Upon CKla
binding to lenalidomide-CRBN, the 3 position of the lenalidomide phthalimide ring comes into
proximity of the backbone carbonyl of CRBN Glu377 (Figure 34). Thalidomide and pomalido-
mide contain a carbonyl at this phthalimide 3 position, which would clash sterically with CKla,
providing a rationale for the differences in selectivity (Petzold et al. 2016).

Chemical extension of the isoindolinone ring to produce the molecule CC-885 leads to the
recruitment and degradation of GSPT1, a translation factor with a key role in protein synthesis
and cellular proliferation (Matyskiela et al. 2016). While CC-885 retains the ability to degrade
IKZF1, lenalidomide and pomalidomide do not induce GSPT'1 degradation, highlighting the
importance of the additional chemical extension for GSPT1 recruitment (Figure 34). CC-885
exhibited broad antiproliferative activity against a panel of tumor cell lines, with subnanomolar
potency against acute myeloid leukemia (AML) lines and ex vivo patient-derived cells. A GSPT1
degrader, CC-90009, has been reported to be in phase I clinical trials in AML (Surka et al. 2020).
All of these examples clearly demonstrate that alterations to the surface-exposed features of the
small molecule (Figure 3b) can dramatically impact the neo-substrate profile of CRBN, both for
the C,H; transcription factors and other targets, and they indicate that the rational design of
molecular glues targeting selected proteins of interest is within reach.

The downside to the broad neo-substrate scope exhibited by the thalidomide analogs is the
risk of toxicities such as the teratogenicity that occurred in the thalidomide birth defect tragedy in
the 1960s. The embryonic transcription factor SALL4 is a C;H; zinc finger transcription factor
and a CRBN neo-substrate that is robustly degraded in the presence of thalidomide (Donovan
et al. 2018, Matyskiela et al. 2018a). Haploinsufficiency in SALL4 causes a genetic syndrome so
similar to thalidomide-induced teratogenicity that there are cases where SALL4 mutations were
misdiagnosed as thalidomide embryopathy (Kohlhase et al. 2003, 2005).

While CRBN has shown broad neo-substrate accommodation, not all ligase systems can be
expected to exhibit similar levels of substrate flexibility, and further examples have now been de-
scribed with more narrow activity range.

3.2. DCAF15 and Shape Complementarity

Aryl sulfonamides were found to target the G1 phase of the cell cycle, resulting in cell cycle
arrest and subsequent cell death (Owa et al. 1999) through an unknown mechanism. Further
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investigation into the mode of action of these sulfonamides determined that the molecules
bind to DCAF15 to induce the degradation of RBM39 (Han et al. 2017, Uehara et al. 2017).
Structural studies into the binding mode of RBM39 with DCAF15 determined that, unlike
CRBN, the interaction is primarily driven by protein-protein contacts between DCAF15 and the
RNA recognition motif (RRM) domain, including multiple side chain interactions and buried
hydrophobic residues (Bussiere et al. 2020, Du et al. 2019, Faust et al. 2020). While thalidomide
analogs have their phthalimide ring protruding from the surface-exposed hydrophobic pocket on
CRBN (Figure 3b), sulfonamides are buried in a DCAF15 cavity (Figure 3¢). With high shape
complementarity, the second RRM of RBM39 binds DCAF15 and interacts with the sulfonamide
through Met265. Resistance mutations in RBM39 that prevent sulfonamide-dependent degrada-
tion cluster on the DCAF15-binding face of the al helix (Han et al. 2017, Uehara et al. 2017).
In particular, RBM39 Gly268 cannot tolerate any sidechain-bearing residue, highlighting how
tightly RBM39 packs into the DCAF15-sulfonamide interface.

Proteomic and bioinformatic approaches uncovered RBM23 as an additional neo-substrate
for sulfonamide-bound DCAF15. RBM23 contains an RRM in which the al helix is perfectly
conserved with the RBM39 sequence (Figure 3c), again demonstrating the higher constraints in
neo-substrate recruitment for DCAF15 compared to CRBN. The high specificity for RBM23 and
RBM39 likely limits the ability of DCAF15 to recruit diverse substrates for degradation. However,
the shape complementarity between DCAF15 and the highly conserved RRM domain suggests
that there is an opportunity to develop new chemical matter to recruit other RRM-containing
proteins for degradation. The success of sulfonamides hijacking DCAF15 despite the lack of an
obvious small-molecule binding cavity demonstrates that a broader range of ubiquitin ligases can
likely be targeted by molecular glues. The differences in mechanism for immunomodulatory imide
drugs (IMiDs) and sulfonamides emphasize that there are many ways to neofunctionalize the UPS
for substrate degradation.

4. THE ROAD AND CHALLENGES AHEAD

While the positive impact of lenalidomide on patients and the propulsion of PROTAC: to the
forefront of chemical biology is exciting, we should not forget that TPD as a therapeutic modality
is still in its infancy. We are just now witnessing the first-in-human dosing of PROTAC: targeting
the AR (ARV-110; NCT03888612) and ER (ARV-471; NCT04072952), as well as the clinical
development of CRBN modulators that are not direct descendants of thalidomide and that were
developed with molecular knowledge of the mechanism of action (CC-90009, CC-92480). While
the understanding of small-molecule-mediated degradation may still be limited, the understand-
ing of proximity-inducing therapeutics has come a long way from the discovery of rapamycin
(Vezina et al. 1975) and the idea of rapalogs (Bayle et al. 2006) to viral proteins (Ahn et al. 2010, Li
etal. 2010), plant hormones (Kepinski & Leyser 2004, Rogg & Bartel 2001, Ueguchi-Tanaka et al.
2007, Xu etal. 2002), and now the widespread application of TPD in chemical biology (Bondeson
& Crews 2017, Neklesa et al. 2017). The field of proximity-inducing therapeutics—with TPD as
its spearhead—is at a tipping point for becoming a widely accepted drug discovery paradigm. To
deliver on the promises that have been made on behalf of the modality, we have to continue to
address key challenges in the discovery and development of these therapeutics, some of which we
discuss here.

For TPD and proximity-inducing therapeutics more broadly, the fundamental promise is that
the target space is no longer limited to enzymes, receptors, and other activities that can be directly
agonized or antagonized. Instead, the field has progressed to include several methods of protein
inactivation that are more reminiscent of genetic loss, including the recruitment of E3 ubiquitin
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ligases to targets for degradation, induced oligomerization to block activity, or sequestration into
nonfunctional compartments. However, delivering on this promise relies heavily on the ability to
first identify the targets that can be dimerized with small molecules and to subsequently devise
and optimize such molecules while retaining necessary drug-like properties to support human
use. To date, the majority of described TPD examples were discovered through a brute force
approach using existing ligands (PROTAC:), were serendipitously discovered (IMiDs, indisulam,
fulvestrant), or have been developed out of a narrow rationale approach (CRBN modulators).
Chemoproteomic methods have now further added DCAF16 (Zhang et al. 2019), RNF4 (Ward
et al. 2019), and RNF114 (Spradlin et al. 2019) as ligases compatible with TPD. Conceptually,
the process of dimerizing two proteins can be broken down into how compatible the proteins are
with respect to surface complementarity and surface chemistry and how a small molecule can add
the necessary binding energy for productive binding. Similar to classical inhibitor development,
in which hit finding, lead optimization, and development are aided by structural understanding,
high-throughput screening, and modeling, we must identify and develop the critical tools needed
to support the discovery pipeline for dimerizing molecules.

In TPD, a critical step is the identification of a ligase suitable for recruitment. So far, empirical
data suggest the following. (#) Not every ligase is suitable for TPD. This includes sulfonamide-
bound DCAF15, which relies heavily on favorable PPIs between DCAF15 and targets for produc-
tive complex formation, thus limiting the range of potential targets that can be recruited by the
currently available chemical matter. () Not every ligase/target pair is compatible. This has been
demonstrated with matched pairs of CRBN and VHL-recruiting kinase PROTACs. Although
both ligase-recruiting molecules can degrade c-Abl, only CRBN can induce degradation of BCR-
Abl due to unfavorable PPI between BCR-Abl and VHL (Smith et al. 2019). (¢) Productive ternary
complex formation drives TPD, but recent work has shown that the requirement for productiv-
ity varies across ligase/target pairs, with some pairs driven through affinity and others driven by
cooperative PPIs (Donovan et al. 2020). With the growing number of detailed studies, it is clear
that the development of a molecule to catalyze target ubiquitination by a ubiquitin ligase is a
process that requires optimization of many parameters. As an example of this larger parameter
space, there is a clear correlation of cooperativity with efficacy in the case of the VHL-recruiting
SMARCA PROTAC:s (Farnaby et al. 2019), while there is no cooperativity correlation in the case
of CRBN-recruiting BRD4 PROTAC:s (Figure 44) (Nowak et al. 2018). These differences can
be explained by the complex nature of the molecular recognition event and the fact that ligases are
different from each other. The formation of a productive ternary complex is the unifying theme
across PROTACs and molecular glue degraders (Figure 4b,c), and optimization should focus on
the process to be catalyzed.

In an attempt to support the development of degraders, many groups have identified an urgent
need for computational approaches, and this has led to the establishment of a variety of advances
to molecular modeling of ternary complex formation (Drummond & Williams 2019, Nowak et al.
2018). While these have successfully supported the discovery of individual PROTAC:, they are
unable to address the major challenges in the field, including accurate predictions of the tractability
of a target/ligase pair, and optimization of the productive transition state of ubiquitin transfer.
Molecular modeling is further limited by the lack of high-quality structural information on many
targets and ligases, which must be complemented by improved homology modeling and, hopefully
in the near future, structure prediction methods (Senior et al. 2020, Yang et al. 2020). In the
case of molecular glues, we must find ways to better predict the strength of interactions derived
from in silico docking experiments to aid off-target identification and better de-risk discovery
efforts. While these are considerable challenges, the rapidly evolving computational structural
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Figure 4 (Figure appears on preceding page)

Features of small-molecule degraders. (#) Plot of the cooperativity of ternary complex formation versus ligand molecular weight. The
structure of each ternary complex is placed to qualitatively reflect its relative values for cooperativity and molecular weight (PDB IDs:
IKZF1-pomalidomide, 6h0f; GSPT1-CC-885, Shxb; BRD4-dBET23, 6bn7; BRD4-dBET57, 6bnb; BRD4-MZ1, 5t35; SMARCA2-
PROTACI, 6hay; RBM39-E7820, 6q04). Molecular glue molecule names are colored in cyan and PROTAC molecule names are
colored in green. The degradation efficiency for each complex is represented by yellow ubiquitins (3 ubiquitins = DCsy < 50 nM,

2 ubiquitins = DCsg < 500 nM, 1 ubiquitin = DCsg > 500 nM). (b)) Comparison of the substrate-ligase interfaces between a molecular
glue (pomalidomide; top) and a PROTAC (MZ1; bottom). Both ternary complexes utilize protein-ligand and protein-protein interactions
to stabilize the complex. (¢) Mobility of an assembled CRL4“RBN ligase bound to a charged E2~Ub (UBE2D). The bound substrate is
presented to the E2~Ub in multiple conformations to increase the likelihood of efficient ubiquitin transfer (PDB IDs: IKZF1, 6h0f;
DDB1-CULA4B, 4a0]; RBX1-UBE2D, 6ttu). Abbreviations: DCs, half-maximal degradation concentration; PDB ID, Protein Data

Bank identifier; PROTAC,
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proteolysis-targeting chimera.

biology toolbox will productively converge with our understanding of the molecular workings of
E3 ubiquitin ligases.

5. CONCLUSIONS AND PERSPECTIVES

Progress in the field over recent years has brought us to an exciting inflection point in the dis-
covery of degradation therapeutics: Progress has brought PROTAC approaches to the point of
clinical development, and at the same time, molecular glue molecules have been discovered in
approved drugs, providing clinical validation for the approach and enabling additional molecules
to be advanced. Structural studies on ternary complexes for both PROTACs and molecular glue
scaffolded complexes have revealed that the distinction between glues and PROTACs may exist
on a spectrum, with varying dependence on direct small-molecule affinity and PPIs (Figure 4).
The research community has in rapid succession discovered novel examples of small-molecule cat-
alyzed protein degradation, which, together with detailed mechanistic studies, will soon put us in
position to support rational, target-based drug discovery with impactful structure-based drug de-
sign. Finally, the progress in TPD has sparked interest in proximity-inducing therapeutics beyond
degradation systems to systems in which the induced scaffolding of macromolecular interactions
can provide benefits to human health.

1. Many cellular mechanisms exist to regulate the recruitment of a substrate protein to a
ubiquitin ligase.

2. Synthetic degrader molecules leverage diverse substrate-ligase recruitment mechanisms
to achieve targeted protein degradation.

3. The most advanced clinical degrader molecules—thalidomide, its analogs, and
sulfonamides—operate through a ligase-substrate protein-protein stabilizer (molecular
glue) mechanism.

4. Molecular glues can operate through considerably different principles. In the CRBN-
IMiD (immunomodulatory imide drug) system, the small molecule binds to a pocket
in the receptor to recruit neo-substrates through a simple structural degron. In the
DCAF15-sulfonamide system, the small molecule binds to an open groove in the recep-
tor buried away from potential binding partners and is only accessible to neo-substrates
with strict shape (RNA recognition motif fold) and sequence requirements.
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